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FOREWORD

The 10th International Symposium on High-Performance Liquid Chromatogra-
phy of Proteins, Peptides and Polynucleotides was held in Wiesbaden, from October
29th-31st, 1990. The symposium attracted over 300 participants and highlighted the
most significant achievements in high-resolution techniques for the analysis and puri-
fication of biomacromolecules. The format of the meeting followed the successful
approach of the previous symposia, with 32 oral and 120 poster presentations spread
over ten sessions. The three-day programme focused on the design of surfaces and
packings for biochromatography, protein-surface interactions, high-resolution meth-
ods in the analysis of biopolymers, particularly in molecular biology, and novel con-
cepts in the isolation, purification and quality assurance of recombinant proteins.

To mark the 10th anniversary of the symposium, a “Festvortrag” was present-
ed by the Nobel Laureate Professor R. Huber, Munich, on serine and cysteine pro-
teases and their natural inhibitors and their structures and implications for function
and drug design. For the first time thematic sessions were included in the programme,
dealing specifically with new applications in biochromatography using the tentacle
type of ion exchangers and micropurification techniques. Two lively discussions cen-
tred on the limits of bioanalysis and on alternatives to preparative chromatography.
Dialogues and discussions continued into the evening during three receptions with the
elegant flavour of the Kurhaus and the mediaeval spirit of the Kloster Eberbach in
the Rhine valley.

My Symposium co-Chairmen (J. J. DeStefano, J. C. Janson, M. T. W. Hearn
and F. E. Regnier) and myself would like to express our appreciation to all attendees,
particularly those who contributed to the oral, poster and discussion sessions. We are
particularly indebted to Dr. B. Osterlund and his staff for their efforts in organizing
and running the meeting. The generous support of Pharmacia LKB Biotechnology,
Tosoh and E. Merck is gratefully acknowledged. We would also like to take this
opportunity to thank Hewlett-Packard for their donation in supporting the travel of
students to this meeting,.

Mainz (Germany) K. K. UNGER
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CHROMSYMP. 2141

Investigations of liquid—liquid partition chromatography of
proteins

MARIA-REGINA KULA*, LOTHAR ELLING and ACHIM WALSDORF

Institut fiir Enzymtechnologie der Heinrich-Heine-Universitit Diisseldorf im Forschungszentrum Jiilich,
Postfach 2050, W-5170 Jiilich (Germany)

ABSTRACT

In the liquid-liquid partition chromatography (LLPC) of proteins, the favourable properties of
aqueous two-phase systems are combined with the advantages of column chromatography. An investiga-
tion of the basic properties shows that the efficiency of resolution is determined by the same parameters as
for liquid chromatography and the same mathematical models can be applied. In affinity LLPC the high
sensitivity of the elution volume to small changes of the partition coefficient in the range 0.2-1.5 may be
exploited using biospecific ligands. This paper reports the purification of formate dehydrogenase and
monoclonal antibody by affinity LLPC. As a result of biospecific interaction in a homogeneous phase,
affinity LLPC gives a better utilisation of ligands than conventional affinity chromatography.

INTRODUCTION

Aqueous two-phase polymer systems have been used successfully for the sep-
aration of bioactive molecules and viable cells [1]. Phase diagrams for aqueous phase
systems consisting of polyethylene glycol (PEG)-dextran (Dx) or PEG—salt have been
established for use in partition experiments {1]. The partition of added components
such as proteins in aqueous phase systems is mainly determined by size and surface
properties, e.g. hydrophobicity and charge. The partition coefficient (K) can also be
affected by pH, partitioning of the ionic species, and the molecular weight and con-
centration of the polymers used. To increase the selectivity, Flanagan and Barondes
[2] added affinity ligands covalently bound to one of the phase-forming polymers to
aqueous two-phase systems [2]. Affinity partition has been used succesfully for the
purification of enzymes [3-9], nucleic acids and oligonucleotides [10,11] and for sep-
arating cells [12,13]. '

Muiiller [14] developed matrices for liquid-liquid partition chromatography us-
ing aqueous PEG-Dx phase systems. Miiller [14] grafted linear. polyacrylamide
chains of 15-25 monomers to macroporous diol-substituted silica and synthetic poly-
mers (TSK-HW gel), which resulted in a resin that is preferentially wetted by the
dextran-rich phase as a result of the incompatibility of PEG and polyacrylamide.
Liquid-liquid partition chrematography (LLPC) was performed using the PEG-rich
phase as the mobile phase and the dextran-rich phase as the stationary phase [14].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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In this way the favourable properties of the aqueous phase systems could be
combined with the advantages of column chromatography. This paper reports in-
vestigations of the basic chromatographic properties of the support materials and
new applications in affinity LLPC.

EXPERIMENTAL

The support materials LiParGel 750 and 650, particle size 25-40 um, were a gift
of E. Merck (Darmstadt, Germany). The company also provided experimental sam-
ples of polyacrylated LiChrospher Diol, a porous spherical silica gel with 1000 A
pores and 10 um particle size. All other materials and methods were as described by
Walsdorf and co-workers [15,16]. Ascites fluid with monoclonal antibody (mAb)
against horseradish peroxidase (POD) was kindly provided by E. Hadas (Department
of Biotechnology, Tel Aviv University, Isracl). The mAb was purified as described by
Elling et al. [17].

RESULTS AND DISCUSSION
General investigations of liquid—liquid partition chromatography
Calibration of the column
According to Martin and Synge [10], the volume of the stationary phase (V),

the volume of the mobile phase (Vy,), the elution volume of component 1 and 2 (V)
and the partition coefficient (K,,) of component » are related as follows:

Ve = (Vaw — Va)/(/Key — 1/Kep) (1)
Vin = Vaqy — Vs(1/Kqy) 2
Va = Vi/K + Va | 3)
Ky = VilVar = V) )

To calculate V,, or K, the volumes of the mobile and stationary phases for a
given column must be known. The data for V,; and K were obtained by independent
LLPC and batch partition experiments, respectively, and were fitted to a hyperbolic
function (eqn. 3), which yielded reliable values for V., and V (Fig. 1).

The non-ideal behaviour of proteins in LLPC is related to electrostatic interac-
tions with negatively charged groups on the matrix (e.g., lysozyme in Fig. 1), and size
exclusion effects, which limit the access of large proteins (= 100 000 dalton, see
ferritin in Fig. 1) to the stationary phase inside the LiParGel matrix [15]. Mass trans-
fer effects by film diffusion are not responsible for the observed changes in available
V. for LiParGel 750. The elution volumes of various proteins remain constant over
the usual range of linear flow velocities. Mass transport effects are evident in other
parameters describing the chromatographic processes, as discussed later. Size exclu-
sion was not observed on polyacrylated LiChrospher Diol columns for proteins at
least up to 500 000 daton molecular weight [15].
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Fig. 1. Relationship between the elution volume and the partition coefficient (X) in liquid-liquid partition
chromatography for LiParGel 750. Phase system: 2.7% PEG 20 000-4.5% Dx 500 in 10 mM potassium
phosphate buffer (pH 7.0) with 75 mM potassium bromide. Flow-rate, 1 ml/min; column, 30 x 1 cm. ----
= Calculated elution volume; @ = measured elution volume.

Physical data for the support are available for LiChrospher Diol. From the
bead dimensions, density (0.5 g/cm?) and internal surface area (25-30 m?/g), it can be
calculated that the dextran-rich stationary phase layer has a thickness of approxi-
mately 18 nm, assuming an even distribution over the entire surface. Based on the
same assumptions it was calculated that about 98% of the stationary phase is located
inside the porous particles. With an average pore size of 1000 A, the mobile phase is
able to enter the beads. Mass transport by diffusion over a large interface of thin
layers of the immiscible phases should be sufficiently fast to reach partition equilib-
rium; diffusion within the pores should therefore represent a major resistance. This
resistance may be more pronounced than in adsorption chromatography as the mo-
bile phase has a higher viscosity than aqueous buffers due to the presence of PEG.

Factors influencing resolution in liquid-liquid partition chromatography

The efficiency of LLPC columns, i.e., the resolution of two peaks, can be de-
fined by the column parameters used in liquid chromatography [18].

Influence of linear flow-rate on peak resolution and plate height. Fig. 2 shows the
influence of linear flow-rate on the resolution (R; value) and the plate height for a
LiParGel 750 column. The resolution for POD-myoglobin increases with decreasing
linear flow-rate until a maximum is reached at 0.02 cm/s. Linear flow-rates lower than
0.02 cm/s gave higher height equivalent to a theoretical plate (HETP) values and a
lower resolution. The HETP is related to the molecular weight of the proteins and
lower values are observed for myoglobin (molecular weight 17 600 daltons) than for
peroxidase (molecular weight 40 000 daltons). This is due to the higer diffusion rate of
lower-molecular-weight molecules, which leads to a higher mass transfer rate within
the pores. The characteristic curve for the relative resolution of myoglobin and preox-
idase can be explained by the Van Deemter equation [18], which described the rela-
tionship between the linear flow-rate and plate height.
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Fig. 2. Influence of the linear flow-rate on peak resolution (R,) and the height of a theoretical plate (HETP).

Support material: LiParGel 750. Phase system 5.4% PEG 6000-9.0% Dx 40 in 100 mM sodium chloride,

50 mM sodium phosphate buffer (pH 7.5). Column dimensions: 30 x 1 ¢m. The HETP standard deviation
(n = 3) was 4.8 and 3.1% for myoglobin and peroxidase, respectively.

The influence of the linear flow-rate on the resolution (R;) for LiParGel 650 is
illustrated in Fig. 3. For curves 1-3 in Fig. 3, R, > 1, which means a good resolution
of the proteins under investigation. Again, a decrease in the linear flow-rate improves
the resolution; the limiting linear flow-rate could not be reached with the chroma-
tographic equipment used. Peak resolution of the proteins in curves 4 and 5 is not
reached (R, < 1). Here the partition coefficient must be altered, e.g., by changes in the
phase composition, to improve the resolution. The curves presented may be used to
assess the maximum flow-rate with good resolution for preparative separations.

Influence of the sample volume on the number of theoretical plates. Fig. 4 shows
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Fig. 3. Influence of the linear flow-rate on peak resolution of different proteins. Lys = lysozyme; POD =
horseradish peroxidase; Chym = chymotrypsin; myo = myoglobin; ligand PEG-5000 HE3b. Support
material: LiParGel 650. Phase system: 5.4% PEG 6000-9.0% Dx 40; column dimensions: 30 % 0.5 cm;
sample volume, 100 ul. For conditions see Fig. 2.
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phosphate buffer (pH 7.0) with 50 mM sodium chlorate; column dimensions, 30 x 1 cm; Vo, =

= 5.34 ml

10.6 ml; V,

the plot of thé number of theoretical plates (V) versus sample volume for LiParGel

750.

The chromatographic parameter N is inversely proportional to the sample vol-
ume. The sample volume is normalized as a percentage of the mobile phase (V) to
facilitate comparisons between different column dimensions. The slopes obtained for
different linear flow-rates indicate that the loss of theoretical plates is higher at lower
linear flow-rates. For an increase in sample size (in this instance myoglobin) from 1 to
30% Vm, the loss of theoretical plates is 72 and 52% for linear flow-rates of 0.0175
and 0.05 cm/s, respectively. When the sample volume is increased to 60% V,,, a linear
decrease of the number of theoretical plates is also observed [Fig. 5, with bovine
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Fig. 5. Number of theoretical plates as a function of sample volume of bovine serum albumin (BSA 68 000

dalton, 1 mg/ml). For conditions see Fig. 4.
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serum albumin (BSA) as an example]. The peaks are still symmetrical under these
conditions [peak asymmetry (PAF) < 1.2] and the number of theoretical plates can
be calculated from the peak width. Owing to the higher molecular weight of BSA and
the lower number of available theoretical plates, the loss in N is not as pronounced as
for myoglobin with increasing sample volume.

Influence of sample loading on the column resolution. The influence of increasing
protein concentration in the sample on the number of theoretical plates and the PAF
was investigated using BSA (Fig. 6).

The number of theoretical plates decreases with higher protein loadings, which
are expressed as a percentage of the stationary phase. The symmetry of the peaks is
not affected up to 0.85 mg BSA/mg V, (PAF < 1.2). Protein loadings of more than
0.85 mg/mg V, resulted in asymmetric multiple peaks, as shown in Fig. 7. Experi-

280nm Arbitrary Units

S

16 10 4
Elution Volume [ml]

Fig. 7. Peak deformation as a consequence of column overloading (1.875 mg BSA per mg stationary
phase). Flow velocity, 0.0345 cm/s (0.15 mi/min). For conditions see Fig. 6. .
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ments with larger diameter columns (1.6 and 2.6 cm) gave comparable results (data
not shown). In a similar manner to liquid chromatography, the capacity of an LLPC
column can be increased by increasing the diameter. A limiting factor remains. the
solubility of the product in the mobile phase, although this was not a problem with
BSA.

In conclusion, the results demonstrate that the efficiency of LLPC columns is
determined by the same parameters as for liquid chromatography and the same math-
ematical models can be applied.

Affinity liquid-liquid partition chromatography

In Fig. 1 the relationship between elution volume V7, and partition coefficient,
K, is shown for a given column. The conditions that increase the partition coefficient
in the range of 0.2-1.5 for the product of interest will lead to a faster elution. Bio-
specific interactions can be utilized to influence selectively the partition coefficient.

Fig. 8 illustrates the linked equilibria of partition and protein-ligand (PL) asso-
ciation for a 1:1 complex. The yield of PL is determined by the partition coefficient of
the protein-ligand complex (Kpy), the dissociation constant in the top and bottom
phase (Kpr, Kpg) and the ligand concentration [L]. A ligand with a high K value will
selectively shift the protein-ligand complex to the top phase High K; values can be
ensured by covalent binding to PEG.

Affinity liquid-liquid partition chromatography of formate dehydrogenase from Candi-
da boidinii

As an example, the interaction of formate dehydrogenase (FDH) with Procion
Red HE3b was studied [16]. Fig. 9 shows that increasing the ligand concentration in
the mobile phase rapidly decreases the elution volume of FDH. Higher ligand con-
centrations cause only a minor further decrease of the elution volume as the binding
sites of the enzyme are saturated and V., is approaching the void volume for large K.

[P] + [L] == [PL]

IP L |} K

Top-—-Phase K

|
Bottom—Phase \] | \} K, J l
[P] + [L] == [PL]
[P] Conc. of Protein
[L] Conc. of Ligand
[PL] Conc. of Protein/Ligand Complex

Equilibrium Constant of the Complex in the Top~Phase
Equilibrium Constant of the Complex in the Bottom—Phase
Partition Coefficient of the Protein

[ I |

Partition Coefficient of the Ligand

F'F‘Ns’fs’f

Partition Coefficient of the Complex

Fig. 8. Linked equilibria in affinity partitioning.
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500; buffer, 5 mM ammonium sulphate in 6.3 mM potassium phosphate (pH 7.0); column dimensions, 30
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With 5 - 107> M PEG-Procion Red HE3b in the mobile phase, FDH from a heat
conditioned crude extract (10 min at 55°C to denature other dehydrogenases, 2.5
mg/ml protein) could be purified by a factor of 5.8 with 83% activity yield. The
concentration of ligand required for purification is lowered by about two orders of
magnitude compared to affinity partitioning of FDH ion batch systems [19].

Affinity liquid-liquid partition chromatography of monoclonal antibody

If the antigen (POD, K = 1.0) and the mAb (K = 0.2) prefer different phases in
a PEG-Dx aqueous two-phase system, the characteristic separation profile of the
LLPC column (Fig. 1) can be utilized to shift the elution position of mAb with the
antigen as the affinity ligand, without prior PEG modification of the ligand. Different
concentration ratios of ligand/mAb were prepared for incubation and were subse-
quently injected onto a small LLPC column (30 x 0.5 cm) with or without antigen as
a ligand in the mobile phase (V, = 2.09 ml, V,, = 2.42 ml). Fig. 10 demonstrates that
the elution volume of the mAb can be decreased from 12 ml down to 9.0 ml (increase
of K from 0.22 to 0.32). Owing to the dissociation of the mAb-antigen complex (1:1
complex), at least a ten fold higher ligand concentration is needed in the absence of
ligand in the mobile phase (Fig. 10a) to reach the same K values shown in Fig. 10b.
When antigen is present in the mobile phase the maximum decrease of the elution
volume is reached at POD/mAb molar concentration ratios where the mAb concen-
tration is even higher than the ligand concentration.

The partition equilibria in affinity partitioning (Fig. 8) are reached very fast.
The dissociation constants of the immunocomplex are the limiting factors for sep-
aration assuming that they are equal in the top and bottom phases. With the ligand in
the mobile phase (Fig. 10b), dissociation is depressed. Owing to the mode of sep-
aration, that is a mobile PEG-rich phase moving along a stationary Dx-rich phase
with equal concentrations of ligand (Kpop = 1.0), a decrease of 2 ml in the elution
volume is reached at molar concentration ratios of ligand/mAb < 1.
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70 in 50 mM potassium phosphate buffer (pH 7.4) with 150 mM sodium chloride; ¥V = 2.42ml; ¥, = 2.09
ml. :

CONCLUSIONS

In conclusion, affinity LLPC is a versatile technique for the purification of
proteins. As a result of the high sensitivity of LLPC to small changes of the partition
coefficient, affinity based purifications can be achieved as demonstrated for formate
dehydrogenase at relatively low concentrations of PEG-bound triazine dye. This sen-
sitivity can also be exploited when the unmodified ligand has a partition coefficient
sufficiently different from the molecule (e.g. POD-mADb). In addition, size exclusion
effects shown with LiParGel 750 (Fig. 1) may be utilized to improve the separation of
free antigen and the corresponding immunocomplex. As the interaction of ligand and
target molecule takes place in a homogeneous phase involving only liquid-liquid
equilibria, but no adsorption or binding on the solid matrix, the utilisation of ligands
is much improved compared to affinity chromatography and activity yields are ex-
pected to be high.
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Hydrophilic-interaction chromatography of peptides on
hydrophilic and strong cation-exchange columns

BING-YAN ZHU, COLIN T. MANT and ROBERT S. HODGES*

Department of Biochemisiry and the Medical Research Council of Canada Group in Protein Structure and
Function, University of Alberta, Edmonton, Alberta T6G 2H7 (Canada)

ABSTRACT

Hydrophilic-interaction chromatography (HILIC) was recently introduced as a potentially useful
separation mode for the purification of peptides and other polar compounds. The elution order of peptides
in HILIC, which separates solutes based on hydrophilic interactions, should be opposite to that obtained in
reversed-phase chromatography, which separates solutes based on hydrophobic interactions. Three series
of peptides, two of which consisted of positively charged peptides (independent of pH at pH < 7) and one of
which consisted of uncharged or negatively charged peptides (dependent on pH), and which varied in
overall hydrophilicity/hydrophobicity, were utilized to examine the separation mechanism and efficiency of
HILIC on hydrophilic and strong cation-exchange columns.

INTRODUCTION

Hydrophilic-interaction chromatography (HILIC) has recently been promoted
as a novel chromatographic mode for application to the separation of a wide range of
solutes [1]. Separation by HILIC, in a manner similar to normal-phase chromatogra-
phy (to which it is related), depends on hydrophilic interactions between the solutes
and the hydrophilic stationary phase, i.e., solutes are eluted from a HILIC column in
order of increasing hydrophilicity (decreasing hydrophobicity). Thus, elution orders
of solutes in HILIC should be opposite to that obtained in reversed-phase high-
performance liquid chromatography (RP-HPLC), which separates solutes based on
hydrophobic interactions, i.e., solutes are eluted from a RP-HPLC column in order of
increasing hydrophobicity (decreasing hydrophilicity). HILIC is characterized by
separations being effected by a linear A-B gradient of decreasing organic modifier
concentration, i.e., starting from a high concentration of organic modifier (typically,
70-90% aqueous acetonitrile).

In this study, we set out to evaluate the potential of HILIC for peptide sep-
arations. To this end, we examined the retention behavior of three series of model
synthetic peptides varying in both hydrophobicity/hydrophilicity and charge. From
the observed retention behavior of these series of model peptides (encompassing
various controlled combinations of peptide characteristics) during HILIC on both
HILIC and strong cation-exchange columns, we were able to assess the potential

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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value of HILIC for peptide separations, and also draw some conclusions concerning
the mechanism of such separations.

EXPERIMENTAL

Materials

HPLC-grade water and acetonitrile and reagent-grade potassium chloride were
obtained from J. T. Baker (Phillipsburg, NJ, USA), HPLC-grade trifluoroacetic acid
(TFA) from Pierce (Rockford, IL, USA), ACS-grade orthophosphoric acid from
Anachemia (Toronto, Canada) and synthetic peptide standards for RP-HPLC (S1-
S5), cation-exchange chromatography (CEC) (C1-C4) and anion-exchange chroma-
tography (AEC) (A1-A4) from Synthetic Peptides Inc. (University of Alberta, Ed-
monton, Canada). The sequences of the three series of standards are shown in Table
I

Apparatus

The HPLC instrument consisted of a Spectra-Physics (San Jose, CA, USA)
SP8700 solvent-delivery system, SP8750 organizer coupled to an Hewlett-Packard
(Avondale, PA, USA) HP 1040A detection system, HP 3390A integrator, HP 85
computer, HP 9121 disc drive and HP 7470 plotter.

Columns

Peptides were separated on four columns: (1) a polyhydroxyethylaspartamide
HILIC column, 200 x 4.6 mm I.D., particle size S um, pore size 300 A (PolyLC,
Columbia, MD, USA); (2) a polysulfoethylaspartamlde strong cation-exchange col-
umn, 200 x 4.6 mm LD, 5 um, 200 A (PolyLC); (3) a Mono S HR 5/5 strong
cation-exchange column, 50 x 5mm L.D., 10 um (Pharmacia, Dorval, Canada); and
(4) a SynChropak RP-P C, ¢ reversed- phase column, 250 x 4.6 mm IL.D., 6.5 um, 300
A (SynChrom, Lafayette, IN, USA).

Synthetic model peptides

The relevant properties of the model peptides employed are shown in Table I.
Peptide standards S1-S5 were originally designed to monitor RP-HPLC column per-
formance (efficiency, selectivity and resolution) [2). Each of the peptides carries a net
positive charge of +3 (S1) or +2 (S2-S5) at pH between 2 and 7, i.e., the pH range
over which silica-based columns may be employed. Peptides C1-C4 were designed to
monitor cation-exchange column performance [3]. These four peptides contain only
basic residues (no acidic residues are present) and the net positive charges on the
standards (+1, +2, +3 and +4 for Cl, C2, C3 and C4, respectively) remain un-
altered over the range pH 2-7. Peptides A1-A4 are monitors of anion-exchange
column performance. The net charge on these four peptides is pH dependent (the
peptides contain only acidic residues, no basic residues are present: at pH <4.0-4.5
(the pK, of the side-chain carboxyl group of glutamic acid), the glutamic acid side-
chain carboxyl is protonated, i.e., uncharged; at pH >4.0-4.5, the glutamic acid
side-chain carboxyl is deprotonated, i.e., negatively charged. Thus, at pH 2, the four
peptides are uncharged; at pH 7, peptldes Al, A2, A3 and A4 possess net charges of

~1, =2, —3 and —4, respectively.
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A convenient means of assigning hydrophilicity/hydrophobicity values to the
model peptides was required. Guo et al. [4] determined a precise set of amino acid
side-chain hydrophilicity/hydrophobicity parameters (or coefficients) by examining
the effect of different residue side-chains on the RPC retention time, during linear
gradient elution at pH 2 and 7, of a synthetic model octapeptide, Ac-Gly-X-X-
(Leu)s—(Lys),—amide, where X was substituted by the 20 amino acids found in pro-
teins. The overall hydrophilicity/hydrophobicity of each peptide in Table I was deter-
mined by summing the coefficients (ZR.) of Guo et al. [4] for all of the residues in the
peptide.

RESULTS AND DISCUSSION

HPLC of synthetic model peptides

Fig. 1A shows the reversed-phase separation on the C,s column of peptides
S1-S5. Aqueous TFA-acetonitrile mobile phases at pH 2 are currently employed for
most peptide separations [5,6], and the separation shown in Fig. 1A was achieved by a
linear A—B gradient of increasing acetonitrile concentration (1% B/min at a flow-rate
of 1 ml/min), where eluent A was 0.05% aqueous TFA and eluent B was 0.05% TFA
in acetonitrile. As expected, the elution order of the peptides was in order of in-
creasing peptide hydrophobicity, with the least hydrophobic peptide (S1; ZR. = 11.5)

o

ABSORBANCE 210 nm

RETENTION TIME (min)

Fig. 1. Separation of a mixture of synthetic positively charged peptides by (A) RP-HPLC and (B) HILIC.
(A) Column, SynChropak RP-P C, 4 (250 x 4.6 mm LD.); mobile phase, linear A~B increasing acetonitrile
gradient (1% B/min) at a flow-rate of 1 ml/min, where A is 0.05% aqueous TFA and B is 0.05% TFA in
acetonitrile; temperature, 26°C. (B) Column, Polyhydroxyethylaspartamide HILIC column (200 x 4.6 mm
1.D.); mobile phase, linear A-B decreasing acetonitrile gradient (1% B/min) at a flow-rate of 1 ml/min,
where A is 0.2% orthophosphoric acid in acetonitrile and B is 0.2% aqueous orthophosphoric acid (start-
ing conditions were 85% A-15% B); temperature, 26°C. The sequences of peptides S1-S5 are shown in
Table 1. .
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being eluted first and the most hydrophobic peptide (S5; TR, = 22.7) being eluted last
(Table I).

Fig. 1B shows the separation of the same peptides on the HILIC column. The
peptides were subjected to a linear A-B gradient of decreasing acetonitrile concentra-
tion (1% B/min, starting from 85% A-15% B, at a flow-rate of 1 mi/min) at pH 2,
where eluent A was 0.2% H3;PO,-acetonitrile and eluent B was 0.2% aqueous
H3PO,. In RP-HPLC, hydrophobic interactions between peptides and the hydro-
phobic stationary phase are favoured owing to the absence of organic modifier (ace-
tonitrile) in the starting eluent (0.05% aqueous TFA); elution of peptides is then
achieved with an increasing concentration of acetonitrile in the mobile phase. In
contrast, in HILIC, hydrophilic interactions between peptides and the hydrophilic
stationary phase are favoured owing to the presence of a high concentration of aceto-
nitrile in the starting eluent (85% aqueous acetonitrile-0.2% H3PO,); elution of
peptides is then achieved with a decreasing concentration of acetonitrile in the mobile
phase.

It has been observed by others [7-12] that high concen\trations of organic mod-
ifier or inverse gradients (high concentrations of organic modifier decreasing to lower
concentrations) on reversed-phase columns have shown elution order reversals for
peptides and proteins compared with standard RP-HPLC conditions (low concentra-
tions of organic modifier increasing to higher concentrations). Silanophilic interac-
- tions were deemed responsible for these results. Simpson and Moritz [12] recently
showed that inverse gradients only show elution order reversals for some proteins and
only on particular reversed-phase columns. The reversals that were observed were
explained by silanophilic interactions and/or conformational changes induced in the
proteins by the high concentration of organic modifier. In contrast, the results of this
study with peptides showing elution order reversal on comparing RP-HPLC and
HILIC (Fig. 1) is due to the hydrophobic/hydrophilic interactions of the peptides
with the mobile phase/stationary phase. The peptides S2-S5 (Fig. 1) each have the
same basic character (one Arg and one Lys residue) and the same net positive charge
(+2 at pH 2), which rules out silanophilic interactions as a mechanism for elution
order reversal. ;

TFA is a moderately hydrophobic anionic ion-pairing reagent [5,6,13], i.e., the
negatively charged trifluoroacetate ion will ion pair with positively charged groups
(such as a-amino groups and the side-chains of basic residues) and, thus, increase the
peptide retention time (and apparent hydrophobicity) during RP-HPLC of peptides
containing these groups. In HILIC, it is desirable to emphasize peptide hydrophilicity
as much as possible. Therefore, orthophosphoric acid was used in place of TFA in the
HILIC mobile phase, the phosphate ion being a much more hydrophilic counter ion
than trifluoroacetate [13]. From Fig. 1B, the peptides were eluted in opposite order to
that obtained during RP-HPLC (Fig. 1A), as would be expected from an HILIC
separation. It might be expected that the relative retention time differences between
individual peptides would be approximately the same in both RP-HPLC and HILIC.
However, the retention time of peptide S1 on the HILIC column was considerably
longer than expected, in relation to the other four peptides, based on hydrophilicity
considerations alone. This observation suggested that the HILIC column may be
exhibiting ionic interactions, i.e., a mixed-mode separation, based on both peptide
hydrophilicity and net charge. If the HILIC sorbent possessed some negatively
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Fig. 2. Separation of a mixture of synthetic positively charged peptides by cation-exchange chromatogra-
phy on (A)a strong cation-exchange column and (B and C) a HILIC column. (A) Column, Polysulfoethyl-
aspartamide strong cation-exchange column (200 x 4.6 mm 1.D.). (B and C) polyhydroxyethylasparta-
mide HILIC column (200 x 4.6 mm I1.D.). Mobile phase: linear A-B gradient (2% B/min, equivalent to 5
mM KCl/mm) at a flow-rate of 1 ml/min), where buffer A is 5 mM KH,PO, (pH 6.5) and buffer B is buffer
A plus 0.25 M KCl, both buffers containing 50% (v/v) acetonitrile; temperature 26°C. A and B show the
separation of the cation-exchange peptide standards C1, C2, C3 and C4 (+1, +2, + 3 and + 4 net charge,
respectively). C shows the separation of peptide standards S1-S5. D shows the relationship between pep-
tide retention time and net positive charge during cation-exchange chromatography of peptides C1-C4 on
the (A) cation-exchange and (B) HILIC columns. Peptide CI (+1 net charge) was eluted prior to the salt
gradient on the HILIC column (B) and is not included in the plot in D. The sequences of the peptides are
shown in Table 1.
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charged (i.e., anionic) character, then peptide S1 (+ 3 net charge) would interact more
strongly than peptides S2-S3, all four of which have a net charge of + 2. The relative
retention time difference between peptides S2, S3, S4 and S5 during HILIC are consis-
tent with those obtained by RP-HPLC, suggesting that peptides with the same net
charge exhibit similar relative hydrophilic and hydrophobic effects.

Peptide cation-exchange standards C1-C4 (+1 to +4 net charge, respectively)
(Table I) were utilized to verify that the HILIC column was exhibiting ionic interac-
tions. As noted previously, the retention behavior of these peptides should be un-
affected in the pH range 2-7.

Fig. 2A and B show the elution profiles of the four peptide standards on a
strong cation-exchange column (polysulfoethylaspartamide [1,14,15]) and the HILIC
column, respectively. Both columns were run under standard ion-exchange condi-
tions, i.e., increasing salt (KCl) gradient in a phosphate buffer (5 mM aqueous
KH,PO,, pH 6.5). Acetonitrile is often added to the mobile phase to suppress hydro-
phobic interactions with ion-exchange sorbents and to ensure ideal ion-exchange
behavior [3]. Both the cation-exchange column (Fig. 2A) and the HILIC column (Fig.
2B) required a salt gradient to elute the peptide standards. In addition, as would be
expected with ideal cation-exchange column behaviour [3], the peptides show a linear
relationship between retention time and net positive charge [except peptide C1 (+1
net charge), which is eluted prior to the salt gradient on the HILIC column] (Fig. 2D).
These results clearly indicated that, under these conditions, the HILIC column was
behaving as a cation-exchange column, i.e., the HILIC sorbent must contain negativ-
ely charged functionalities as a result of the manufacturing process. The ideal HILIC
column (i.e., solute separation based on hydrophilic interactions alone) would not
show such ionic interactions. The shorter retention times of the peptides on the HIL-
IC column compared with the cation-exchange column may be explained by the
former possessing a smaller ion-exchange capacity.

Fig. 2C shows the elution profile of peptides S1-S5 on the HILIC column, run
under the same conditions as in A and B. Peptides S2-S5 (all +2 net charge) were
eluted from the column earlier than peptide S1 (+3), as would be expected with a
cation-exchange separation. However, it is apparent that peptides S2-S5 were also
resolved by a hydrophilic interaction mechanism, as the four peptides were eluted in
order of increasing hydrophilicity [SS, the least hydrophilic (XR. = 29.3) to S2, the
most hydrophilic (ZR, = 17.5) (Table 1)]. This result indicated that the dominant
interactions between the peptides and the HILIC sorbent are ionic in character and
that hydrophilic interactions are then additive to provide the mixed-mode separation.

Although Figs. 1 and 2 demonstrated the importance of ionic interactions dur-
ing separations of basic peptides, hydrophilic interactions were also certainly a major
factor influencing their retention behavior. We now wished to determine whether the
column could retain peptides with no charge, i.e., whether the HILIC column could
retain and separate peptides via hydrophilic interactions only. The model peptides
selected to clarify this point were the anion-exchange standards A1-A4 (containing
one to four acidic residues, respectively; Table I). As stated previously, at pH 2, these
peptides are uncharged, as their side-chain carboxyl groups are protonated. Fig. 3A,
shows the reversed-phase separation of the four peptides on the Cyg column. The
order of peptide elution is based on increasing peptide hydrophobicity (Table I), with
the most hydrophilic peptide, Al (XR. = 17.8), being eluted first, followed by A2
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Fig. 3. Separation of a mixture of synthetic neutral peptides by (A) RP-HPLC, (B) HILIC on a HILIC
column and (C) HILIC on a strong cation-exchange column. (A) Column, SynChropak RP-P C,5 (250 %
4.6 mm 1.D.); mobile phase, linear A~B increasing acetonitrile gradient (1% B/min) at a flow-rate of 1
ml/min, where A is 0.05% aqueous TFA and B is 0.05% TFA in acetonitrile. (B) Column, Polyhydroxy-
ethylaspartamide HILIC column (200 x 4.6 mm 1.D.); mobile phase, linear A-B decreasing acetonitrile
gradient (0.5% B/min, following 10-min isocratic elution with 95% A-5% B), where A is 0.2% orthophos-
phoric acid in acetonitrile and B is 0.2% aqueous orthophosphoric acid. (C) Column, Polysulfoethylaspar-
tamide strong cation-exchange column (200 x 4.6 mm L.D.); mobile phase as in B; temperature, 26°C. The
dotted lines denote the respective acetonitrile gradients. The sequences of peptides Al, A2, A3 and A4 are
shown in Table 1.

(ZR. = 11.9), A3 (XR. = 24.8) and finally A4 (XR, = 24.9), the most hydrophobic
peptide. In contrast, when HILIC was carried out with these peptides on the HILIC
column (Fig. 3B), their retention and separation were clearly based on hydrophilic
interactions with a reversal in elution order to that obtained by RP-HPLC (Fig. 3A),
i.e., the peptides were now eluted in order of increasing hydrophilicity. The resolution
of the four peptides was not as effective on the HILIC column (Fig. 3B) compared
with the reversed-phase column (Fig. 3A), even though the decreasing gradient slope
of the HILIC run was shallower (0.5% acetonitrile/min) than that of the increasing
gradient slope of the RP-HPLC run (1% B/min). However, the HILIC column was
still able to resolve partially the two peptide pairs AI-A2 and A3-A4.
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It seemed reasonable to assume that, by its nature, the charged character of a
cation-exchange sorbent would also possess considerable hydrophilic character. Fig.
3C shows the HILIC separation of peptides A1-A4 on the polysulfoethylaspartamide
strong cation-exchange column run under the same conditions as the HILIC column
(Fig. 3B). Even though the cation-exchange column could not resolve the two peptide
pairs A1-A2 and A3-A4, the column clearly retained the peptides based on hydro-
philic interactions, with the least hydrophilic peptide pair, A3-A4, being eluted first
and the most hydrophilic pair, A1-A2, being eluted last.

The polysulfoethylaspartamide cation exchanger is an hydrophilic silica-based
packing. The Mono S strong cation-exchange column, which contains an organic
polyether-based sorbent, was demonstrated to exhibit some hydrophobic character
that could be suppressed by the addition of acetonitrile to the mobile phase buffers
[3]. Interestingly, Fig. 4A shows that, under conditions where the starting buffer does
not contain acetonitrile, and with a combined increasing salt (5 mM KCl/min) and
acetonitrile (1% B/min) gradient, peptides S1, S2 and S5 were separated by a mixed-
mode mechanism. Thus, peptides S2 and S5 (+ 2 net charge) were well separated from
S1 (4 3 net charge) mainly by an ionic mechanism, while S5 was resolved from S2 by
an hydrophobic interaction mechanism. Thus, S5, which is more hydrophobic than S2
(ZR. = 29.3 and 17.5, respectively, at neutral pH), was eluted later than the latter
peptide. In contrast, under the same run conditions, the polysulfoethylaspartamide
column exhibited a mixed ionic and Aydrophilic separation mechanism (Fig. 4D).
Peptide S1 (+3 net charge) was well resolved from peptides S2 and S5 (+2 net
charge) mainly by ionic interactions with the column, whilst peptides S2 and S5 were
separated through hydrophilic interactions (S2 is eluted later than the less hydrophilic
S5). Thus, the separation of S2 and S5 is reversed when comparing the two cation-
exchange columns (Fig. 4A and D). This reversal can be readily explained by the
difference in hydrophobicity of the two sorbents [i.e., the Mono S sorbent is more
hydrophobic (less hydrophilic) than the hydrophilic polysulfoethylaspartamide sor-
bent].

Fig. 4B demonstrates that hydrophobic interactions between the Mono S col-
umn and the peptides can be overcome by the addition of 10% acetonitrile to buffers
A and B, ideal cation-exchange chromatography was now observed and no sep-
aration of peptides with identical net positive charge was achieved (i.e., S2, S3, S4 and
S5, with net charges of + 2, were not resolved). In contrast, identical run conditions
on the polysulfoethylaspartamide column separated peptides S2-S5 by hydrophilic
interaction (Fig. 4E). Acetonitrile does not overcome hydrophilic interactions; on the
contrary, it promotes these interactions.

Fig. 4C demonstrates that the Mono S column could separate peptides by a
mixed ionic and hydrophilic interaction mechanism by simply increasing the concen-
tration of acetonitrile in the mobile phase to 50% (v/v). Thus, peptides S2-85 (+ 2 net
charge) were now separated by hydrophilic interactions. Under the same run condi-
tions on the polysulfoethylaspartamide column (Fig. 4F), a similar, albeit improved,
separation of peptides S2-S5 was observed. In fact, S2 and S3 (which differ only by a
single methyl group; Table I) were not fully resolved on the Mono S column (Fig.
4C); in contrast, they showed baseline resolution on the polysulfoethylaspartamide
column (Fig. 4F).

Although the dominating interactions exhibited by both cation-exchange col-
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Fig. 4. Comparison of the mixed-mode separation of a mixture of synthetic positively charged peptides on
two strong cation-exchange columns. Column: (A, B and C) non-silica-based Mono S HR 5/5 strong
cation-exchange column (50 x 5 mm 1.D.); (D, E and F) silica-based polysulfoethylaspartamide strong
cation-exchange column (200 x 4.6 mm I.D.). Mobile phase: (A and D) linear A-B increasing salt and
acetonitrile gradient (2% B/min, equivalent to 5 mM KCl/min and 1% acetonitrile/min) at a flow-rate of 1
ml/min, where buffer A is 5 mM aqueous KH,PO, (pH 6.5) containing 50 mA KCl and buffer B is 5 mM
aqueous KH,PO, (pH 6.5) containing 0.25 M KCl and 50% (v/v) acetonitrile; (B and E) linear A-B
increasing salt gradient (2% B/min, equivalent to 5 mM KCl/min) at a flaw-rate of | ml/min, where buffer
A'is 5 mM aqueous KH,PO, (pH 6.5) and buffer B is buffer A plus 0.25 M KCl, both buffers containing
10% (v/v) acetonitrile; (C and F) linear A-B increasing salt gradient (2% B/min, equivalent to 5 mM
KCl/min) at a flow-rate of 1 ml/min, where buffer A is 5 mM aqueous KH,PO, (pH 6.5) and buffer B is
buffer A plus 0.25 M KCI, both buffers containing 50% (v/v) acetonitrile. Temperature, 26°C. The se-
quences of peptides S1-S5 are shown in Table I.

umns were ionic, with hydrophilic and hydrophobic interactions secondary, the per-
formance of the polysulfoethylaspartamide column was always superior under the
different sets of run conditions employed in Fig. 4. This is evidenced, for example, by
the improved separation and peak shape of peptides S2-S5 on this column (Fig. 4D,
E and F) compared with the Mono S column (Fig. 4A, B and C) under the same run
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conditions. In addition, a good separation of these peptides.on the polysulfoethyl-
aspartamide column compared with the Mono S column was achieved with a lower
level of acetonitrile in the mobile phase buffers: compare Fig. 4E (where only 10% of
acetonitrile was required to produce the illustrated elution profile on the polysul-
foethylaspartamide column) with Fig. 4C, where 50% of acetonitrile was required to
achieve a similar separation on the Mono S. Low acetonitrile concentrations are
advantageous for most peptides, which are more soluble in highly aqueous media.
The column capacity of the former column was also considerably greater than that of
the Mono S column. Thus, the retention times of the five peptides were considerably
longer on the polysulfoethylaspartamide column (Fig. 4F) than on the Mono S col-
umn (panel Fig. 4C) under identical run conditions. This increased capacity of ionic
groups on the polysulfoethylaspartamide column could also contribute to the im-
proved hydrophilic interaction chromatography observed on this column during
mixed-mode operation (Fig. 4). If one must operate a column in a mixed mode, it is
preferable to have only two types of interactions, rather than three as observed with
the Mono S column (Fig. 4). The hydrophobic interactions on the Mono S column
are not advantageous in that they cause peak broadening and must be overcome just
to obtain elution of more highly charged peptides [3].

CONCLUSIONS

Even though the ideal hydrophilic interaction sorbent has yet to be developed,
it is certainly worthwhile continuing the development of such a sorbent lacking ionic
characteristics. At present, the hydrophilic sorbent of the polysulfoethylaspartamide
strong cation-exchange column utilized in this study is the most versatile. It provides
excellent selectivity during operation in a mixed mode where conditions are selected
to promote hydrophilic and ionic interactions, and this selectivity is achievable at a
low acetonitrile concentration in the mobile phase. This cation-exchange column
could also provide excellent selectivity changes with pH, which result in changes in
the net charge on many peptides as the carboxyl groups are ionized with increasing
pH. This combined effect of utilizing pH and hydrophilicity in cation-exchange chro-
matography may well rival reversed-phase chromatography for peptide applications.
This mixed-mode separation in cation-exchange columns may also be superior in
terms of selectivity to those achieved by capillary zone electrophoresis.
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Evaluation of kinetic models for biospecific adsorption and
its implications for finite bath and column performance
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ABSTRACT

Dynamic models that could describe the adsorption of adsorbate onto ligand immobilized on porous
or non-porous particles in batch and column systems, are presented and solved.

Two different kinetic models (kinetic models 1 and 2) are used to describe the dynamics of the
adsorption mechanism when S-galactosidase is adsorbed onto monoclonal antibody immobilized on po-
rous silica particles. The differences in the theoretical predictions of the concentration of the adsorbate in
the fluid of the finite bath obtained from kinetic models 1 and 2, are not significant and the agreement
between experiment and theory is good. But the two different kinetic models lead to different estimates for
the value of the pore diffusivity, and provide significantly different concentration profiles for the adsorbate
in the pore fluid and adsorbed phases of the adsorbent particles of the batch system. The column results
indicate that the differences in the breakthrough curves obtained from kinetic models 1 and 2, increase. as
the column length increases. Also, the concentration profiles of the adsorbate in the adsorbent particles
obtained from kinetic models 1 and 2, are significantly different and their differences vary along the axial
distance of the column. The results indicate that while it is a necessary condition for a kinetic model to
describe properly the experimental overall mass-transfer resistance, this is not also a sufficient condition for
the accurate determination of the adsorption mechanism and for the accurate estimation of the values of
the rate constants and of the pore diffusivity. Furthermore, the differences in the concentration profiles of
the adsorbate in the adsorbent particles, obtained from kinetic models 1 and 2, have important implica-
tions on the performance of the adsorption stage, as well as on the performance of the wash and elution
stages. Experiments are suggested which could provide information that could significantly improve the
model discrimination and parameter estimation studies for the determination of a proper mechanism for
the dynamics of the adsorption step and of an accurate estimate for the value of the pore diffusivity. When
the estimated value of the pore diffusivity is varied by +20%, the effect on the dynamic behavior of the
batch and column systems can be appreciable. The =ffect on the dynamic behavior of the batch and column
systems when the estimated value (from a correlation) of the film mass transfer coefficient is varied by
+20%, is not significant.

The batch adsorption of f-galactosidase onto anti-$-galactosidase immobilized on non-porous glass
coated beads is found to be controlled by film mass transfer and the dynamics of the adsorption step. The
batch model with a second-order reversible interaction mechanism for the adsorption step, provides theo-
retical predictions such that the agreement between experiment and theory is reasonable. When the esti-
mated value (from a correlation) of the film mass transfer coefficient is varied by +20%, the effect on the
dynamic behavior of the batch and column systems (having nonporous adsorbent particles) is not signif-
icant. Column experiments are suggested which could provide information, in addition to the information
obtained from batch experiments, that could improve the model discrimination and parameter estimation
studies for the determination of a proper mechanism for the dynamics of the adsorption step, in affinity
adsorption systems involving non-porous adsorbent particles.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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INTRODUCTION

Industry has significant interest in the design, optimization, and control of
large-scale affinity adsorption systems which are to be employed in the purification of
biologically active macromolecules for use as pharmaceuticals or in other applications
where the purity of the product is a very important consideration. Certain funda-
mental mechanisms underlying the affinity adsorption separations have been iden-
tified and constitutive expressions which may be used to quantify these mechanisms
and their effects, have been suggested and constructed [1-19]. The parameters
characterizing the mechanisms involved in the different stages (i.e., adsorption, wash,
elution) of affinity adsorption and in the different operational modes [i.e., batch, fixed
bed (column), fluidized bed] could be estimated from proper correlations and/or by
matching the predictions of appropriate models, which are developed to describe the
behavior of affinity adsorption in the different stages and operational modes, with
experimental data [1-4,11-20].

It is well established that affinity adsorption experiments are tedious, time
consuming, and expensive. The number of experiments at the bench-scale and
pilot-scale levels could be significantly reduced by developing- and employing
mathematical models that would satisfactorily predict the behavior of the affinity
adsorption stages under different operational modes. Such models may be used to
guide the experiments [1,11-14,16,18-21] in regions of the experimental space where
a better scientific understanding of the behavior of affinity adsorption mechanisms
may be obtained, and even new and interesting phenomena might be observed.
Furthermore, these models could be used in the complex tasks of design, optimization,
control, and scale-up of affinity adsorption processes. It should be emphasized that
there is nothing more practical than a mathematical model which can accurately
predict the dynamic behavior, scale-up, and design of a process of interest, since such
a model could obviate many experiments which in the case of affinity chromatography
are tedious, time consuming, and expensive.

In this work, the dynamic behavior of the adsorption of f-galactosidase onto
monoclonal antibody ligand immobilized on (a) porous silica particles and on (b)
non-porous glass coated beads, is studied by two different kinetic models that
characterize the dynamics of the interaction (adsorption step) between the adsorbate
and ligand. Also, the effects on the dynamic behavior of biospecific adsorption of the
parameters that characterize film mass transfer and intraparticle  diffusion, are
examined. Both finite bath (batch) and column (fixed bed) adsorption systems are
considered.

THEORY

Single component adsorption is considered to occur, and the mass transfer and
interaction steps are as follows: (i) The transport of adsorbate from the bulk fluid to
the external surface of the adsorbent particle (film mass transfer). (ii) The transport of
adsorbate within the porous adsorbent particle (intraparticle diffusion); in case that
the adsorbent particle is non-porous, intraparticle diffusion does not occur. (iii) The
interaction between the adsorbate and the immobilized ligand (adsorption step). The
interaction step (iii) may be composed of several substeps, depending on the
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complexity of the adsorbate-ligand interaction, and could include the binding of
multivalent adsorbates to monovalent ligands [1,4,11]. Yon [11] has shown that in
most affinity chromatography systems the partitioning will seem to be monovalent,
i.e., interaction between a monovalent adsorbate and a monovalent ligand. In this
work, the partitioning is considered as being monovalent.

The most commonly used mode of operation in affinity chromatography
separations is the fixed bed mode with axial flow [2,4,10,14,16]. Batch (finite bath)
adsorption systems would be appropriate where the fluid to be processed was of high
viscosity or contains particulate material. Arve and Liapis [1], Liapis [14-17] and
Petropoulos et al. [12] have indicated that, for a given affinity adsorption system, the
parameters that characterize the intraparticle mass transfer and adsorption mecha-
nisms should be independent of the operational mode (e.g., batch, fixed bed, fluidized
bed), and therefore, if these parameters are estimated by utilizing information
obtained from finite bath experiments (batch experiments are easier to perform and
analyze {1,10,14-20] than column experiments), then their values should. characterize
the intrinsic mechanisms (intraparticle mass transfer and adsorption mechanisms) in
other operational modes. This theoretical approach of Arve and Liapis [1] has been
shown to be valid by the data of the affinity chromatography system studied by
Horstmann and Chase [22]. Furthermore, Johnston and Hearn [20} compared the
experimental dynamic adsorption data of the binding of several proteins (with
different molecular geometries) to several ion-exchange and dye-affinity chromato-
graphic resins, with the theoretical predictions of different models. They found [20]
that the model of Arve and Liapis [1,4] provided the best agreement between
experiment and theory, and furthermore, the values of the kinetic parameters
estimated by matching the theoretical predictions of this model with the experimental
data, were found [20] to be consistent with enzyme kinetic theory.

Finite bath with porous adsorbent particles

The porous adsorbent particles are suspended in the 11qu1d of the finite bath by
agitation so that the liquid has free access, and the bulk concentration of the adsorbate
is taken to be uniform throughout the bath except in a thin film (film mass transfer
resistance) of liquid surrounding each particle. The adsorption process is considered to
be isothermal since the heat of adsorption apparently does not change the temperature
[13,14-16,19] of the liquid phase even in large-scale systems this occurs because the
total amount of adsorbed material is small and the heat capacity of the liquid phase is
high.

A differential mass balance for the adsorbate in the fluid phase of the finite bath
gives

dc,  (1- 1 S
(B )(“j: ) kicenn - € m

Eqn. 1 can be used for particles having geometry of slab, cylinder or sphere by
putting & = 0, 1 or 2, respectively. The initial condition of eqn. 1 is given by

Cd = CdO at t = 0 ‘ - (2)
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The transport of the adsorbate in the adsorbent particle is considered to be
governed by the diffusion [1,12] of the species in the pore fluid (pore diffusion) of the
particle. The intraparticle (pore diffusion) transport mechanism is taken to be
one-dimensional and in particles that have an axis of symmetry. It is understood that in
the case of the slab and the cylinder, the particles are of infinite extent or alternatively
one must artificially assume that the ends of a finite cylinder or edges of a finite slab are
sealed in order to keep the problem one-dimensional. A differential material balance
for the adsorbate in the adsorbent particle is given by

0e,Cy) 0C, 10 oC,

it 24 = ——|reD, —F 3
o0 T e ralr ®)

The initial and boundary conditions for eqn. 3 are

Co=0 at =0, 0<r<r, )

C =0 at t =0, 0<r<nr (%)

oC,

&Dp a—r" = K¢[Cq — Cy(t,r0)], t>0 (6)

3G, = 0, t>0 )

ar r=0

If restricted [12,20] pore diffusion occurs, then ¢, and D, would vary with the
loading of the adsorbate in the adsorbed phase, as shown by the restricted pore
diffusion mathematical model of Petropoulos er al. [12]. If the effect of restricted pore
diffusion on the mass flux of the adsorbate is not significant, then the values of ¢, and
D, may be considered to be constant [1,12,20].

It is apparent that'eqn. 3 can be solved only if an appropriate expression for the
term 0C,/dt 1s available. This term represents the accumulation of the adsorbed species
on the internal surface of the porous adsorbent particle, and it can be quantified if
a mathematical expression could be constructed that would describe the mechanism of
the adsorption of the adsorbate onto the immobilized ligand. In this work, two
different kinetic models for the adsorption mechanism are considered:

" (1) The adsorption is completely reversible and with no interaction between the
adsorbed molecules. The interaction between unbound monovalent adsorbate (A,) in
the solution and vacant immobilized monovalent ligand (L,) may be considered to be
of the form [1,5,6,13,14,20,22]

ki
A+ L2 AL (8)
kay .
where AL, represents the non-covalent adsorbate-ligand complex. Then assuming
elementary interactions, the rate of the adsorption step may be described by the
following second-order reversible interaction:

0C,
E = kllcp(CT - Cs) - k21Cs (9)
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The subscript 1 in the rate constants k;; (i = 1, 2), indicates that these parameters
characterize the forward and reverse rates of the second-order interaction given by
kinetic model 1. This model is described by eqn. 8 and its dynamic expression is given
by eqn. 9. The accumulation term, 0C,/dt, in eqn. 9 becomes equal to zero when
adsorption equilibrium is established, and the following expression for the equilibrium
isotherm is obtained:

C1KC,
- 10
* T 14 KC, (10)

Eqn. 10 represents the Langmuir equilibrium adsorption model where K =
ki1/k2;. It should be noted that at equilibrium the value of C, in eqn. 10 should be
equal to the value of Cj.

The initial condition of eqn. 9 is given by eqn. 5. Eqns 1, 3 and 9 could now be
solved simultaneously in order to obtain the dynamic behavior of C,, Cpand C,. It
should be noted at this point that if the interaction between the adsorbate and ligand
occurs infinitely fast, then the adsorbate molecules in the solution and in the adsorbed
phase are in equilibrium at every point in the pore and the term dC,/dt in eqn. 3 would
take the following form (eqn. 10 is employed):

oCs <6CS><G_CE _ K aC, a1

ot \aC,\ ot ) | (1+KC)2 |\ or -

(2) Lundstrom et al. [6] have indicated that, in certain systems, macromolecule-
induced exchange interactions may occur on the surface of the adsorbent, whereby an
already adsorbed molecule is exchanged with a protein molecule from the solution; this
process may occur even if the spontaneous desorption of biomolecules is very small.
They have suggested a kinetic model for the adsorption step, which may be considered
for systems where the volume of the immobilized ligand is smaller than the volume of
the adsorbate molecule. It is assumed that a biomolecule adsorbs on the surface
forming one type of adsorbate-ligand complex (“form a”), and that after adsorption it
may change conformation (“form b”). An adsorbed molecule in “form a” is
considered to occupy an area A4, on the surface, while an adsorbed molecule in
“form b” is considered to occupy an area A4,,. The adsorbed molecules of “form a” and
“form b” are competing for the same area on the surface, and it is assumed that both
exchange interactions and spontaneous desorption take place on the surface. The
exchange interactions are modelled as a desorption, which depends on the concentra-
tion of the adsorbate in the pore fluid, C,(z,r). If Cr now represents the available
adsorption sites for molecules of “form a” and 6 represents the ratio of 4y, to 4, (6 =
Ayp/As), then the interaction rate expressions for this physical model are

oC,

6t = (kIZCp - k32Csa)(CT - Csa - 5Csb) - k42CpCsa - kZZCsa (12)

0Cs

ot = k32csa(CT - Csa - 5Csb) - k62CpCsb - kSZCsb (13)
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+C., and Cy, represent the concentrations of the adsorbate in the complexes of
Am a” and “form b”, respectively. The parameters k;; (i = 1, 2, ..., 6) are
steraction rate constants. The parameters k,, and ks, characterize the spontaneous
desorptlon of adsorbate from complexes of “form a” and “form b”, respectively. The
rate constants k4, and ke, characterize macromolecule-induced exchange interactions
from complexes of “form a” and “form b”, respectively. The parameter k3
characterizes the rate of formation of the complex of “form a” by the forward
interaction between adsorbate in the solution (pore fluid) and immobilized vacant
ligand. The rate constant k3, characterizes the rate of formation of the complex of
“form b” from the complex of “form a”. The subscript 2 in the rate constants ki (i =
1,2,3,...,6)indicates that these parameters characterize the interactions described by
kinetic model 2. This model is described by the dynamic expressions shown in eqns. 12
and 13. The accumulation term, 8C,/dt, in eqn. 3 is obtained from the terms 6C;,/dt and
0Cy/0t. Tt should be noted that the equilibrium expressions for Cs, and C, are
obtained from eqns. 12 and 13 by setting the accumulation terms (0Cs,/0t, 0C/01)
equal to zero. Furthermore, at ¢ = 0 the concentrations C, and Cs, are considered to
be equal to zero, and thus, C, = C,, + Cy, = 0(eqn. S)at ¢ = 0. Eqns. 1,3 and 12 and
13 could now be solved simultaneously in order to obtain the dynamic behavior of Cg,
C,and C..Itis also worth noting that when the parameters k3., kaz, ks, and kg, areall
set equal to zero, the concentration C, (because of its initial condition that at ¢ = 0,
C., = 0) also becomes equal to zero for all times, and thus, kinetic model 1 (where C; =
C,,) is obtained from kinetic model 2 under these conditions.

Finite-bath with non-porous adsorbent particles ,

In the previous section porous adsorbents were considered, since it is common to
use porous particles in order to obtain high macromolecule adsorption.capacities per
unit volume. But the porous adsorbent partlcles for a given mode of operation, would
have a hlgher overall mass transfer re51stance (because of the intraparticle mass
transfer resistance) than that encountered in non-porous adsorbent particles of the
same dimension. In non- porous adsorbents the ligands are immobilized on the outer
surface of the particle.

For single component adsorptlon in a finite bath with non-porous adsorbent
particles, eqn. 1 assumes the following form:

i Aleaen
GT=<8><%>KW”—Q) N )

- Ineqn. 14, Cdp denotes the concentratlon of the adsorbate. in the ]1qu1d layer
adjacent to -the surface of-the non-porous adsorbent particle. Since dCd/dt =
—[(1 — &)/e)(dC,/d1), the term dC,/dr would be given by eqn. 15

dt

ro

m=ﬁ+vma—%> » | o (15)

where C,, is related to C, as is shown below. The initial conditions for eqns. 14 and 15
are given by eqns. 2 and 5, respectively. The only remaining step is an equation for Cy,,.
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[t is apparent that in order to develop an expression for Cq,, one has to consider the
controlling mechanisms of the adsorption process (of course, only at equilibrium the
value of Cg4, should be equal to the value of C,). The following two cases may be
considered:

(i) It is assumed that adsorpt1on is controlled by film mass transfer, and
therefore, Cy, is taken to be in equilibrium with the concentration of the adsorbate in
the adsorbed phase, Ci, at every point on the surface of the adsorbent particle. If, for
example, the equilibrium adsorption data of a given system are described by the
Langmuir isotherm given in eqn. 10, then the expression for C4, would have the
following form:

G

Cr KGO | "

For this example, the right-hand-side of eqn. 16 should replace Cy,, in egns. 14
and 15, and the resulting non-linear ordinary differential equations will have to be
integrated simultaneously in order to obtain the variation of Cy and C, with time. If the
equilibrium isotherm of an adsorption system is given by an expression other (e.g.,
eqns. 12 and 13 with 0C,,/0t = 0C,/dt = 0) than that shown in eqn. 10, then the
expression for Cy, would have a form other than that given in eqn. 16.

(ii) It is considered that adsorption is controlled by film mass transfer and by the
dynamics of the interaction (adsorption step) mechanism between the adsorbate and
the ligand. In this case, C,, and C, are not in equilibrium. If, for example, kinetic
model | described by eqn. 9 is considered to represent the dynamics of the adsorption
step for a given system, then the concentration Cy4, would be given (by combining
eqns. 9 and 15) by the following expression: :

('})Cd + kZICs)

Car = [k11(Cr — CJ) + 9] an

y=6jvm | (18)

For this example, the right-hand-side of eqn. 17 should replace Cy,, in eqns. 14
and 15, and the resulting non-linear ordinary differential equations will have to be
integrated simultaneously in order to obtain the variation of C4 and C, with time. If the
rate of the adsorption step is described by an expression other (e.g., eqns. 12 and 13 of
kinetic model 2) than that of kinetic model 1, then the expression for Cq4p would have
a form other than that given in eqn. 17. In this study, all calculations involving
non-porous adsorbent particles (finite bath and column systems) have been carried out
by considering that adsorption is controlied by film mass transfer and by the dynamics
of the adsorption step [i.e., in this study case (ii) has been considered].
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The value of the film mass transfer coefficient, K, of the adsorbate in eqns. 1, 6,
14, 15 and 18, was calculated from the following expression [23]:

2D (Ap)ug]”3< # )”2’3
K = + 031 | R (2 (19)
f dp [ PZ pof

where D,,; denotes the diffusion coefficient of the adsorbate in free solution; d, is the
mean diameter of the adsorbent particles; 4p is the density difference between the
particulate and continuous phases; p is the density of the liquid solution; u is the
viscosity; and g = 9.80665 m/s>.

Column with porous adsorbent particles

Single-component adsorption is considered to take place from a flowing liquid
stream in a fixed bed of particles under isothermal conditions, and the concentration
gradient in the radial direction of the bed is considered to be not significant
[4,13,16,24]. A differential mass balance for the adsorbate in the flowing fluid stream
gives

0C, B2C, V;0C,  [1—e\foa+1
T oz -C 20
ot DL axz + e Ox e ro Kf[cp(Z,X,ro) d] ( )

In eqn. 20 the velocity of the fluid stream, V%, is taken to be independent of the
space variable x, because the liquid solutions encountered in affinity chromatography
systems are very dilute and the main component of the solution is the carrier fluid (for
non-dilute solutions a material balance, as shown in ref. 25, would provide the
expression for 0¥;/dx). The pressure drop through the fixed bed can be determined by
the methods reported in pp. 129-134 of the book by Geankoplis [23]. The initial and
boundary conditions of eqn. 20 are as follows:

Ca=0 at t =0, 0<x<L 1)
v, aCy

tLcy - D2 =L Cyn at x =0, >0 (22)
€ Ox €

aC

__ax“ =0 at x =1, t>0 (23)

- The value of D; may be estimated by the methods reported in ref. 26. In certain
systems the axial dispersion coefficient, Dy, is so low that by setting its value equal to
zero the error introduced in the prediction of the behavior of an affinity adsorption
system is not significant [24,26]. When D is set equal to zero, the term Dy (62C,4/0x?), in
eqn. 20, becomes equal to zero, and the boundary condition at x = 0 (eqn. 22) becomes
as follows:

Cs = Cain at x=0, >0 (24)
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The intraparticle diffusion mechanism of the adsorbate and the interaction
mechanism between the adsorbate and the ligand for an affinity adsorption system in
a column, should be the same as those in a finite bath (these are intrinsic mechanisms,
as discussed earlier). For a given kinetic model of the adsorption mechanism (e.g.,
kinetic model 1 or kinetic model 2) that would provide a satisfactory expression for the
term 0C,/dt in eqn. 3, the resulting equation for 8C,/dr and eqns. 3 and 20 will have to
be solved simultaneously in order to obtain the variation of Cj, C, and C; with time
and space.

Column with non-porous adsorbent particles

For single-component adsorption in a column with non-porous adsorbent
particles, Cq, replaces C,(t,x,ro) in eqn. 20 and the resulting expression is solved
together [13] with eqn. 25

6Cs_<oz+l

o0~ \r )Kf(cd =~ Ca) 25)

The initial condition of eqn. 25 is as follows:
C. =0 at t =0, 0<x<L (252)

The solution of these equations provides the variation of C4 and C, with time and
space. In this study, an expression for Cg, developed under the conditions of case (ii)
discussed above, was employed in eqns. 20 and 25.

The value of the film mass transfer coefficient, K, of the adsorbate in the column
(eqns. 3, 6, 20 and 25) was calculated from the expression given in eqn. 5 of ref. 13. For
the column systems studied in this work, the estimated values of Dy were so low that Dy
was set equal to zero in eqns. 20 and 22. By setting D; equal to zero, the error

introduced in the calculated dynamic behavior of the column systems was insignifi-
cant.

Computational methods

The method of orthognal collocation [27,28] was applied to the space variable
r of the partial differential equation that describes mass transfer in the porous
adsorbent particles, while the method of characteristics [28] was applied to the partial
differential equation that describes mass transfer in the flowing fluid stream of the
column (D = 0). The ordinary differential equations of the systems having porous
adsorbent particles, were numerically integrated by using a third-order semi-implicit
Runge-Kutta method (see ref. 28) developed by Michelsen [29]. The ordinary
differential equations of the systems having non-porous adsorbent particles, were
solved numerically by Gear’s method (see ref. 28). The value of the effective pore
diffusivity, Dy, as well as the values of the rate constants in kinetic models 1 and 2, were
estimated by matching the equilibrium and dynamic (batch) experimental data with
the theoretical predictions obtained from the solution of the equations of the models,

through the use of a modified (non-linear least squares) Levenberg-Marquardt
method (see ref. 30).
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RESULTS AND DISCUSSION

The affinity chromatography systems studied in this work, involve (a) the
adsorption of f-galactosidase onto monoclonal antibody ligand immobilized on
porous silica particles [1], and (b) the adsorption of f-galactosidase onto monoclonal
antibody ligand immobilized on non-porous glass coated beads [19,31]. Kinetic
model 1 and kinetic model 2 are taken to represent two different dynamic mechanisms
for the adsorption of p-galactosidase onto immobilized monoclonal antibody
(anti-p-galactosidase) ligand. In our studies with kinetic model 2, spontaneous
desorption of adsorbate from the complexes of “form a” and “form b” was not
considered, and thus, k,, and ks, were set equal to zero. The desorption of adsorbate
from the complexes of “form a” and “form b” was considered to occur only by
macromolecule ($-galactosidase)-induced exchange interactions (k4, # 0, kg2 # 0),
and thus, the desorption mechanism of kinetic model 2 was made to be significantly
different than that of kinetic model 1 (only spontaneous desorption is considered in
kinetic model 1 with k5, # 0).

In Fig. 1, curve 1 represents the equilibrium data (equilibrium isotherm at
T = 293 K) of the adsorption of B-galactosidase onto anti-f-galactosidase immobi-
lized on porous silica particles [1]. The Langmuir (eqn. 10) expression with Cy =
2.2 mg/cm3 and K = 4.54 - 10° cm®/mg, describes [1] curve 1. Curve 2 represents the
best fit for the equilibrium data when kinetic model 2 with 6 = 1 and 0C,/dt =
0C/0t = 0, is employed. The values of the parameters of the equilibrium expressions
that describe curve 2 are as follows: C; = 2.2mg/cm?; Ky = kq,/k3, = 2.0 103 K, =
kazlkss = 32.2; K3 = kgalks, = 3.55 10% and k45 = ks, = 0. Itis worth noting that
although curves 1 and 2 are described by significantly different equilibrium adsorption
models, the quantitative differences between the two curves are not large. In fact, the
quantitative differences are rather very small for all values of the concentration of
B-galactosidase greater than 2 - 10™* mg/cm?. The data in curve 3 of Fig. 1 have been
obtained from the same equilibrium expressions that describe curve 2 (the values of Cr,
K1, K, K3, kyz and ks in curve 3, are the same as those used in curve 2), but in curve 3
the value of § is equal to 2. The quantitative differences between curves 2 and 3 are very
small for intermediate and high adsorbate concentrations. At very low concentrations
of f-galactosidase, the quantitative differences between curves 2 and 3 are larger (the
largest difference of about 20.76% occurs at C4 = 10™* mg/cm®) because at these low
C; values the concentration of the adsorbate in the complex of “form b”, Cy,, is not
insignificant, and thus, 6Cy, = 2Cj, (curve 3) is greater than 6Cy, = 1C, (curve 2), in
eqns. 12 and 13. This may explain why the adsorptivity described by curve 2 is higher
than that described by curve 3. It should be noted at this point that the agreement
between curves 1 and 2 is better than that between curves 1 and 3. For this reason, the
value of § was taken to be equal to one in all subsequent model calculations (Figs. 2-5
and 7-10).

In Fig. 1, curve 4 represents the equilibrium data [19,31] (equilibrium isotherm at
T = 293 K) of the adsorption of f-galactosidase onto anti-f-galactosidase immobi-
lized on non-porous .glass coated beads. The Langmuir equation with Cp =
0.33490 mg/cm?® and K = 19.120 cm?®/mg, describes [19] curve 4. By comparing the
values of the parameters (Cr and K) of the equations that describe curves t and 4, it is
observed that the values of Cy and of the association constant, K, of the adsorption of
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B-galactosidase onto anti-B-galactosidase immobilized on non-porous glass coated
beads, are lower than the values obtained when the monoclonal antibody is
immobilized on porous silica particles and the adsorbate interacts with the immobi-
lized anti-f-galactosidase. The difference in the values of Cp may merely reflect
differences in the total amounts of anti-$-galactosidase that can be coupled to the two
different supports (porous silica particles; non-porous glass coated beads) which have
different available surface areas per unit volume of particle. However, the difference in
K values may be evidence for various alterations (e.g., conformational changes [14,16])
occurring in the anti--galactosidase structure, when the monoclonal antibody is
immobilized on different supports. These alterations may effect the ability of
anti-B-galactosidase to bind adsorbate to varying extents. Chase [32] has also reported
that in the equilibrium adsorption of f-galactosidase onto anti-f-galactosidase
immobilized on porous silica particles and on Sepharose 4B, the values of Cy and
K depended on which material the monoclonal antibody had been coupled to. The
details of the experiments of the adsorption of f-galactosidase onto anti-f-galac-
tosidase immobilized on non-porous glass coated beads as well as to the adsorption of
B-galactosidase onto a control adsorbent, are reported in refs. 19 and 30. It is worth
mentioning at this point that the equilibrium expressions obtained from kinetic
model 2 (with k,, = ks, = 0) could not properly correlate the data represented by
curve 4. Thus, kinetic model 2 was not employed in the dynamic calculations (finite
bath and column systems) involving the adsorption of §-galactosidase onto anti-f-
galactosidase immobilized on non-porous glass coated beads (Figs. 6 and 13-15).

In Fig. 2 the finite bath model predictions are compared with the experimental
batch data of the adsorption of f-galactosidase onto monoclonal antibody ligand
immobilized on porous silica particles. The dimensionless concentrations, Cy/Cyo, of
the adsorbate in the fluid of the finite bath represented by curve 1, have been obtained
from the batch model by employing kinetic model 1. The C4/C4o values of curve 2 have
been obtained from the batch model when kinetic model 2 is employed. It is observed
that the agreement between experiment and theory is satisfactory. Furthermore, the
differences in the theoretical predictions of curves 1 and 2 are small although kinetic
models 1 and 2 are different. It may also be observed that over the total operational
time period, the agreement between curve 1 and the experimental data is slightly better
than the agreement between curve 2 and the experimental data. The values of the rate
constants that characterize the interaction mechanisms in kinetic models 1 and 2, were
estimated by matching the predictions obtained from the expressions of the
equilibrium (i.e., eqn. 10, eqns. 12 and 13 with dC,,/0t = 0C/dt = 0) and dynamic
(batch) adsorption models with the corresponding equilibrium (equilibrium isotherm)
and finite bath (dynamic) experimental data. The values of the mass transfer and
interaction parameters for curves 1 and 2 are as follows:

Curve I:rg = 7.5 1073 cm, ¢ = 0985, ¢, = 0.5, K; = 5.84 - 10* cm/s,
D, = 69 - 1078 cm?/s, k;; = 235 1072 cm?/(mg)(s) and k,; =
5.17 - 107¢ 571,

Curve 2:ro = 7.5 1073 cm, ¢ = 0985, ¢, = 0.5, Ky = 5.84 - 10* cmys,
D, = 5.6 1078 cm?[s, k;, = 3.14 - 1072 em?/(mg)(s), k22 = 0.0,
ks3p = 1.57 107 % cm3/(mg)(s), ks, = 5.06 - 10™* cm3/(mg)(s), ks, =
0.0, ke, = 5.58 - 102 cm®/(mg)(s) and & = 1.
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The above data indicate that when kinetic model 2 is employed, the value of
D, estimated by matching the experimental batch data with the predictions of the
finite bath model, is smaller by 18.84% than that obtained when kinetic model 1 is
used in the batch model. Furthermore, the value of the parameter %k, that charac-
terizes the forward interaction rate for the formation of the complex of “form a”
is about 33.62% larger than the value of k. The above comparisons may suggest that
the finite bath model employing kinetic model 2 would provide a higher overall
adsorption rate at earlier times (higher values of Cy) than that obtained from the finite
bath using kinetic model 1, and the opposite would occur at longer times (lower values
of C;). This appears to be the case by comparing the predictions in curves 1 and 2. The
value of the rate constant ki, suggests that the rate of formation of the complex
of “form b” is very slow by comparison to the rate of formation of the complex of
“form a” (ky, > ki,). In fact, the concentration Cg, is very much smaller than
Co(Cs, > Cy,) for most of the operational time, and furthermore, since kg, is about
110 times larger than k4, the desorption of adsorbate from the complex of “form b is
much faster than that from the complex of “form a”. The values of the parameters k3,
and k¢, may suggest that a few adsorbed f-galactosidase molecules in “form a”” change
conformation to “form b, where the complex of “form b” may be considered to
represent a complex which significantly facilitates the desorption of the adsorbed
adsorbate by macromolecule-induced exchange interactions (ks; > ka,). Also, the
parameter k,; that characterizes the desorption of adsorbed adsorbate in kinetic
model 1, i1s much smaller than the value of ky;(k;; > k,;). The above data and
discussion could suggest that the reason for the very small differences between curves
1 and 2 (although the kinetic models 1 and 2 represent different overall adsorption
mechanisms), is that the overall rate of adsorption of fS-galatosidase onto anti-f-
galactosidase immobilized on porous silica particles appears to be controlled by the
forward interaction step of the overall adsorption mechanism (the forward interaction
step is characterized by k,; in kinetic model 1, and by &, in kinetic model 2) and by the
intraparticle diffusion mechanism (characterized by D,). Numerous simulations have
shown that the effect of the film mass transfer resistance (characterized by K;) on the
overall rate of adsorption, is not as significant as the effects of pore diffusion and of the
adsorption step. It was found that the variation of the estimated value (K; = 5.84 -
10™% cm/s) of K; by +20%, has no significant effect on the dynamic behavior of the
batch system. In Fig. 2, curves 3 and 4 represent the dynamic behavior of the
dimensionless average concentration (C,/Cyo) of f-galactosidase in the pore fluid of-
the porous silica particles, obtained from the batch model by employing kinetic
models 1 and 2, respectively. Curves 5 and 6 represent the dynamic behavior of the
dimensionless average concentration of ff-galactosidase in the adsorbed phase (C,/Cr)
calculated from the finite bath model by using kinetic models 1 and 2, respectively (for
kinetic model 2, C;, = C,, + Cg). It can be observed that the differences between
curves 3 and 4 are very small for most of the operational time. The differences between
curves 3 and 4 are larger only at the very early times of the adsorption process, and
would appear to have no effect (the use of kinetic model 1 or 2) on the overall dynamic
performance of the adsorption process since the adsorption stage would be terminated
at longer times where the differences between curves 3 and 4 are insignificant and
a considerable amount of f-galactosidase would have been adsorbed. The differences
between curves 5 and 6 are very small for all times of operation, and thus, the use of
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kinetic model 1 or 2 would appear to have no effect on the dynamic performance of the
adsorption stage.

In Fig. 3, the dimensionless concentration profiles of adsorbed f-galactosidase
in the adsorbent particle are presented at different times. The data obtained by using
kinetic model 2 (curves 2, 4, 6 and 8, where C, = C, + Cy,) indicate that the capacity
of the immobilized ligands at the outer parts of the adsorbent particle has been used
more effectively than in the case where kinetic model 1 is used, and the profiles of
curves 2, 4, 6 and 8 are steeper than those represented by curves 1, 3, 5 and 7. This may
be due to the fact that k;, > k5. On the other hand, the data in curves 1, 3, 5 and
7 have been obtained from a model whose pore diffusivity has a higher value than that
of the system in curves 2, 4, 6 and 8, and this leads to a faster penetration of
B-galactosidase to the interior of the adsorbent particle and to the higher values of
C,/Cr in the interior parts of the particle for the system in curves 1, 3, 5 and 7. The
differences in the adsorbed concentration profiles shown in Fig. 3, do not lead to any
significant differences for the values of the average adsorbed concentrations (Cy/Cr) in
the adsorbent particles, as curves 5 and 6 of Fig. 2 indicate. This may occur because it
appears that, in the adsorption of -galactosidase onto anti-f-galactosidase immobi-
lized on porous silica particles, the effect of restricted pore diffusion [12] is negligible
and the phenomenon of percolation threshold [12] does not occur. The results may
have been very different if an affinity chromatography system exhibiting restricted
pore diffusion [12] had been considered, and it may be possible that in such a system
kinetic model 2 may represent an adsorption mechanism which may be more
appropriate than that of kinetic model 1, or the opposite may be the case (kinetic
model 1 may be more appropriate than kinetic model 2).

But the results in Fig. 3 clearly show that different kinetic models (kinetic
models 1 and 2) employed to describe the adsorption mechanism, can lead to
significantly different concentration profiles for the adsorbate in the adsorbed phase;
of course, they also lead to different concentration profiles for the adsorbate in the
pore fluid (these concentration profiles in the pore fluid are not shown in Fig. 3). These
differences in the concentration profiles within the adsorbent particles, may have
important implications with regard to the operation of the wash and elution stages,
since the wash and elution rates depend [1-4] on the concentration profiles of the
adsorbate (in the pore fluid and adsorbed phase) that were established at the end of the
adsorption stage. Thus, while the results in Fig. 2 indicate that kinetic models 1 and
2 do not lead to significant differences in the average concentrations of the adsorbate in
the pore fluid and adsorbed phases of the adsorbent particles, the data in Fig. 3
strongly show that the two different kinetic models can lead to significant differences in
the concentration profiles and this can have important implications [1-4] on the
operation and performance of the wash and elution stages. This finding indicates that
it is important in kinetic model discrimination studies [14,16,18] to identify the kinetic
model that would provide an appropriate physical description of the adsorption
mechanism of the finite bath model.

In Figs. 4 and 5, the effect of varying the estimated value of the pore diffusivity,
D,, by +20% is examined. In Fig. 4 the finite bath model uses kinetic model 1, while in
Fig. 5 kinetic model 2 is employed. It can be observed that, at the earlier times of the
adsorption process, the differences between curves 1, 2 and 3 and between curves 4,
5 and 6, are not significant because at those earlier times the concentration gradient in
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the pore fluid (0C,/dr) is high, and the mass transfer rate of the adsorbate in the porous
particle is high and less sensitive to the value of D,. At large times, the concentration
gradient in the pore fluid is small and this leads to a significantly decreased mass
transfer rate, which is slightly more sensitive (for the affinity chromatography system
and the operational times presented in Figs. 4 and 5) to the value of D, when compared
with the effect at earlier times. The largest effect of D, on C4/Cyo and C,/Cr occurs at
intermediate times, where the concentration gradient, 0C,/dr, has moderate values and
the sensitivity of the mass transfer rate on the value of D, could increase significantly,
as it can be observed for the sytems in Figs. 4 and 5. Also, while the change in the
estimated value of D, is symmetric (+20%) the effect of this change on Cy/Cq4o and
C,/Cy is asymmetrical. Furthermore, it appears that the variation of the estimated
value of D, affects the dynamic behavior of Cy/C4o more than the dynamic behavior of
C,/Cr. For the system in Fig. 5 the effect of the variation of the value of D, on Cy4/Cyo
and C,/Cy appears to be larger than the corresponding effect on the system in Fig. 4; it
should be noted that the concentration gradient in the pore fluid is higher when kinetic
model 2 is used (also the concentration gradient in the adsorbed phase is higher when
kinetic model 2 is used, at it can be observed in Fig. 3). The above discussion and results
in Figs. 4 and 5 suggest that (i) it is important to have an accurate value for the pore
diffusivity, and (ii) if the value of D, is estimated by matching the experimental finite
bath data with the predictions of the batch model, it is important to use a proper kinetic
model for the adsorption mechanism and emphasize in the estimation procedure the
importance of the experimental data obtained at times after the initial adsorption rate
period (the data at intermediate operational times).

In Fig. 6 the experimental batch data of the adsorption of f-galactosidase onto
anti-fB-galactosidase immobilized on non-porous glass coated beads, are presented.
The results in curve 1 represent the theoretical predictions of the finite bath model
when kinetic model 1 is taken to represent the adsorption mechanism. The agreement
between the experimental results and curve 1 is considered to be reasonable. The
parameters kK, ; and k,, were estimated by matching the predictions of the batch model

-with the experimental data. The values of the parameters of the batch model that
provides the results of curve 1, are as follows: ¢ = 0.895, 75 = 0.86°- 10" 2 cm, K; =
2.64 - 107 % cm/s, kyy = 6.19 * 1072 cm®/(mg)(s), and k,; = 0.32 - 1072 s~ 1. The
experimental methods and procedures used to obtain the experimental data in Fig. 6,
are reported in refs. 19 and 31. Curve 2 describes the variation of the dimensionless
concentration C/Cy with time. The effect of changing the estimated value (K; =
2.64 - 10™* cm/s) of K; by +20%, has negligible effect on the dynamic behavior of
Cy/Cuo and C,/Cr for all operational times. The results in Fig. 6 suggest that if an
appropriate estimate of the value of K; can be obtained [1,18], then the dynamics of the
kinetic model developed to represent the adsorption mechanism would play the most
significant role in determining the adsorption rate in batch systems involving
non-porous adsorbent particles. It is worth noting again that kinetic model 2 was not
used to describe the adsorption mechanism of the affinity chromatography system in
Fig. 6, because of the reason reported in the discussion of curve 4 of Fig. 1.

In Fig. 7 the breakthrough curves of the adsorption of f-galactosidase onto
anti-f-galactosidase immobilized on porous silica particles, are presented for six
different column lengths. Curves 1, 3, 5,7, 9 and 11 represent the results obtained from
the column model employing kinetic model 2 whose parameter values were taken to be
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the same as those estimated from the finite bath data; the value of the pore diffusivity
was also taken to be the same as that estimated from the batch data, and thus, D, =
5.6 10~ 8 cm?/s. Curves 2, 4, 6, 8, 10 and 12 represent the results when kinetic model 1
is used to describe the adsorption mechanism in the column model, and the values of
the rate constants k,; and k,, were taken to be the same as those estimated from the
finite bath data; the value of the pore diffusivity was estimated from the batch data
(curve 1 of Fig. 2) and its valueis D, = 6.9 - 10~ 8 cm?/s. The values of other parameters
used in the column model to obtain the results in Figs. 7-12 are as follows: Cy;, =
0.1 mg/em?, rg = 5 1073 cm, ¢ = 0.4, V; = 3- 107 % cm/s, g, = 0.5, Ky = 8.93°
10~ cm/s. For each column length, the results in Fig. 7 indicate that kinetic models 1
and 2 provide almost identical starting times of breakthrough. It is also observed that
kinetic model 2 provides, for a given time, higher breakthrough values (Cy/Cy ;) than
those obtained from kinetic model 1, except for the early phase of the breakthrough of
the 10-cm column. The differences between the breakthrough curves obtained from the
column model by employing kinetic models 1 and 2, increase as the column length
increases. Furthermore, it is found that the largest difference, for a given column
length, occurs in the neighborhood of 50% breakthrough. Of course, in practical
operations it is most often the case that it is the earlier part of the breakthrough curve
thatis of most interest as the adsorption stage of an actual process would be terminated
at less than 50% breakthrough. The results in Fig. 7 suggest that the performance of
the adsorption stage can be influenced by the differences in the mechanisms of the
kinetic models (kinetic models 1 and 2), and the differences in the mechanisms affect
more the performance of longer columns. Furthermore, the effect on the performance
of the adsorption stage will have implications on the operation and performance of the
wash and elution stages [2,4]. The operation and performance of the wash and elution
stages will also be influenced from the fact that the two kinetic models provide different
concentration profiles (pore fluid and adsorbed phase) for the adsorbate in the
adsorbent particles and along the length of the fixed bed, at the end of the adsorption
stage. In Figs. 8 and 9 the concentration profiles of the adsorbate in the pore fluid and
the adsorbed phase of the adsorbent particles, are presented at different positions
along the column length and at the time of 10% breakthrough. Curves 1, 3, 5and 7in
Figs. 8 and 9 have been obtained when kinetic model 1 is used in the column model,
while curves 2, 4, 6 and 8 have been obtained by employing kinetic model 2. It can be
observed that the concentration profiles obtained from kinetic models 1 and 2 are
different for a given dimensionless axial position (x/L), and this could have significant
implications [2,4] on the performance and operation of the elution and wash stages.

In Fig. 10 the time required to reach a certain level of breakthrough is plotted
versus column length. It can be observed that lines 1, 3, 5 and 7 are essentially having
the same slope; also lines 2, 4, 6 and 8 have essentially the same slope. The results in
Figs. 7 and 10 suggest that constant-pattern behavior appears to occur for this
adsorption system. In the initial region the mass transfer front spreads as it progresses,
but some distance from the inlet it reaches an asymptotic form and after this
asymptotic form has been estabished it progresses as a stable mass transfer zone with
no further change in shape.

In Figs. 11 and 12 the effect on the breakthrough curve of the column having
alength of 30 cm is presented when the estimated value of D, is changed by +20%. Itis
observed that in the neighborhood of 50% breakthrough the effect is insignificant. The
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effect is also very small for the initial part and up to about 5% breakthrough Theeffect
increases after 5% breakthrough and starts decreasing again at about 25% break-
through. These results suggest that if column switch occurs between 5% and 25%
breakthrough, it is important to have an accurate value for D, in order to predict
properly the breakthrough curve, and thus, the column switch time. While the results
in curves 7, 8 and 9 of Figs. 11 and 12 indicate that the effect of the variation of the
estimated value of D, on the total mass of adsorbed adsorbate is insignificant for most
time after the start of breakthrough, the data in curves 4, 5 and 6 of Figs. 11 and 12
show that the variation of the value of D, has a moderate effect on the total mass of the
adsorbate in the pore fluid, and this effect could influence the operation and
performance of the wash and elution [2,4] stages.

In Fig. 13 the theoretical breakthrough curves of the adsorption of f-galacto-
sidase onto anti-f-galactosidase immobilized on non-porous glass coated beads, are
presented for different column lengths. Kinetic model 1 was taken to represent the
adsorption mechanism and the values of its parameters were the same as those used in
the finite bath calculations with the non-porous adsorbent particles. The values of
other parameters used in the column model that provided the resultsin Figs. 13-15, are
as follows: Cyin = 6.2 107> mg/em3,¢ = 0.4, ¥y = 3- 10" 2cm/s, ro = 0.86° 1072
and K; = 4.38  10~* cm/s. In Fig. 14 the times for different levels of breakthrough are
plotted versus column length. The lines in Fig. 14 have different slopes, and this result is
different than that obtained for the system in Fig. 10. The results in Figs. 13 and 14
indicate that the column length influences significantly the level of utilization [4] of the
immobilized ligands, and this would have an effect on the performance of the wash and
elution stages. In Fig. 15, the effect of the variation of the estimated value of K; by
+20% is presented for a column of 30 cm. It is observed that the effect on the
breakthrough curve and on the total amount of adsorbate in the adsorbed phase of the
column, is insignificant; similar results were obtained for other column lengths. -

CONCLUSIONS AND RECOMMENDATIONS -

Finite bath and column models that could describe the adsorption of a single
adsorbate onto ligand immobilized on porous or non-porous particles, were presented
and solved.

Two different kinetic models were used to describe the dynamics of the
adsorption mechanism (adsorption step) of the overall mass-transfer resistance of the
adsorption of $-galactosidase onto monoclonal antibody immobilized on porous silica
particles. The values of the ratios of certain parameters of the two kinetic models were
estimated by matching the experimental equilibrium adsorption data with the
predictions of the equilibrium expressions of the two kinetic models. The values of the
remaining kinetic rate constants, as well as the value of the pore diffusivity, were
estimated by matching the experimental batch (dynamic) data with the dynamic
predictions of the finite bath model employing either kinetic model 1 or kinetic
model 2. The agreement between the dynamic experimental data and the predictions of
the finite bath model obtained by using kinetic model 1 or 2, was found to be
satisfactory. The calculations show that the concentrations of the adsorbate in the
fluid of the finite bath, as well as the average concentrations of the adsorbate in the
pore fluid and in the adsorbed phase obtained from the batch model when kinetic
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model 1 is employed, are not significantly different (quantitatively) than those
obtained from the finite bath model when kinetic mode! 2 is used. But it was found that
the two different kinetic models of the adsorption mechanism, lead to the estimation of
different values for the pore diffusivity, D,. These different values for the pore
diffusivity, as well as the differences in the expressions describing the two different
kinetic models of the adsorption mechanism, make the dynamic predictions of the
concentration . profiles of the adsorbate in the pore fluid and the adsorbed phase
obtained by the batch model (or the column model) employing kinetic model] 1, to be
significantly different than those concentration profiles obtained when kinetic model 2
is used. The results in this study indicate that the two different kinetic models describe
properly . (quantitatively) the experimental overall mass-transfer resistance (the
dynamic behavior of C4/Cy in the finite bath) of the batch adsorption system, but
these two different kinetic models provide significantly different concentration profiles
for the adsorbate in the pore fluid and adsorbed phases. These findings suggest that
while proper (in quantitative terms) description of the experimental overall mass-
transfer resistance may represent a necessary condition in model discrimination
studies [14,16,18,21] for the determination of an appropriate kinetic model for the
adsorption mechanism, this condition may not also be sufficient for proper kinetic
model discrimination. The results suggest that the experimental concentration profiles
of the adsorbate in the pore fluid and the adsorbed phase of the adsorbent particles
would provide, if measured at different batch operational times, additional very useful
information, so that proper discrimination studies between different kinetic models of
the adsorption mechanism could be performed. The availability of the experimental
concentration profiles in the adsorbent particles, would not only contribute in the
determination of the appropriate physical kinetic mechanism, but it would also lead to
better estimates for the value of the pore diffusivity and for the values of the rate
constants of the kinetic model determined to represent the adsorption mechanism. In
practice, it may be difficult to measure the concentration profiles of the adsorbate in
the pore fluid, but one might develop an experimental technique to measure the
concentration profiles of the adsorbate in the adsorbed phase. For example, it might be
possible, in certain affinity adsorption systems, to label the adsorbate molecules. The
adsorption process could be terminated at a certain operational time, and the
adsorbent particles may be embedded in gelatin and sliced quickly (so that the
adsorbed concentration profiles do not change appreciably) into very small (e.g.,
10 um) sections using a microtome. Examination of the sections using an appropriate
. sensor might provide information with regard to the concentration profile of the
adsorbate in the adsorbed phase. Experts in experimental analytical methods may
perhaps devise different experimental techniques for measuring the concentration
profiles of the adsorbate in the adsorbent particles. It should be noted at this point that
even if only experimental informaton about the concentration profiles of the adsorbate
in the adsorbed phase may be obtained, this information together with the
experimental batch data of the adsorbate concentration in the fluid of the finite bath,
could (i) significantly increase the information base for the construction of models
describing the pore diffusion and interaction (adsorption) mechanisms, and (ii) could
also increase the accuracy of the parameter estimation and model discrimination
strategies, so that the proper kinetic model for the adsorption mechanism is
determined, and accurate values for the pore diffusivity and the rate constants of the
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adsorption mechanism may be estimated. The above approach could -also be
applicable to affinity adsorption systems exhibiting restricted [12] pore diffusion; of
course, it should be noted that such systems would involve more complex parameter
estimation and model discrimination studies.

The results obtained from the column simulations (with porous adsorbents)
indicate that the differences in the breakthrough curves obtained from kinetic models 1
and 2, increase as the column length increases. Furthermore, for a given time, the
concentration profiles in the pore fluid and the adsorbed phase obtained from kinetic
models 1 and 2, are very different, and they also differ with the position along the axial
distance. These column results suggest that experimental breakthrough curves
obtained from relatively long columns, as well as measured concentration profiles
within the adsorbent particles along the axial distance of relatively long columns,
would provide additional very useful information for kinetic model discrimination and
parameter estimation studies that would involve column (model) calculations. The
kinetic model and parameter values determined from the column calculations, should
be compared with those determined from the batch (finite bath) calculations involving
the experimental batch data. It should be noted that parameter estimation and kinetic
model discrimination studies involving column systems with porous adsorbent
particles, may not be practical [1-4,14,16,18] because the column calculations are
much more tedious, complex, and time consuming (with respect to computational
time) than the batch calculations; furthermore, the column experiments are more
difficult, time consuming, and expensive than the finite bath experiments. Thus, it is
easier to determine the kinetic model of the adsorption mechanism and to estimate the
value of D, and the values of the kinetic rate constants from batch systems, as
discussed above. But after the kinetic model has been determined, it should be used in
the column model to predict the breakthrough curve for a relatively long column. The
theoretical breakthrough curve should then be compared with the experimental
breakthrough curve of the same relatively long column; also the theoretical
concentration profiles in the adsorbent particles at different positions along the axial
distance should be compared with the experimental, if available, concentration
profiles. If the differences between the experimental and theoretical column data are
not significant, this could indicate that a proper kinetic model for the adsorption
mechanism and a proper value for D, were determined from the studies involving the
batch experimental data and batch model (it is assumed here that the non-intrinsic
mass-transfer mechanisms in the finite bath and column systems, are described
accurately by appropriate [1-4,13,16,18] expressions in the batch and column models).
It should be noted that the batch and column experiments suggested above, they
should preferably be carried out at different temperatures and w1th different initial
(Cq0) and inlet (Cy;,) adsorbaté concentrations.

In the affinity adsorption systems with the porous silica particles, the variation
of the estimated value of the film mass-transfer coefficient K; by +20%, has no
significant effect on the dynamic behavior of the batch and column systems. The effect
of the variation of the estimated value of the pore diffusivity D, by +20% on the
dynamic behavior of the batch and column systems, can be appreciable. Furthermore,
the variation of the estimated value of D, affects the dynamic behavior of the
concentration profiles of the adsorbate within the adsorbent particles. As we discussed
above, different kinetic models of the adsorption mechanism also provide different
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concentration profiles for the adsorbate within the adsorbent particles. Since the
performance and operation of the wash and elution stages depend [1-4] significantly
on the concentration profiles of the adsorbate (in the adsorbent particles) established
at the end of the adsorption stage, it is very important to estimate accurately the value
of the pore diffusivity and to determine a proper kinetic model for the adsorption
mechanism of the affinity chromatography system under consideration. This could
allow the accurate estimation of the performance of the adsorption stage, and could
provide accurate initial conditions [1-4] for estimating the performance of the wash
and elution stages.

The adsorption of B-galactosidase onto anti-f-galactosidase immobilized on
non-porous glass coated beads, was described by kinetic model 1. It was found that
when the adsorption rate is considered to be controlled by film mass-transfer and the
interaction mechanism (kinetic model 1), a reasonable agreement between the
experimental batch data and the predictions of the batch model is obtained. The
variation of the estimated value of the film mass-transfer coefficient by +20%, has no
significant effect on the dynamic behavior of the batch and column systems. Thus, if an
accurate estimate of the film mass-transfer coefficient can be obtained from an
appropriate correlation [1-4,13,16,18,23] (for batch or column operation) then the
kinetic model that describes the adsorption mechanism could be determined from
parameter estimation and model discrimination studies involving experimental batch
data and the predictions of the batch model. For these affinity adsorption systems
(systems having non-porous adsorbent particles), the calculations involving the
column model are not much more complex and time consuming than the finite bath
calculations (this is not the case for the systems having porous adsorbent particles),
and thus, the kinetic model of the adsorption mechanism could also be determined
from parameter estimation and model discrimination studies involving the predictions
of the column model and the experimental breakthrough curves obtained from (i)
different inlet concentrations of the adsorbate, (ii) different column lengths, and (iii)
different temperatures of operation.

NOTATION

Ay molecule of adsorbate

A, area occupied by adsorbed molecule in “form a”

Ay area occupied by adsorbed molecule in “form b”

AL, non-covalent adsorbate-ligand complex

Cq concentration of adsorbate in the bulk fluid phase (finite bath), or in the

flowing fluid stream (column), mg/cm?
Caiin concentration of adsorbate at x < 0 when Dy, # 0, orat x = O when Dy = 0,

- mg/cm?
Cao initial concentration of adsorbate in bulk fluid phase of finite bath, mg/cm?
Cap concentration of adsorbate in the liquid layer adjacent to the surface of

a non-porous adsorbent particle, mg/cm® -

concentration of adsorbate in pore fluid, mg/cm?®

average concentration of adsorbate in pore fluid, mg/cm?
concentration of adsorbate in adsorbed phase; mg/cm?
average concentration of adsorbate in adsorbed phase, mg/cm?

HOH0

)
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concentration of adsorbed adsorbate in “form a”, mg/cm?
concentration of adsorbed adsorbate in “form b, mg/cm?
average concentration of adsorbed adsorbate in “form a”, mg/cm?
average concentration of adsorbed adsorbate in “form b”, mg/cm?
maximum concentration of adsorbate in adsorbed phase when all available
(accessible) ligand is utilized, mg/cm?

axial dispersion coefficient of adsorbate, cm?/s

pore diffusion coefficient of adsorbate (in adsorbent particle), cm?/s
film mass transfer coefficient of adsorbate, cm/s

kii/kz1, cm®/mg

ky2/k3,, dimensionless

k42/k3,, dimensionless

ke2/k3,, dimensionless

rate constant in eqn. 9, cm®/(mg)(s)

rate constant in eqn. 9, s !

rate constant in eqn. 12, cm?®/(mg)(s)

rate constant in eqn. 12, s7!

rate constant in eqns. 12 and 13, cm?/(mg)(s)

rate constant in eqn. 12, cm?/(mg)(s)

rate constant in eqn. 13, s~ !

rate constant in eqn. 13, cm?/(mg)(s)

column length, cm

vacant immobilized ligand

radial distance in adsorbent particle, cm

radius of adsorbent particle, cm

time, s

temperature, K

superficial fluid velocity, cm/s

axial distance, cm

Greek letters

o form factor; 0, 1 and 2 for slab, cylinder and sphere, respectively
y given by egn. 18

0 Ab/Aa

£ void fraction in finite bath, or column

&p void fraction in porous adsorbent particle
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ABSTRACT

The simple model of multivalent ion-exchange biopolymer chromatography is analyzed on the basis
of classical quasi-chemical treatments. The rigorous isotherm equation deduced from the stoichiometric
displacement model (SDM) was used to stimulate the migration of a solute through the chromatographic
column in the isocratic and gradient-elution modes. The peak profiles generated for various sample sizes
were compared with those obtained on the basis of a Langmuir isotherm. Peak tailing increases with the
value of the exponent Z, defined as the ratio of the protein valency to the displacing counter-ion valency.
For large Z the asymmetries due to the non-linearity of the isotherm are still present for small sample sizes,
but may be reduced by using a displacing counter ion of higher valency. To illustrate the theoretical results,
the ion-exchange model was applied to analyse the zonal elution behaviour of bovine serum albumin on a
polymeric anion-exchange stationary phase deposited on silica. The effective charge of the protein (m = 8)
was determined at infinite dilution with mono- and a divalent counter-ions. This value was introduced into
the SDM isotherm to predict the elution behaviours in mass-overload conditions and the maximum load-
ing capacity of the protein was determined. Good agreement between theory and experiment was obtained:
for about the same capacity factor at infinite ditution, a larger peak asymmetry due to non-linear effects is
found with a monovalent counter ion.

INTRODUCTION

High-performance ion-exchange chromatography (HPIEC) is being increas-
ingly used for protein separations on both analytical and preparative scales. The
stoichiometric displacement model (SDM) was successfully applied to predict the
HPIEC retention behaviour at infinite dilution of a wide variety of biopolymers [1--3].

“ Present address: Boehringer Ingelheim GmbH, W-6507 Ingelheim, Germany.

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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It considers electrostatic interactions and is derived from the simple laws of mass
action expressing the chemical equilibria between the interacting species [4].

Although the most important interactions involved in ion-exchange chromato-
graphy are electrostatic interactions between charged centres ruled by the simple
Coulomb law, the retention behaviour is much more complex [5,6]. The complicated
three-dimensional biopolymer structure, the unknown charge distribution, the
amphoteric character of the protein and the heterogeneity of the support are the main
reasons for difficulties in acquiring a proper understanding of the retention and
binding behaviour of proteins. However, the SDM has been tested for a large number
of HPIEC systems at infinite solute dilution and accounts well for retention volume
variations with the displacer salt concentration. The model was recently improved to
take hydrophobic interactions into account and to explain why the retentions observed
at high salt concentrations deviate from those predicted by the SDM theory [7].

Starting from the simple SDM hypothesis, the adsorption of proteins on
ion-exchange supports was explained by the multivalent ion-exchange scheme of
Velayudhan and Horvath [8] and by the mass-action model of Whitley and co-workers
[9,10]. The adsorption isotherms show strong curvature depending on the valency of
the studied protein or the charge of the counter ion of the displacing salt. As retention
volumes and peak shapes in non-linear chromatography are mainly governed by the
adsorption isotherm [I1], strong retention shifts and peak distortions are to be
expected in the HPIEC of proteins at finite solute concentrations.

As HPIEC is being increasingly used for preparative purposes [12], it is useful to
be able to predict the elution behaviour of proteins in mass-overload conditions to
optimize separations [13—15]. The aim of this paper is to give an explicit presentation of
the ion-exchange adsorption model and to apply it to numerical simulations of the
ion-exchange chromatographic process.

Although the SDM model has been successfully applied to predict the retention
of proteins on ion-exchange supports at infinite dilution, the simulations for mass-
overload conditions were all limited to a Langmuir isotherm {10,13,14] or a two-site
Langmuir-type isotherm [15]. Until now the rigorous form of the ion-exchange
isotherm has not been used because it has the drawback of being an explicit form of the
solute concentration as a function of the amount adsorbed. A Langmuir model was
often found to fit well the adsorption protein data on ion exchangers [9], but itis unable
to describe the dependence on salt concentration.

Therefore, simulations based on the rigorous SDM isotherm are useful for
a better understanding of the HPIEC behaviour of proteins and for optimizing
separations in mass-overload conditions using linear or gradient elution. To illustrate
the theoretical results obtained with an SDM isotherm, the ion-exchange model was
applied to analyse the zonal elution behaviour of bovine serum albumin (BSA) on
a weak anion-exchange HPIEC support, viz., a copolymer of vinylimidazole and
vinylpyrrolidone (PVP-PVT) deposited on silica. \

THEORETICAL
Let us consider the equilibrium of the system consisting of a liquid biopolymer

solution and a solid ion-exchange particle. We assume the following:
the deviations from ideality of the protein solutions are small and concentration
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is a sufficient measure of their activity, which means that activity coefficients ara equal
to unity in the whole concentration range; this fairly crude assumption is extensively
accepted [1-10];

protein adsorption has a multi-point nature, which has been shown experi-
mentally, for example, by Jennissen [16];

the properties of biopolymer molecules (charge, valency, structure, size, etc.) do
not change during the ion-exchange process;

solid adsorbents must have a wide-pore and homogeneous nature although
significant deviations from such an ideal model are observed in experimental
investigations;

the particle adsorption properties are represented by active adsorption centres
which are entirely covered by co-ions; and

the adsorption of proteins has a competitive character and thelr binding to the
surface is accompanied by simultaneous desorption of an equivalent amount of salt
counter ions.

Ion-exchange adsorption isotherm
The process of ion-exchange adsorption-desorption equlllbrla may be repre-
sented by the following expression

nPB, ., + mX,A = nX,PB, + mA"" + nmB* Q)

where P symbolizes the protein molecule, X the part of the solid surface containing one
adsorption site and A and B are ions with charges of opposite signs relative to particle
and protein, respectively. The numbers of bonds in all complexes are indicated by
appropriate subscripts, as in usual chemical formulae. The salt counter ion is #-valent,
the protein molecule is m-valent towards particles and has a total charge r + m. The
chemical equilibria are given for anion-exchange chromatography, but may easily be
adapted, as well as all further developments, for cation-exchange chromatography.
" The law of mass action for the ion-exchange process may be given as

{(X,PB, A" J"[B*]™ .

K= T mB, LA | @

where K’ is given in terms of volumetric and surface concentrations and brackets [ ]
and braces { |} represent the concentrations of the given species in bulk-phase
solutions (mol/l) and in the adsorbed state (mol/m?), respectively. In general, the
protein molecule is a poly-ion interacting with a given number of co-ions in solution
and must undergo the multivalent dissociation process. It is possible to write the set of
chemical equations for the equilibrium state

"PB,=PB,, + B*=...=P 4 kBt : (3)

where £ is the maximum number of ions interacting with protein and is equal to the
total surface charge of protein. Of course, the probabilities of the various complexes
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are not identical. The given equilibrium conditions determine all the concentrations.
The set 3 can be written in a simple way (for k = r + m)

PB,., <= PB"™ + mB* @
the equilibrium constant of which is as follows

_ [PBP]B*)”

Kll — 5
[PB,.,] ®
If we combine eqns. 2 and 5, we obtain
{X,PB,}'[A" "
K= -—F—"7-—- 6
[PBy T"{X,A}" ©
where K = K'/(K")" is related to the equilibrium
nPBI'”™ + mX,A = nX,PB, + mA"” @)

The total number of available sites for adsorption, Qx, may be expressed as the
sum of the sites taken by protein, mQp, and those taken by the salt counter ions

Ox = nS{X,A} + mQp ®)

where S is the total interfacial surface area and Qp = S{X,PB,} is the amount of
adsorbed protein.

We may now write the isotherm equation by substituting eqn. 8 into eqn. 6 and
simple rearrangement

» An z )
=

where Z = m/n, L = SK*"/(nS)? and Qx/m is the maximum protein loading capacity.
The above isotherm is a complex expression of the concentration as a function of the
adsorbed amount. In general, the adsorbed amount cannot be expressed as a function
of solute concentration but, of course, may be calculated by numerical means.

In the case of equal valencies for the protein and salt counter ion, Z is equal to
unity and the isotherm is of the Langmuir type

_ Ox K,[PB"]

Q=" [A"] + K,[PB""] (10)

where K; = K'". For some given experimental conditions, m may be equal to the
valency of the displacing salt, n, as the charge of the protein is usually ruled by the pH
of the medium. However, with the experimental conditions used for ion-exchange
separations, this situation is unrealistic, the number Z determined with monovalent
displacing counter ions generally being larger than 3 [7].



ION-EXCHANGE MODEL OF BIOPOLYMER CHROMATOGRAPHY 65

For extremely low concentrations, eqn. 9 becomes of the Hénry isotherm type

_ rpz . IPB]
Op = LQOx A" T (1

The retention volume may be related to the isotherm parameters by the well
known relationship

1 /d
K= VB.glVo— 1= 7(3%) (12)

where C is the protein concentration and ¥, the volume of the mobile phase. Using
eqn. 9 leads to

Q%(
kK =

where R = [A""]%/L. One obtains here the same expression as that found for the SDM
of Regnier and co-workers [1-3], which relates the retention volume at infinite dilution
to the displacing-salt concentration.

Numerical simulation method

The theoretical propagation differential equation describing the solute mass
balance may be written as

oC aC 1 oq 82C

DR T =) (14)

where g is the amount of solute adsorbed in an infinitesimal cross-slice of column and
Avo is the corresponding mobile phase volume. One uses the abscissa, z, along the
column length, the time, ¢, elapsed from the moment of injection, the mobile phase
velocity, u, and the solute concentration, C. D’ is a global dispersion coefﬁc1ent
accounting for all the contributions to the dispersive effect.

The equilibrium is assumed to be reached at any time, so that C is a function of
g according to eqn. 9, which may be written in the form

q

C=Q ———
(gx — mq)*

(15)

where gx is the number of binding sites on the solid phase for the infinitesimal
cross-slice and Q is a function of [A""]

_ (nAS) .
- ASKl/n (16)
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AS is the adsorbing surface area in the slice. A stepwise numerical method was used to
solve the system given by eqns. 14 and 15.

Mobile phase progression and Fick’s law. The band broadening is due to various
terms such as the diffusion in the mobile phase, the flow non-uniformity and the kinetic
mass-transfers. As a first approximation we assume that all these effects are included in
the global dispersion coefficient D’. In HPLC experiments the axial diffusion in the
mobile phase and the eddy diffusion can usually be neglected, but slow mass-transfer
kinetics are the main contribution to the large theoretical plate heights often observed
for the elution of proteins in the isocratic mode. A rigorous numerical procedure
should account for slow mass-transfer kinetics separately [10,17]. However, for the
column efficiencies generally used in protein separations, one may approximate the
kinetic contribution with the global dispersive term. We have shown [17] that the limit
for this approximation is close to a theoretical plate number of 15; the approximation
leads to a 5% deviation for the retention time at the peak maximum and a 10%
deviation for the peak width.

Several methods for solving the differential equation (eqn. 14) in the presence of
a Langmuir-type isotherm and axial dispersion have been described: al gorithms were
supplied as standard subroutines to simulate isocratic elution [18,19] and linear
gradient elution [13]; Lin ez al. [20] suggested the Lax-Wendroff scheme; Phillips et al.
[19] employed a finite difference technique where a global first-order law includes
mass-transfer kinetics.

The approach adopted here combines the Craig method [14,15], which divides
the column into a series of discrete stages, and the finite difference technique. As shown
previously [17], this more versatile algorithm enables one to combine axial dispersive
effects with any kinetic law for solute mass-transfers. Moreover, the method is not
limited to the simulation of peak profiles with linear solvent gradients but permits
gradients of arbitrary shape to be considered.

The column is assumed to be divided into slices of thickness Az. Fick’s law,
expressed as

o= —zp € 17)
0z .

is approximated by

aC
¢ = —-XD  — (18)
Az

where X is the cross-sectional area of the liquid phase and @ is the molar rate of solute
“exchanged” by dispersion between two adjacent slices. It can be defined by the
equation

Ac

b= —dvy
Yo T4y

(19)

where 4;C is the resulting partial concentration change in a slice during the time
interval 4t necessary to the liquid phase to flow from one slice to the following one

AzJAt = u 20)
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We calculate 4¢C = — PAt/Avy = —PjuX. Here A:C = (D'/u)(AC|Az) = ACF,

where F = D’[uAdz is a factor independent of z or ¢.
Thus Fick’s law can be written for the extreme slices

4:C(4z,0) ~ F[C(Q4z,t) — C(4z,0)]
(21)
A:C(L,) = FIC(L — Az,f) — C(L,1)] }

and for the inner slices

4:C(z,0)

A:C(z,t) — A:C(z — Az,0)
F{C(z + Az,t) — C(z,t) — [C(z,)) — C(z —Az,0)}} } (22)
FI[C(z 4+ 4z,t) — 2C(z,t) + C(z — 4z,0)]

To ensure the convergence of the numerical procedure, 4¢ may be subdivided
into fractions and the changes subsequently added for every slice.

The mobile phase progression is rendered by a mere index shift of the mobile
phase concentrations in the slices.

Sorption equilibrium inside a given slice. We assume that the equlhbrlum takes
place as soon as the two new fractions meet in a given slice: thus ¢(z,£) and C(z — 4z,¢)
will originate the new values ¢(z,t + A¢) and C(z,t + A1),

The initial values g, and C, give the total amount of solute in the slice: s = go +
4voCy, which will be equal to the final amount, § + Av,C, at equilibrium.

As
= q _
(ax = may (
one can write
- AVO q _
q + R (qx — mq)z qo : AV()C() =0 (24)

A step interpolation will yield the value of g, from which one can deduce
C according to the equation

= go—4q
C=0C+ e (25)

The method described above has two interesting features: it is built to ensure
mass conservation all through the simulated chromatographic process and the
thickness of the slices may be chosen as low as desirable to approach close to the actual
physical phenomena.

Case of gradient elution. The concentration of counter ions, [A"~], is an arbitrary
function of the quantity y = z — uz. For example it may be either:
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(1) a linear function

[A""] = CQ + Gy (fory = 0)

(A" ] = CQ (for y < 0) (26)
with which aséumption, at any point of the column,

[A"7] = C& + GyY(y) 27
where the step Dirac function Y'is 1 for y > 0 and 0 for y < 0,

(2) or a parabolic function

_ B
[A""] = CQ + Gy + = y*(fory = 0)
? (28)

A"} = C¢8 (fory < 0)
EXPERIMENTAL
Materials

The reagents used for the stationary phase synthesis were N-vinylimidazole,
vinylpyrrolidone and 1,4-butanediol diglycidyl ether purchased from Janseen
Chimica (Beerse, Belgium).

The silica support (LiChrospher Si-300) (particle diameter d, = 10 um and pore
size 300 A) was purchased from Merck (Darmstadt, Germany).

The protein used for the chromatographic study, BSA monomer, was obtained
from Sigma (St. Louis, MO, USA). The buffer was Tris, obtained from Aldrich-
Chemie (Steinheim, Germany).

Chromatography

The chromatographic system consisted of a pump (HPLC PUMP 420, Kontron
Instruments, Zurich, Switzerland) and a UV detector (Model SPD-6A, Shimadzu,
Kyoto, Japan) operating at 280 nm. A sample injector (Model 7125, Rheodyne,
Berkeley, CA, USA) with a 20-ul sample loop was used. To determine the
ion-exchange capacity, frontal loading was performed with a 2-ml sample loop and the
displacing salt elution was monitored at 256 nm.

The chromatographic packing was a polymeric anion-exchange stationary phase
deposited on silica. The polymer used was a PVP-PVI copolymer (75:25) cross-linked
with 1,4-butanediol diglycidyl ether (BUDGE). It was synthesized using the one-step
polymer-coating method developed by Sébille and co-workers [21,22].

The specific anion-exchange capacity of the adsorbent per unit volume of mobile
phase was 0.15 mequiv./ml. It was determined by frontal loading with sodium chloride
as the eluent and sodium nitrate as the displacing agent.

The chromatographic column (100 x 41 mm I.D.) was slurry packed. The
column temperature was maintained at 10°C during the experiments using a thermo- -
stated water-bath. The eluent used was 20 mM Tris buffer (pH 7.5). For the isocratic
elution, the ionic strength was imposed by a monovalent (NaCl) or a divalent salt
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(Na,SO0,). The capacity factor for infinite dilution, &, was calculated by reference to
the retention volume of an unretained protein, a-chymotrypsinogen A.

Computer system

The analogue output of the detector was connected to a digital voltmeter
(Model 3497; Hewlett-Packard, Palo Alto, CA, USA). The data (4 digits precision)
were stored on floppy disk and analysed with a personal computer (Compaq Deskpro,
Model 386/20¢) equipped with an arithmetic coprocessor.

The simulations were performed in Pascal language. The step 4z used for
calculations was 0.05 cm. A numerical dispersion contributed to the broadening of the
elution peak [23]; its contribution to the plate height was Hy = 0.05 cm.

RESULTS AND DISCUSSION

Numerical simulations

For comparison with a Langmuir-type isotherm, various isotherms generated
with eqn. 9 and increasing values of Z = m are givenin Fig. 1. All the isotherms have
the same slope at the origin (k' = 10). The solute maximum loading capacity (dashed
line for each Z value) is equal to the ion-exchange capacity available for adsorption
divided by m. The curvature of the isotherm at the origin increases with increasing
Z = m value and the derivative of the isotherm reaches zero for lower solute
concentrations :

1 (d? 2 K2V
K= ( QP) _2mzk? Y, (29)
c=0

i% dc? Ox

Gp/Qx

! - B} Z=1

a8

0.6
Zz=2

04
— Z=3
B2 fff oo T e 724
Z=5

0 L
2 3 C/Cx

Fig. 1. Influence of exponent Z on the shape of SDM adsorption isotherm (Z = m), with equal slopes at the
origin (k' = 10). )
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It may therefore be predicted, on the basis of the SDM theory, that the range for
linear chromatography will be limited at large m values and strongly tailing peaks will
be observed in the isocratic elution mode at much lower concentrations than with
a Langmuir isotherm.

The isotherms of Fig. 1 were used to simulate the chromatographic behaviour
with isocratic elution with a monovalent displacing ion. In Fig. 2 the theoretical
profiles generated with increasing sample size and m = Z = 5 are compared with those
obtained on the basis of a Langmuir isotherm (Z = 1). The simulations were
performed with a fixed value of the solute capacity factor (k' = 10). This can be related
to experiments where k' is kept constant by changing the displacing salt concentration.
The results of the simulation are presented as a plot of the outlet solute concentration
divided by the active site concentration (Cx = Qx/Vo) vs. the reduced elution volume,
V(C)/V,. In this instance the dispersive coefficient was kept at a negligible value, but
a dispersive effect arises from the numerical steps chosen for the calculation [23]. The
corresponding contribution to the plate height is Hy = 0.05 cm.

For solute concentrations larger than Cx/10 the retention volume at the peak
maximum is already close to ¥, when m = Z = 5. In agreement with theory [24], the

C/Cx
=5
0.1
Q.05
Z=1
0
vr/Vo
1 3 s} 7 .9 11 13

Fig. 2. Isocratic elution with a monovalent displacing salt. Comparison of the peak profiles simulated with
a Langmuir isotherm and an SDM isotherm (Z = 5). Column length, 5 cm; flow-rate, 1 ml/min; sample
volume, 0.020 ml; isocratic elution with k' = 10. Sample size: Qx/15, Ox/30, Ox/60, Ox/120.
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rear part of the peak coincides with the derivative of a convex adsorption isotherm if
the dispersive effects can be neglected

V(C) =V, + %% (30)

The influence of the dispersive effect on the elution peaks generated with
m = Z = Sisshownin Fig. 3. In spite of the larger dispersion coefficients used for the
simulations, corresponding to the plate-height contributions Hp = 0.12 ¢cm and Hp, =
0.6 cm (Fig. 3a and b), the retention volume at the peak maximum is still well predicted
by the first derivativé of the adsorption isotherm (dotted line).

These results show that, with isocratic elution and ‘under mass-overload
conditions, non-linear effects dramatically control the retention process of solutes with
large effective charge number. With larger values of the charge of the solute, m, the
curvature at the origin increases (eqn. 29) and generates strong tailings with a shift
towards lower retention volumes [11].

For a solute with a given charge number (m = 6), Fig. 4 illustrates the influence
of non-linear effects with counter ions of various valencies. The capacity factor at

C/Cx \

003 t
0.02

001 t

vr/Vo

C/Cx

003

002 r

001

vr/Vo

1 3 5 7 é 1& 15
Fig. 3. Influence of the dispersive effects on the peak shapes generated with Z = 5 (SDM isotherm). Same

conditions as in Fig. 2 and (a) D' = 0.010 cm?/s, Hp = 0.12 cm; (b) D' = 0.050 cm?/s, Hp = 0.60 cim.
Dashed lines, first derivative of the adsorption isotherm.
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1 3 5 7 9 11 13
Fig. 4. Influence of the valency of the counter ion on the isocratic elution of a solute with six effective charges.

(a) SDM isotherm; (b) peak profiles simulated with an SDM isotherm. Exponent Z = 2, 3, 6. Same
conditions as in Fig. 2 with sample size Qx/60.

infinite dilution remained constant for the simulated profiles (k' = 10). As predicted
from eqn. 29, the tailing due to the overload effects increases with increasing valency of
the displacer ion used in the eluent. This result shows that a displacing counter ion of
larger valency should be used in order to reduce mass-overload effects in the isocratic
elution mode.

This conclusion is of limited application in practice, however: because of the high
selectivity of the supports, linear gradient elution is most commonly used for protein
separations by HPIEC, in order to reduce band broadening. A model was described
[25] that predicts the separation of proteins at infinite dilution, with a linear salt
gradient. Antia and Horvath [13] studied the effect of gradient elution and column
overload on the separation of a binary mixture with a numerical procedure, but their
simulations were limited to isotherms of the Langmuir type.

Because of the significant differences observed between the simulations per-
formed with isocratic elution in the cases of an SDM isotherm and a Langmuir
isotherm (Fig. 2), it is interesting to examine the influence of the valency of the counter
ion in gradient elution on the elution profile of a solute with a given value of the charge,
m. To compare with the simulations in the isocratic mode in Fig. 4, the solute charge is
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6 and for each Z the slope of the gradients was selected so as to obtain the end of the
rear edge of the peak at V;/V, ~ 11 (Fig. 5). The initial value of k' at the gradient
beginning is 100: this would correspond to experiments where the initial concentration
of the displacing salt is adjusted to give k' = 100. As already shown with simulations
assuming a Langmuir isotherm [13], gradients strongly reduce the asymmetry owing to
the non-linearity of the isotherm. With a linear salt gradient (Fig. 5a), the
mass-overload effects increase with displacing counter ions of lower valency.

Although not very realistic, but for illustrating the versatility of the present
algorithm, Fig. 5b shows the profiles obtained with a parabolic gradient simulating salt
concentrations increasing with time. For comparison with the peaks in Fig. 5a, the
initial slope at the origin was set to a value equal to the slope of the linear gradient. The
front of the peak is eluted at a slightly lower retention volume, and the peak tailing is
much reduced, especially when a monovalent displacing ion is assumed for the
simulations. Of course, other types of gradient functions could have been used, such as
a linear one ending with a plateau.

These simulations based on the rigorous SDM isotherm predict, for a pure

C/Cx

001 2

0005

C/Cx

0.01

0005

: \_

1 3 5 7 9 11 13

vr/Vo

Fig. 5. Influence of the valency of the counter ion on the gradient elution of a solute with six effective charges.
(a) Linear gradient; (b) parabolic gradient (B/Cx = 2.107%572).Z = 2,G/Cx = 0.017s™ 4, Z = 3,G/Cx =
0.008s™% Z = 6, G/Cx = 0.003 s™'. Same conditions as in Fig. 2 with sample size Ox/60. Initial value of
k' = 100.
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ion-exchange mechanism, more important non-linearity effects with proteins of larger
effective charge, but a decrease in mass-overload effects is to be expected with
a displacing counter ion of higher valency.

HPIEC study of BSA with isocratic elution

To illustrate the previous theoretical simulations, we studied the chromato-
graphic .behaviour of BSA eluted from an anion-exchange column under mass-
overload conditions. This protein was selected to test the model as the adsorption of
BSA on the anion-exchange support, a PVP-PVI (75:25) copolymer deposited on
silica, is described by an isotherm of convex shape.

In order to determine the exponent, Z, retention studies were first performed in
the linear range of the adsorption isotherm and analysed with the SDM model for
infinite dilution [1-3]. The capacity factor, k', extrapolated to zero sample size is
related to the displacing counter ion concentration Cg, according to the equation

logk' = a — Zlog Cc (31

Fig. 6 shows the variations of kK’ with the concentration of a mono- or a divalent
salt. The values of Z were calculated by a linear regression analysis of plots of log & vs.
log Cc. The Z value determined with sodium chloride as the displacing saltis 7.9 + 0.4.
With sodium sulphate the Z value is 4.1 + 0.4. The errors are given for a 95%
confidence interval. This result is in agreement with theory, the ratio Z being twice as
large with chloride ions as that measured with sulphate ions.

The apparent Z values are generally considered to be mean values over all
orientations of molecules on the surface [6]. Moreover, Z measurements may be
affected by hydrophobic interactions [7] and its value may be non-integral when

log k'
1.5
1
05 |
o)
0
-05 .
n i A _109 CC
o8 1 1.2 1.4 1.6

Fig. 6. Dependence of log k' on the log (salt concentration) for BSA on an anion exchanger, PVP-PVI on
silica; flow-rate, 1 ml/min; eluent, 0.020 M Tris buffer (pH 7.5). (O) NaCl; (O) Na,80,.
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determined with a monovalent salt. With experimental conditions close to those used
in this work, Melander et al. [7] measured values of Z of 3.55 and 2.99 for BSA ecluted
from a weak and a strong anion exchanger, respectively, with ammonium sulphate as
the displacing salt. The value for the weak anion exchanger is close to that determined
on PVP-PVI at pH 7.5 by varying the sodium sulphate concentration. The good
agreement of the effective charge of the protein (m = 8) deduced from Z measurements
with mono- and divalent displacing ions show that, with both salts, the retention is
mainly governed by an ion-exchange mechanism. This value of m was selected to
simulate the elution peaks under mass-overload conditions.

Fig. 7 illustrates the experimental profile of the BSA (dotted lines) with
a displacing salt with a monovalent counter ion-(sodium chloride) and a divalent
counter ion (sodium sulphate). An impurity (about 10% of the total sample) is eluted
on the tailing end of the main peak. For comparing peak shapes, we tried to fix the salt
concentration so as to obtain k' values as close as possible for both displacing salts.
This can only be partially achieved, as small variations in salt concentration induce

g/1

05

500 1000

500 1000

Fig. 7. Comparison of non-linear effects tor BSA eluted with a mono- or a divalent counter ion from
a PVP-PVI anion-exchange column. Eluent, 0.020 M Tris buffer (pH 7.5); flow-rate, 1 ml/min; column
length, 10 cm; ¥V = 1.2 ml. Dotted lines, experimental values stored by computer data acquisition; solid
lines, best fit of the simulated peak. Qx = 5.7 mg; D’ = 0.015 cm?¥/s; Hp = 0.22 cm; Hy = 0.05 cm. (a)
80 mM NaCl, sample size 0.025 mg, k' = 8, m = Z = 8; (b) 35 mM Na,SO,, sample size 0.035mg, k' = 6.2,
m=38,Z = 4.
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large variations in the retention volume. The value of k' is 8 with sodium chloride
(80 mM) and 6.2 with sodium sulphate (35 mA).

The theoretical profiles were fitted to the experimental profiles by fixing three
parameters of the adsorption isotherm: &', m and Z. The plate height measured at
infinite dilution is H = 0.27 cm. Taking into account the contribution to the plate
height due to the numerical dispersion, Hy, the H value determines the contribution of
the global dispersive effects, Hp, to be used in the simulations (H = Hp + Hy):
simulations were performed with a global dispersive coefficient D’ = 0.015 cm?/s. As
usual with protein elution in the isocratic mode [5,22], the reduced plate height is large
(H/d, = 270). This poor efficiency is mainly due to slow mass-transfer kinetics such as
the slow adsorption—desorption chemical exchanges and the restricted diffusion of
BSA into the 300-A pores of the support used.

The maximum loading capacity for the protein, Qx/m, is the only parameter to
be calculated from the best fit to the experimental profiles observed with a monovalent
(Fig. 7a) and a divalent displacing ion (Fig. 7b). The maximum loading capacity per
unit volume of mobile phase used in the simulations with both counter ions is
Ox/mVy = 0.59 mg/ml.

ap/vo (g/1)
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04
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Clg/1)
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1 2
Qp/Cvo
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o Qp/vo (g/1)
Q.2 04 06

Fig. 8. Adsorption isotherm of BSA adsorbed on the PVP-PVI anion-exchange support in the presence of
a divalent counter ion. Same experiment as in Fig. 7b (¢’ = 6.2, ¥ = —521 l/g). (a) Solid line, SDM

isotherm; dashed line, Langmuir isotherm; dotted line, Qx/mV, = 0.6 mg/ml (protein loading capacity). (b)
Scatchard plot corresponding to the SDM isotherm.
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The experimental asymmetries determined from the ratio of half-widths
measured at 20% of the peak height are 4.7 with sodium chloride (Fig. 7a) and 2.4 with
sodium sulphate (Fig..7b) in the mobile phase. The comparison of peak asymmetry
may roughly be predicted by expanding V(C) in first order near the origin (eqn. 30)

V(C) ~ Vo(l + K + K'C) (32)

In the absence of dispersive effects and for small concentrations, the slope of the
straight line defining the peak diffuse edge as C = f(V)isequal to 1/(k" V). Therefore,
a comparison of the asymmetries of the peaks in Fig. 7a and b could approximately be
calculated from the ratio of these slopes, which for the present example is 3.3. This
value is larger than the experimental value (2), which was determined from the ratio of
the asymmetries measured at 20% of the peak maximum. The theoretical ratio would
correspond to asymmetries measured near the baseline, but peak width determinations
too close to the baseline would interfere with impurities. The comparison of the
experimental asymmetries of BSA eluted with sodium chloride or sodium sulphate in
the buffer is in good agreement with theory, which predicts an increase in peak tailing
for mass-overload conditions when a monovalent ion is used as a displacer.

Fig. 8a shows the adsorption isotherm of BSA on the anion-exchange polymeric
stationary phase in the presence of 35 mM sodium sulphate. The simulations in Fig. 7b
were performed on the basis of this isotherm, with m = 8 and Z = 4. For comparison,
the Langmuir isotherm (dotted line) with the same slope and curvature at the origin is
given. Its protein maximum capacity is 32 times lower than that for the SDM isotherm,
illustrated in Fig. 8a by a dotted line paraliel to the concentration axis. Therefore,
a Langmuir isotherm cannot be used to describe at the same time the adsorption
behaviours at low and high protein concentrations in the solvent: the low concentra-
tion range determines the slope of the isotherm at the origin of the capacity factor. At
high concentrations, the maximum loading capacity is reached very progressively in
the case of an SDM isotherm with a large Z exponent and this is related to the overload
effects observed in chromatography.

Fitting a Langmuir or a sum of two Langmuir isotherms to the experimental
data for proteins adsorbed on an ion exchanger may lead to erroneous conclusions, as
shown from the Scatchard plot in Fig. 8b. From this plot, one may conclude that the
support is heterogeneous with adsorption on two different kinds of sites. The
corresponding model, a sum of two Langmuir isotherms, is of course a wrong
interpretation: the isotherm is of the SDM type (eqn. 9) and an exponent Z different
from unity is responsible of the curvature of the Scatchard plot.

CONCLUSIONS

This study has shown that the rigorous isotherm derived from the law of mass
action should be used to analyse the experimental adsorption data by an ion-exchange
mechanism. For experiments determining directly the amount adsorbed as a function
of concentration, such as frontal elution, the Scatchard plot may lead to the
misinterpretation of results such as the existence of two kinds of sites. In contrast,
a plot of (Qe/CV)'? vs. Qp should be used, the exponent Z being determined
independently with the SDM model, extrapolated to zero surface coverage (eqn. 31).
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Similarly, the parameter Z and the charge of the protein determined at infinite
dilution should be introduced into the SDM isotherm equation to analyse or simulate
non-linear effects in zonal elution on an ion-exchange support. This approach was
used in this work and led to the prediction that peak tailing due to column overloading
may be reduced by using a counter ion of higher valency. This conclusion may be useful
for optimizing separations in preparative chromatography.

The theoretical results are in good agreement with experiments to analyse the
non-linear elution behaviour of BSA on an anion exchanger. The above conclusions
are not necessarily valid with other experimental systems, however: a pure ion-
exchange mechanism is not often encountered in practice. Although the SDM theory
predicts well the HPIEC retentions of many proteins at infinite dilution in most
instances, it does not describe the elution behaviours of proteins at finite solute
concentrations, because the model does not account for hydrophobic or self-associa-
tion effects.

The multivalent ion-exchange theory is a first step in studying the adsorption
mechanism of proteins on ion-exchange supports. It gives a simple tool for under-
standing the nature of the protein adsorption behaviour: a comparison of the elution
profiles predicted on the basis of the SDM theory and the experimental profiles will
give information about the nature of the adsorption process.

We are still far from a reliable explanation of all the characteristics of HPIEC
and further investigations are necessary. The following aspects of the properties of
HPIEC should be taken into account:

—the association-dissociation equilibria between protein molecules in both
bulk and surface phases;

—the non-homogeneous character of the charge distribution both on the
support surface and on the biopolymer molecule;

—the three dimensional structure of the protein, which may be changed during
the binding process, and also the changes in the number of sites occupied by one
biopolymer molecule, which means that the change in the value of m as a function of
concentration must be considered;

—irreversible adsorption and the presence of pores of various sizes and shapes;
and

—the modification of the support charge characterized by the adsorption—
desorption of protein.

These are only a few features which should be considered in subsequent models
to account for the complexity of HPIEC phenomena. Finally, the generalization to the
multi-component case could be useful for optimizing the experimental conditions for
the separation of proteins by preparative HPIEC.
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Application of the split-peak effect to study the adsorption
Kinetics of human serum albumin on a reversed-phase
support
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ABSTRACT

The adsorption step of human serum albumin on a reversed-phase support was analyzed by studying
the “split-peak” effect in mass-overload conditions. This behavior is characterized by the occurrence of a
first non-retained fraction and is described by an analytical expression in the case of a Langmuirian
adsorption isotherm. The method was applied to determine the column loading capacity, the number of
mass-transfer units and the apparent adsorption rate constant measured at a given flow-rate.

The nature of the organic modifier influences the split-peak effect: it increases with the eluotropic
strength of the organic solvent added to the buffer. Compared to the results with pure buffer, it is the
association of two effects, the decrease of the column loading capacity and that of the apparent adsorption
rate constant, which increases the split-peak effects observed when methanol and 2-propanol are added to
the eluent. These results allow us to gain a better understanding of the role of the organic solvent in the
elution behavior of proteins in reversed-phase high-performance liquid chromatography.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) is wide-
ly used for separating proteins and peptides. A stoichiometric displacement model [1]
was developed that accounts for protein elution and the importance of the role of the
organic solvent was demonstrated.

However, some behaviors are not always well understood: for example, two or
more peaks are sometimes observed from a single species [2], their occurrence and
shape depending on mobile phase gradient conditions and column temperature. To
describe the mechanism, two steps were suggested [3]: the first one is related to the
adsorption kinetics of the protein, while the other one concerns all further conforma-
tional events occurring on the surface until elution.

Until now, kinetic studies have mainly focused on the conformational changes of
the protein occurring after adsorption on the surface. However, examination of the
first adsorption kinetic step is important for a better understanding of the elution
behavior of proteins in RP-HPLC. Since slow adsorption kinetics are related to the

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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split-peak effect [4,5], a possible approach is to investigate the occurrence of
anon-retained peak in isocratic elution. Adsorption kinetics are usually analyzed from
breakthrough curves or elution peak shapes [6], but the study of the split-peak
phenomenon remains close to the conditions used in analytical chromatography.

The split-peak effect was first described theoretically many years ago by
Giddings and Eyring [7], but was revealed experimentally for the HPLC of proteins
due to their slow adsorption kinetics and because of the short columns.and high
flow-rates used. Nevertheless, the potentialities of the method were not fully exploited
because kinetic measurements were limited to the linear range [4,5].

We described a kinetic model for irreversible adsorption {8], one which predicts
the occurrence of the elution peak splitting in mass-overload conditions and
irreversible adsorption: a solute fraction elutes at the void volume while the other one
is irreversibly retained in the column. The unretained fraction increases with the
sample size and an analytical expression relates this fraction to the number of
mass-transfer units and to the column loading capacity.

On the basis of this model, the goal of the present work is to analyze the kinetic
adsorption step of human serum albumin (HSA) on a reversed-phase support in the
presence of various organic solvents in the mobile phase. In a preceeding paper [9] we
have studied the influence of increasing concentrations of acetonitrile on the split-peak
effect. An important decrease in the number of transfer units characterizing the
adsorption kinetic process was observed when increasing amounts of acetonitrile were
added to the eluent. A similar trend was observed when other organic modifiers were
used. In this paper we shall study the influence of the nature of solvents with an
hydroxyl group (methanol and 2-propanol). Since these solvents are often used to elute
peptides or proteins on reversed-phase supports, this approach is useful in order to
understand better the role of the organic modifier in the RP-HPLC of proteins.

THEORY

The adsorption kinetic model starts from the differential equation describing the
solute migration through the column:

oc  ac 1 09 ., &C
I S A M M

and the second order Langmuir kinetic law:

0
% - 5C@ - 0~ ki - @

where Cis the concentration of solute in the mobile phase, z the abscissa in the column
length, ¢ the time and « the mobile phase velocity. Q is the amount of adsorbed solute,
0, the maximum loading capacity and ¥, the mobile phase volume. D’ is a global
dispersion coefficient accounting for axial and eddy diffusion; k, and k4 are the
adsorption and desorption rate constants. The equilibrium constant is K = k,/ka.
Solutions of the above system of differential equations exist for the ideal case
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(D' = 0) and the analytical expressions depend on the boundary conditions: break-
through curves in frontal elution [10] or peak profiles with a finite pulse injection [11]
or a Dirac injection function [12].

As shown by Goldstein [11], the solution for a rectangular injection of time
duration #; and solute concentration C;, is given by two separate expressions according
to the time elapsed after the time #, necessary to elute a non-retained compound. The
concentration at the column outlet is given by the ratio:

C=CPIE “)
For t > to + #;, P and E are given by:
P = J(nr,nT) — J(nr, nT — nT}) »  (5a)
E = J(nr,nT) — J(nr,nT — nT;) + [1 — J(n, rnT)) exp[(1 — r)(n — nT)] +
+ J(n,rnT — rnT;) expl(l — ¥)(n — nT + nT;)]  (5b)
For t <ty + t;, P and E are given by
P = J(nr,aT) | (6a)
E=Jnr,aT) 4+ [1 — J(n,raT)] exp[(1 — r) (n — nT)] (6b)

where the J function is given by:

X

Jx,y)=1— e‘yfIO(Z\/r—);)‘e"’dr (7

0

where I, is the Bessel function of zeroth order and

"T11KC ©
5 5 ’
T= (f - to) Ker Ti = ti @ (10)

O, is the column loading capacity and § is the flow-rate. The parameter # is the
number of transfer units characteristic of the adsorptive exchange. It is related to the
plate height kinetic contribution [13] according to:

2LK?
KT Ml 1K) b
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where L is the column length and &’ is the solute capacity factor at infinite dilution
(k" = KO,/ Vo).

The split-peak effect is characterized from the ratio of the non-retained amount
on the amount injected (Q; = C;6). The amount eluted as a first peak is given by
integrating the elution peak expression for 7 < #; (eqns. 4 and 6).

In the case of irreversible adsorption (kq = 0) and in the absence of dispersive
effects (D' = 0), we have shown in a previous paper [8] that this ratio fis given by the
expression:

_o

f Ln[l + (€"2/% — 1)¢™"] (12)

1

When fis extrapolated to zero amount injected, the unretained fraction is fo:
fo=e"=e"50,[0 (13)

The limit of eqn. 12 for zero flow-rate is the trivial expression of fi f, =
1 —Q,/Q;, for Qi > O, and [, = 0 for Q; < Q.

A simulation algorithm was used [8] to solve numerically the set of differential
eqns. 1 and 2. It is based on a numerical step procedure and describes the solute
migration through the column accounting for adsorption kinetic effects in mass-
overload conditions and for solute dispersion in the mobile phase. The simulations of
the chromatographic process in non-linear elution have shown that the split-peak
expression given by eqn. 12, can still be applied in the presence of dispersive effects and
does not depend .on the shape of the injection signal.

The parameters of eqn. 12, namely the number of mass-transfer units # and the
maximum loading capacity Q,, were determined by fitting the model to the variations
of fas a function of sample size. Instead of desorbing the adsorbed protein by using
another eluent after every injection, we determined the experimental variation of f as
a function of the cumulated amounts injected: the validity of the method was
previously demonstrated from numerical simulations [8]. The non-linear regression
was performed with a Fortran program that uses the partial derivatives versus n and Q,
in eqn. 12 to converge to the best fit parameters.

MATERIALS AND METHODS

The chromatographic experiments were performed on an HPLC system: a pump
(2150; LKB, Bromma, Sweden), a sample injector (7125; Rheodyne, Berkeley, CA,
USA) with a 20-ul loop and a UV detector (Spectra-100; Spectra-Physics, San Jose,
CA, USA), set at 280 nm.

The reversed-phase support (Spherisorb RP-Cg) of particle diameter 10 pm,
pore size 80 A and specific surface area 220 m?/g, was packed into 50 x 4.6 mm
stainless-steel columns, kindly supplied by S.F.C.C.-Shandon (Eragny sur Oise,
France). The temperature of the column and that of the eluent was kept constant
within 0.1°C using a thermostated—cryostated water-bath.

The mobile phase was a 0.067- M potassium phosphate buffer at pH 7.4 modified
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with organic solvents, HPLC grade: acetonitrile, methanol and 2-propanol. The HSA
samples (Sigma, A1887, St. Louis, MO, USA) were dissolved in the same eluent as that
used for the mobile phase.

The data acquisition of the chromatographic signal was performed with
a micro-computer (Apple Ile, Cupertino, CA, USA) equipped with a 12-bit
analog-to-digital converter, and an instrumentation amplifier (Analog Devices,
Norwood, MA, USA). The speed for data acquisition was selected so as to obtain
a minimum of fifteen data per peak width and peak integrations were performed with
the same computer. An integrator with a sampling rate high enough to define the width
of the non-retained peak, can be used as well for peak area measurements.

RESULTS

Split-peak effect

Adsorption kinetics are revealed when a part of the solute injected is eluted as the
first peak at the column void volume (0.4 ml) while the other part is irreversibly
adsorbed on the support. As shown in Fig. 1, with an eluent containing 40% methanol,
the successive injections of HSA (0.08 mg) lead to increasing amounts of the
non-retained fraction. The saturation of the column is reached when the protein is
totally eluted as the first peak.

The increase of the unretained fraction is related to the maximum loading
capacity and to the rate of adsorption of the protein. The pattern of Fig. 1 changes with
the nature of the eluent and more generally with the experimental conditions used. For
example, Fig. 2 shows that the split-peak behavior increases when the same experiment
is carried out at a lower temperature. With 20% acetonitrile [9] or 2-propanol in the
buffer, the appearance of the first peak can already be noticed at the first injections. In

c g/l
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Fig. 1. Successive injections of HSA on a reversed-phase support at 20°C. Eluent: 0.067 M phosphate buffer
pH 7.4 + 40% methanol. HSA sample size: 80 pg; L = Scm; Vo = 0.4 ml; § = 1 mi/min.
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Fig. 2. Successive injections of HSA on a reversed-phase support at 10°C. Same experimental conditions as
in Fig. 1.

contrast, with pure buffer or with solutions of methanol in the buffer, the occurrence of
the first peak is observed only when the total amount injected is close to the saturation
value.

HSA is desorbed with 40% acetonitrile after every experiment. The method
permits the regeneration of the column for another split-peak study. However,
reproducible experiments are only achieved when a first HSA adsorption had
saturated the most active sites of the surface because the washing step with 40%
acetonitrile does not permit the regeneration of high-affinity sites. The experiments are
therefore performed on a surface which is not uniform, since some HSA still remains
adsorbed on the surface. This is not a serious drawback with HSA, because
protein—protein interactions are negligible: HSA is not retained on a column packed
with a diol-support where the protein is covalently bound [14].

The amounts of non-retained solute are calculated from peak areas after
calibration of the detector. The ratio of the cumulated unretained amounts to the total
amounts injected gives the fraction f of unretained solute. The plot of 1/fas a function
of the sample size provides a good display when split-peak effects are small, since
important variations are abserved at low fratio before reaching the asymptotic value
of 1 at large sample sizes.

The influence of the nature of the organic solvent on the split-peak effect is
illustrated by the plot 1/f versus Q; at 20°C (Fig. 3): at low sample sizes an important
splitting of the HSA elution peak is observed with 20% 2-propanol (fo ca. 0.5). In
contrast, with 40% methanol or with pure buffer, one can only observe the split-peak
effect if the total amount injected is close to the column capacity. An important
increase of the split-peak effect is observed at 10°C, by adding methanol to the eluent
(Fig. 4). v

As previously noticed when acetonitrile was used as a modifier [9], the split-peak
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Fig. 3. Variation of the non-retained fraction f with the amount of HSA injected at 20°C. Eluent: 0.067
M phosphate buffer + organic solvent. = Best fit of the theoretical model (eqn. 12). A = Buffer;

O = buffer + 40% methanol; [} = buffer + 20% isopropanol. HSA sample size: 80 ug; L = Scem; V, =
0.4 ml; § = 1 ml/min. :

effect increases with the amount of organic modifier added. This effect is more
important with 2-propanol than with methanol. In the latter case 40% of organic
modifier were necessary to observe a split-peak effect that differs significantly from
that of the pure buffer. For this study we selected the concentration of the organic
solvent added in a range which was convenient to study the split-peak effect.

1/f
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Fig. 4. Variation of the non-retained fraction f with the amount of HSA injected at 10°C. Same conditions
as in Fig. 3.



88

TABLE 1

KINETIC MEASUREMENTS FROM THE SPLIT-PEAK EFFECT

C. VIDAL-MADIJAR et al.

20 1.5 0.66

Eluent Temperature & n 0.Vo k, toln  fo
O (ml/min) (g (g™'s™h &) ()
Buffer 10 1.0 10.0 + 0.5 200 + 0.05 0.20 + 0.02 25 451073
20 0.5 14.0 £ 0.5 1.90 £ 0.05 0.15 £ 0.01 36 83-107°
20 1.0 21.0 + 0.5 2.05 + 0.05 041 + 0.01 1.2 761078
20 1.5 14.0 + 0.5 1.90 £ 0.02 043 £ 0.02 12 83-107°
Methanol (40%) 10 1.0 52 + 0.1 1.2 £ 0.1 0.17 + 0.02 46  0.55
in buffer 20 0.5 58 +£ 0.1 1.4 +0.05 0.08 £ 0.01 87 030
20 1.0 83 + 0.2 1.5+ 005 0.22 + 0.02 3.0 0.025
20 1.5 6.6 +£ 0.2 1.2 £ 005 033 £+ 003 2.5 0.14
20 1.75 6.4 + 0.1 1.3 +0.05 034 £ 0.03 23 017
2-Propanol (20%) 10 1.0 0.47 + 0.01 0.65 + 0.05 0.030 + 0.005 54 62.5
in buffer 20 0.5 0.85 + 0.05 0.60 + 0.05 0.030 £ 0.005 59 42.7
20 1.0 0.65 + 005 080 + 0.1 0.035 4 0005 38 522
+ 001 0.80 4+ 0.1 0.049 £+ 0.005 25 51.7

Kinetic measurements

Table 1 gives the values of the parameters n and Q, determined from the
least-square fit of eqn. 12 to experimental data. The errors on the estimated parameters
for a 95%-confidence interval are given. The precision of the measurements depends
on the value of the unretained fraction at infinite dilution (f,). To visualize the time for
protein adsorption the quantities Vo/n" & = to/n are listed in the same table: to/n is the
simplified expression of the adsorption rate constant for a first-order kinetic
mechanism. Fig. 3 and 4 show that good agreement is obtained between the theoretical
model (full line) and the experimental data.

The precision on the Q, determination is good (ca. 5%) when the kinetics of HSA
adsorption are fast as with pure buffer of buffer plus methanol (n > 3): steep curves
are observed, converging to the saturation value. The precision on the n determination
is between 2 and 5%, but the optimal range for achieving kinetic measurements, is
between 1 and 50%.

The variations of the unretained fraction with the sample size were studied at
different flow-rates. Some dispersions in the maximum loading capacity determination
are due to the poor reproducibility of the surface available for adsorption after every
column regeneration. As with the theoretical plate height, the reciprocal of the number
of transfer units increases with flow-rate. According to eqn. 8 a plot of 1/n versus
5 should intercept the origin. This is not the case since a significant increase of k,
calculated from the »n and Q, values (eqn. 8) is observed with increasing flow-rates
(Table 1).

DISCUSSION

The split-peak model for mass-overload conditions is based on several
assumptions: the irreversibility of the adsorption process, a Langmuir-type adsorption
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isotherm, and no diffusion in the pores or in the stagnant mobile phase volume. It can
therefore be applied to analyze experiments if these criteria are fulfilled.

The irreversibility of the adsorption process is shown from the absence of tailing
in the shape of the non-retained peak: Giddings and Eyring [7] have shown that slow
desorption originates important tailings: their expression is given by the product of
a Bessel function and an exponential one decreasing with time. Moreover, no base-line
drift was observed even at higher UV detector sensitivities.

The adsorption isotherm can not be determined in the case of irreversible
adsorption (infinite Henry adsorption constant), but the adsorption of HSA was often
found to be of the Langmuirian type and the maximum loading capacity was used to
determine the surface available for protein adsorption.

The model does not account for the diffusion in the pores but the choice of an
80-A support allows us to assume that HSA is mainly adsorbed on the external surface
of the particles. Schmidt ez al. [15] have shown that albumin is almost totally excluded
from a 100-A LiChrosorb diol-support. Moreover, as discussed in a previous paper [9],
the maximum loading capacity in pure buffer corresponds to the adsorption of HSA as
a monolayer on the external surface of the particles. The capacity of the support
measured in the presence of methanol or 2-propanol in the buffer is even lower and this
is in good agreement with the assumption that there is no diffusion of the protein into
the pores.

The kinetic model accounts for the dispersion effects but not for the mass-
transfer at the particle boundary or in the stagnant fluid between the particles [16]. Its
importance is considerable since a variation of k, calculated from # and Q, values was
observed with flow-rate (Table I). The experiments were performed only for a limited
range of flow-rates but a general trend was observed within experimental errors:
a decrease of k, with increasing mobile phase velocities with an asymptotic value
reached at the larger flow-rates studied. The important increase in k, at low flow-rates
reveals the contribution of diffusion in the stagnant fluid film. Therefore the
adsorption rate constants measured in this work are not simply the rate constants for
the adsorption chemical step, but must also be considered as apparent ones for the
adsorption on the whole system particle plus the boundary layer.

The approach used in this work for measuring adsorption kinetics is similar to
that used by Chase [6] to analyze frontal experiments, on the basis of Thomas’ solution
[10]: because of the difficulties in considering kinetic models based on a rigorous
approach, the adsorption process is described by an apparent adsorption rate constant
k,, which is experimentally measurable and enables us to make a comparison between
the various systems studied.

The split-peak effect is characterized by the £, value (Table I). When the splitting
is important as with 2-propanol, the limiting value of f for infinite dilution, f,, and
therefore the number of mass-transfer units #, can be determined by extrapolation
from the plot of f versus Q;; but, in the case of fast adsorption kinetics or low split-peak
effects, as with pure buffer or buffer modified with methanol (fy < 0.01), the model
must be fitted to the experimental data in order to determine ».

The association of two effects, namely the lower adsorption rate constant and
the lower loading capacity, is responsible for the increase in the split-peak observed in
the presenee of an organic solvent (Table I). Compared to the results with pure buffer,
adsorption kinetics are roughly twice as slow with 40% methanol in the buffer and



90 C. VIDAL-MADIJAR et al.

twenty times as slow with 2-propanol. This may be related to a decrease of the
interfacial energy in the presence of an organic modifier. Van Oss [17] has shown that
the electron-acceptor parameter of the solvent and its decrease with additions of the
organic modifier should explain the retention behaviors of proteins in reversed-phase
liquid chromatography.

The slower kinetics observed with an organic solvent in the buffer may also be
due to a restricted diffusion in the stationary-phase layer formed by the solvation of the
alkyl chains of the reversed-phase support [18]. The lower capacities for HSA
adsorption observed in the presence of organic modifiers can not be explained by the
displacement retention mode! of proteins in RP-HPLC [1]. This could be due to an
alteration of the native conformation of the protein in the presence of an organic
solvent or to the restricted diffusion in the stationary-phase layer that prevents HSA
from adsorption on the whole available surface.

With all the solvents studied and for a given flow-rate of 1 ml/min, the number of
transfer units and therefore the k, values measured at 10°C are smaller than those
measured at 20°C (Table I). This is in good agreement with the usual kinetic variations
with temperature.

The variations of the split-peak effect with sample size are related to the loading
capacity of HSA. We did not study the split-peak effects with other proteins, but this
variation will only be observed if the saturation of the support is achieved. This is not
the case with all proteins because of possible self-association. Moreover, this type of
study is easier with columns of low capacity.

CONCLUSIONS

The ability of the model to predict the occurrence of the split-peak phenomenon
is satisfactory: its importance increases with increasing flow-rates, lower loading
capacities or slower adsorption kinetics. HSA adsorption on the reversed-phase
support is highly dependent of the nature of the eluent. The apparent adsorption rate
constants are of the same order of magnitude with pure buffer as with a buffer
modified with methanol. Slower adsorption kinetics are found with an eluent
containing 2-propanol.

Because of the dispersion of the experimental measurements as a function of
flow-rate, it is not possible to distinguish between kinetic mass transfers due to
chemical adsorptive exchange and those due to diffusion in a stagnant fluid, but the
determination of the apparent adsorption rate at a given flow-rate is useful in order to
gain a better understanding of the role of the solvent in the first adsorption step of
proteins.

Kinetic studies can be carried out by frontal elution but the split-peak method
presents several advantages: experiments are quick, easy to perform, and are more
precise because they are based on peak area measurements and not on the analysis of
band broadenings, where dispersive effects may interfere. The amount of solute
required is small, since the loading capacity can be determined from several injections
and complete column saturation is not necessary. The method is however limited to
adsorption studies on low capacity supports such as non-porous ones or those with
pores small enough to exclude the protein. Moreover, as with the frontal technique, the
analysis of the experimental data is based on a model assuming a Langmuir kinetic law
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and this limits the applicability of the method to systems with a Langmuirian
adsorption isotherm.
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ABSTRACT

Chromatographic data for sodium polystyrene sulphonate were obtained on both silica- and poly-
mer-based size-exclusion supports using mobile phases of various pH and ionic strength. Deviations of the
elution volume were observed towards both lower and higher values relative .to the refererice calibration
graph obtained with uncharged standards. An empirical correlation is proposed in order to account for all
the secondary effects observed. The general applicability of this correlation was further tested for chroma-
tographic data obtained for a series of peptides and proteins on a silica-based support under very different
eluent conditions. Deviations from ideal elution behaviour such as ion-exclusion and hydrophobic effects
were analysed in the light of this approach.

INTRODUCTION

High-performance aqueous size-exclusion chromatography (HPASEC) has at-
tracted increasing attention in recent years because of the possibilities it offers both in
basic biochemistry and for biotechnological applications. It has proved to be a pow-
erful tool in the separation of biopolymers (peptides, proteins, polynucleotides, etc.)
[1] and macromolecular assemblies (viral particles, liposomes, etc.) [2,3] using typical-
ly mild, non-agressive mobile phase conditions which preserve the native structure
and functionality of the solute. However, considerable experimental evidence has
shown that the elution mechanism of most biopolymers on HPASEC supports de-
viates from a pure size-exclusion mechanism, mainly owing to a number of secondary
effects, including ion exclusion and ion exchange, hydrophobic interaction and hy-
drogen bonding, originating from specific solute-matrix interactions [4].

¢ For Part VI, see ref. 14.
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Although these effects have turned out to be advantageous in some instances
and have been exploited to improve the separation of macromolecules of similar
hydrodynamic volume, it is in general desirable to minimize (if not cancel) them,
particularly for characterization purposes. Considerable efforts have been made in
this derection in the last decade by both manufacturers, to design supports as inert as
possible without a decrease in gel performance, and by chromatographers, to manip-
ulate the mobile phase conditions rationally to any given separation. At the same
time, different theoretical approaches have been elaborated attempting to quantitate
the aforementioned secondary effects. At present, however, it seems that the total
suppression of these effects has not yet been achieved and that there is no theory
capable of predicting them in a completely satisfactory manner, especially for biolog-
ical macromolecules, characterized by widely differing geometry and spatial config-
uration, surface topology and charge distribution. For this reason, most attempts to
account for secondary effects are based on experimental evidence obtained on pack-
ing materials of very different nature with model charged macromolecules, e.g., linear
polyelectrolytes such as sodium polystyrene sulphonate (NaPSS) or poly(sodium
acrylate).

Dubin and co-workers [5-7] proposed a model to predict ion-exclusion effect
based on the reduction in the pore volume accessible for polyions, calculating a
repulsion volume as a function of an electrostatic potential of the stationary phase.
The same group also recently proposed [8] the use of a hydrophobicity index related
to the hydrophobic effect. Mori [9] established an empirical correlation between the
repulsion volume and eluent ionic strength. Other attempts have been made to obtain
a parameter representative of the size and shape of a biopolymer (or macromolecular
assembly). Thus, the product M[r], where M and [4] are the macromolecule molecular
weight and intrinsic viscosity, respectively, and a number of modifications of this
product [5,6,9—14] and other macromolecular dimensions representative of a variety
of geometries have been suggested [15-18]. Finally, some theoretical models for ion
exclusion have been presented, most of them based on the Poisson—-Boltzmann equa-
tion to calculate the electrostatic interaction for a charged polymer near a charged
wall [19,20].

In this paper, we propose an empirical correlation for analysing in a general
manner secondary effects in the HPASEC of both model polyelectrolytes and biopo-
lymers. This approach interprets solute—matrix attractive-repulsive interactions in
terms of (bio)polymeér—support compatibility, making use of a thermodynamic for-
malism previously developed for uncharged polymers [21,22]. In order to evaluate the
general applicability of this correlation, we first analysed the chromatographic beha-
viour of NaPSS on silica- and polymer-based supports using different mobile phase
compositions, and then the same treatment was extended to the chromatographic
data reported by Irvine [23] on the elution of a series of peptides and proteins.

EXPERIMENTAL

Chemzcal and reagents

Dextran samples obtained from Pharmacia (Uppsala, Sweden) of molecular
weight 10 000, 40 000, 83 000, 177 000 and 500 000 g mol~ ! were used as standards for
uncharged polymers. The chromatographic low-molecular-weight range was covered
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using poly(ethylene oxide) (PEO) standards of molecular weight 2000 and 4000 g
mol ™!, purchased from Fluka (Darmstadt, Germany). NaPSS samples were dialysed
fractions of commercial standards from Pressure Chemical (Pittsburgh, PA, USA) of
molecular weight 1600, 4000, 16 000, 31 000, 88 000, 177 000 and 354 000 g mol ~*
with polydispersity lower than 1.1. All reagents used in the preparation of buffers
were of analytical-reagent grade from Merck (Darmstadt, Germany). High-perform-
ance liquid chromatographic grade water (Merck) was tested conductimetrically daily
as reported elsewhere [13].

Viscosity »

Viscosity values for uncharged polymers in pure water at 25.0°C were obtained
using the following viscosimetric equations: [] = 97.8-1073M°3°ml g~ for dextrans
[24]and [7] = 2.0 + 0.016 M°7°ml g~ * for PEO [25], where M = molecular weight.
The effect of ionic strength and pH on the viscosity of non-ionic polymers was ne-
glected [6,13,14]. Concerning NaPSS$, the intrinsic viscosities of the polyion p at finite
salt (¢;) and polyion (c,) concentrations, denoted by [17],,%,6S were calculated using a
recently proposed general equation whose validity has been demonstrated for a wide
range of solvent compositions, [13,14,26,27].

Chromatographic measurements

The Waters Assoc. liquid chromatographic equipment used has been described
elsewhere [13]. Ultrahydrogel-250 (U-250) column packed with hydroxylated poly-
methacrylate-based gel of 250 A nominal pore size and a silica-based Protein [-250
column were used. The interstitial packing volume and total pore volume were 5.5
and 5.1 ml for the U-250 and 5.9 and 6.1 ml for the I-250 column, as measured with
high-molecular-weight dextran and *H,0, respectively.

Buffers of pH 7.0 and 5.9 (phosphate) and 4.0 (acetate) were used as eluents, in
all instances following degassing and filtration through regenerated cellulose 0.45-um
pore diameter filters from Micro Filtration Systems (Dublin, CA, USA).

The column was equilibrated overnight prior to starting any experiment. Poly-
mer solutions were always prepared using the corresponding mobile phase as solvent.
The volume injected was 100 ul in all instances, covering an NaPSS concentration
range from 0.1 to 10 g 17!, The calibration graphs for uncharged standards were
obtained by extrapolation to zero concentration of peak elution volumes obtained for
at least three injected concentrations. )

RESULTS AND DISCUSSION

‘The most common approach used to analyse secondary effects in HPASEC of
polyelectrolytes is based on the comparison of calibration graphs obtained under the
same experimental conditions for both the polyion under study and uncharged poly-
mers as a reference. The choice of an appropriate quantity for the hydrodynamic
volume of the charged macromolecule is, however, the subject of some controversy,
as has been mentioned previously [16-18]. In this work, we used for this purpose the
product M[ﬂ]pycp,CS as a useful representative polyelectrolyte size parameter under any
experimental conditions at finite concentration of polyion and salt, ¢pand ¢;. We have
recently reported on the chromatographic behaviour of NaPSS independently on
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polymer-based [13] and silica-based [14] supports as a function of a number of chro-
matographic variables.

We next present a direct comparison of the elution of NaPSS on both types of
supports for the same mobile phase compositions. Fig. 1 depicts the calibration
graphs obtained for this polyelectrolyte on either a I-250 or a U-250 column using (A)
0.02 M and (B) 0.05 M acetate buffer (pH 4.0) as eluent; Fig. 1. also includes the
calibration graphs for uncharged polymers (dextrans and PEO) as a reference for
ideal SEC. This comparison may be of particular interest taking into account that
[-250 has been a commonly used silica-based column for biopolymer separation
[28,29] whereas U-250 is a relatively recent soft, polymer-based support [2,13,30,31]
with the advantages of a wide range of pH stability and a higher inertness as far as
residual charge density is concerned [32].

Fig. 1A shows that at ¢, = 0.02 M the polyion—matrix electrostatic repulsion is
indeed stronger for I-250 than for U-250, as deduced from the divergence between the
calibration graphs for NaPSS and the uncharged standards. At moderately higher
eluent ionic strength, ¢, = 0.05 M (Fig. 1B), ion exclusion is cancelled in the case of
U-250 whereas a substantial divergence still remains for I-250. Note that for the
polymer-based support polyion and reference calibrations are not completely congru-
ent, probably owing the appearance of a salt-induced matrix-solute hydrophobic
interaction, shifting the elution volume to higher values than those expected for ideal
behaviour. In this regard, Mori [9] has recently reported some hydrophobic retention
of NaPSS on derivatized silica supports using mobile phases with relatively high ionic
strength. On the other hand, the resolution observed for I-250 is higher than that for

5 6 7 8 9 10
Elution volume , mi
Fig 1. Comparison of calibration graphs obtained for (O) NaPSS and standard uncharged polymers (@,

dextrans; ©, PEO) on a silica-based column (1-250) and a polymer-based column (U-250) at ¢, "= 10 g 171
using (A) 0.02 M and (B) 0.05 M acetate buffer (pH 4.0) as eluents.
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U-250, so that the former .could be more suitable for compromised separations of
either polyelectrolytes of close molecular weight or ionomers. It is also worth com-
menting that in the limit of total exclusion different elution volumes can be obtained
for the same value of M[n]p,cp,cS depending on the mobile phase composition. In this
regard, it has been pointed out [33] that for the elution of uncharged polymers in
organic media, different polymer—solvent interactions (represented by either the ex-
ponent a in the viscometric equation or the second virial coefficient) determine differ-
ent polymer—gel interactions and, consequently, different elution volumes may corre-
spond to similar hydrodynamic volumes.

As can be observed in the different calibration graphs in Fig. 1, the elution
volume of NaPSS can be shifted, depending on ¢, and on mobile phase ionic strength
and pH, towards either higher or lower values relative to the reference calibration.
The same behaviour has been widely observed experimentally in the past for un-
charged polymers in organic binary mixed eluents [34]. In both instances, i.e., aque-
ous SEC of polyions and SEC of synthetic polymers using organic mobile phases, the
deviations (to higher or lower elution volumes) from the reference calibration graph
(assumed to correspond to a pure size-exclusion mechanism) can be attributed to
polymer—matrix interactions, although it is evident that the molecular causes for these
secondary effects must be different.

Based on this phenomenological similarity between both types of systems, we
next derive an expression which affords a new approach to the analysis of secondary
effects in the SEC of charged (bio)polymers.

The elution volume of an uncharged polymer on a SEC support can be ex-
pressed through the basic equation

Ve = V() + KSEC Vp (1)

where V. is the experimental elution volume of the sample, ¥, and V, are the dead
volume and the total pore volume of the column, respectively and Kggc is the distribu-
tion coefficient for pure SEC. The elution behaviour of a polyelectrolyte on the same
support when secondary effects take place can be described by

Vle = Vo + KéEch : (2)

where V' is the experimental elution volume of the polyion and Ksgc is a new distribu-
tion coefficient accounting for the different contributions to the separation mecha-
nism. If we assume that V. and ¥V correspond to the elution volume of an uncharged

polymer and a polyelectrolyte having the same Minl,, cpcsr then Kggc can be divided
into two contributions and expressed as

Ksec = Ksec Kp 3)
where K, is a partition coefficient for secondary effects. It must be noted that in this
context K, can be higher, equal to or lower than unity, therefore accounting for any
type of deviation (to higher or lower elution volumes) from the reference calibration
(see Fig. 1). In other words, K, > 1 means that the polyion is eluted at a higher
elution volume than a reference uncharged polymer of the same Mnlp.c,.c,, this sec-
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ondary effect being based on polyelectrolyte—support net favourable interactions

(e.g., hydrogen bonding, hydrophobic interactions). On the other hand, K, < 1

implies a situation where unfavourable interactions between the polyion and the

matrix (essentially electrostatic repulsion) take place and, consequently, the poly-

electrolyte is eluted at a lower elution volume than the reference polymer. Obviously,

K, = 1is considered as pure size exclusion, i.e., when no secondary effect is observed.
Substitution of Kggc from egn. 3 into eqn. 2 yields

Vé = VQ + KSECKpr (4)

Alternatively, the experimental elution volume of the polyelectrolyte can be
expressed as

Ve = Vo + KsecV§ Q)

VE = KV, (6)

is a variable denoting a virtual pore volume, i.e., a corrected ¥, “effectively seen” by
the macromolecule because of the secondary effects taking place. Some comments
deserve to be made on this parameter, which can be regarded as a descriptor of the
clution behaviour of (bio)polymers. Although ¥V, and ¥} have the same units, the
former corresponds to the geometrical volume of the pores whereas the latter, rather
than having a strictly geometrical meaning, should be correlated with the time of
residence of the sample inside the pores. In other words, V§ will be higher than V,
when the polyion residence time in the stationary phase is longer than that for an
uncharged reference polymer of the same hydrodynamic volume, owing to poly-
electrolyte—support attractive interactions. In contrast, V' will be lower than ¥, when
the polyion resides inside the stationary phase for a shorter time than a reference
polymer of the same hydrodynamic volume, owing to repulsive interactions with the
matrix. In this regard, and only for the deviations towards lower elution volumes
relative to the reference calibration, ¥} could be considered equivalent to the effective
pore volume reported by Dubin and Tecklenburg [S], ¥}, which is a measure of the
portion of the pore available to the polyion.

Concerning the procedure for the calculation of V} values, assuming that V¢
and V, values connected through a horizontal line in the callbratlon plots are com-
pared, rearrangement of eqns. 1 and 5 yields

= (Ve=Vo)(Ve= Vo)™ 'V, - Q)

where V7, corresponds to the experimental polyion elution volume and V, to the
elution volume obtained for a hypothetical uncharged standard of the same
Minl,, epcs . Asan example, Table I summarizes the V¥ values together with the related
parameters Vi, Ksec and V. calculated for NaPSS samples of different molecular
weight on U-250 at ¢, = 10 g 1! with 0.02 M phosphate buffer (pH 5.9) as eluent. It
can be observed that ¥} varies with the molecular weight of the polyion. In order to
attempt to find an empirical correlation accounting for this variation, we used an
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TABLE 1

MOLECULAR WEIGHT DEPENDENCE OF V3 FOR NaPSS AND RELATED PARAMETERS
INVOLVED IN ITS CALCULATION

Chromatographic conditions: phosphate buffer (pH 5.9, ¢, = 0.02 M) as eluent; ¢, = 10 g1~ L

M v, Kige 2 v
(kilodalton) (ml) (ml) (ml)
1.6 8.02 0.497 9.03 3.62
4.0 7.03 0.302 8.23 2.84
16.0 6.46 0.189 7.25 2.78
31.0 6.07 0.112 6.65 2.51
88.0 5.74 0.047 6.05 222

approach which regards the chromatographic secondary effects as the result of a
competition between polymer—eluent and matrix—eluent interactions. This competi-
tion can be described by the preferential adsorption coefficient, A, widely used in
polymer solution thermodynamics and recently applied to SEC of uncharged poly-
mers [21,22]. As (i) the variation of A with the molecular weight of the solvated
polymer is experimentally given by [35]

IMYE = A MY+ C ®)

where 4, denotes the preferential solvation coefficient at infinite molecular mass and
C1is a constant, and (ii) 4 is proportional to In K, [21], and taking eqn. 6 into account,
the following expression is obtained:

MYn(VE[V,) = AMY? + B ©)

where 4 and B are proportionality constants. This empirical correlation relating the
virtual pore volume, V¥, with the polyion molecular weight, will be used to test
secondary effects for NaPSS and also peptide and protein chromatographic data.

A plot of the first member of eqn. 9 vs. M'/2 should yield a straight line, for a
given mobile phase composition and injected polyion concentration, whose slope
reflects the extent of secondary effects. Thus, negative slopes can be attributed to
matrix-polyion electrostatic repulsion and positive slopes would indicate favourable
interactions (mainly hydrophobic effects andjor hydrogen bonding); if a slope near
zero is obtained, secondary effects are counterbalanced and the elution behaviour
approaches ideal SEC. :

Fig. 2 shows the plots for NaPSS on U-250 obtained under different experi-
mental conditions by varying ¢, and pH at constant ¢, = 0.02 M. V} values were
evaluated as mentioned above. As can be seen, at this ionic strength all slopes are
negative. A good correlation was observed in all instances, which supports eqn. 9.
Note, however, that some deviations appear corresponding to elution volumes out-
side the linear portion of the calibration graphs. For a given pH, ion exclusion is
attenuated as the polyion concentration increases up to ¢, = 10 g 17!, a value that
was considered as an upper limit to prevent the appearance of viscous fingering [13].
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Fig. 2. Plot of eqn. 9 for the chromatographic data obtained for NaPSS on U-250 at ¢, values of (M) 0.1,
(O) 1.0 and (@) 10 g1~ ! using 0.02 M phosphate (pH 7.0 and 5.9) and acetate (pH 4.0) buffers as eluents.

On the other hand, a decrease in pH causes a diminution in polymer—support electro-
static repulsion, which has been previously explained on the basis of protonation of
residual carboxyl groups on the matrix. Thus, at pH 4.0, for ¢, = 10 g 17!, a slope
near zero is obtained even at this low ionic strength, which allows operation under
quasi-ideal SEC conditions. This confirms the low activity of this gel, especially when
compared with other commercially available hydrophilic supports.

In order to test eqn. 9 in the zone of the plot corresponding to positive slopes
(hydrophobic and other effects), the ionic strength of the mobile phase was increased
to 0.2 M. Fig. 3 shows a comparison of the chromatographic behaviour of NaPSS
(analysed through eqn. 9) on U-250 and I-250 using 0.2 M acetate buffer (pH 4.0) as
eluent. A good fit was observed for the different ¢, values applied. Note that under
these conditions the behaviour on the polymer-based support was quasi-ideal, a slight

N
S sof T ! ' " U-250
o
£ 0 == ——
g
o
»>Q|>¢l-|08- ! L I n L
o
= 1-250
>
= 100}
-200} ,

1 1 1 1
100 200 300 400 500
2 vz -lr2
M7, “mol
Fig. 3. Comparison of the plots of eqn. 9 obtained for NaPSS at different concentrations on U-250 and
1-250 using 0.2 M acetate buffer (pH 4.0) as eluent. Symbols as in Fig. 2.
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concentration effect being apparent. It must be pointed out that although this plot
plausibly offers a more precise way to analyse deviations from ideal SEC under any
given experimental conditions than conventional log M[] vs. elution volume plots, in
the region of positive slopes it does not allow an assignment of the specific contribu-
tions of operating individual secondary effects, and for this reason it is difficult to
establish unambiguously a trend for the variation of the slope with ¢, at this ionic
strength. On the other hand, it must be noted that under these experimental condi-
tions significant ion exclusion still remains when using 1-250, which corroborates a
surface residual charge density markedly higher than that for U-250.

Concerning the meaning of the variation of V¥ (or its equivalent K,) with the
polyion molecular weight, the results in Figs. 2 and 3 show that as a general trend
throughout the plot, the lower is M the closer is the value of K|, to unity (ideal SEC).
This is reflected in the negative slope zone by a decrease in V¥ (or K,) as M increases,
i.e., the ion-exclusion effect is largest for the largest polyelectrolytes. In contrast, in
the positive slope region V§ (or K,) increases when M increases, i.e., the secondary
effects (hydrophobic and other interactions) are more pronounced for the largest
molecules. It is worth mentioning in this regard that a similar qualitative dependence
of K, on M for synthetic polymers in organic media has been reported for K, > 1 for
polystyrene [36] and for K, < 1 for poly(N-vinyl-3,6-dibromocarbazole) [37], both
with tetrahydrofuran as eluent.

The results presented so far have been obtained for NaPSS, conventionally used
as a model chain-like polyelectrolyte. It has been shown that for this polyion the
expression proposed is valid when using two kinds of supports under very different
experimental conditions. However, the interest of most chromatographers using
aqueous SEC is increasingly focusing on biopolymers, particularly peptides and pro-
teins. In order to test the general applicability of eqn. 9 for the analysis of secondary
effects in the elution behaviour of these biomolecules, we selected from the literature
the set of chromatographic data reported by Irvine [23]. That study can be considered
as a suitable framework to check eqn. 9, because a wide variety of peptides and
proteins covering a molecular weight range from 574 to 66 000 g mol ! were eluted
with mobile phases of widely varying composition. Briefly, the author reported on the
elution of the biopolymers on a-TSK G2000SW column with eluents of low pH
containing different concentrations of phosphoric, trifluoroacetic or heptafluorobu-
tyric acid as ion-pairing agents.

In order to test eqn. 9, two approximations were made. First, log M instead of
log M[n} was used in the calculation of V¥, obtained in a similar way to that men-
tioned above. Second, as absolute uncharged standards (e.g., dextrans, PEO) were
not employed in Irvine’s work, we were obliged to select one. calibration graph
(among the reported) as a relative reference system, namely, 0.1 M phosphoric acid as
mobile phase (see Fig. 2C in ref. 23). This eluent composition presumably permitted a
minimization of secondary effects because of both an effective charge screening of the
biopolymer (owing to the moderately high ionic strength) and the low hydrophobicity
of this ion-pairing agent relative to the other acids used.

Fig. 4. depicts the fitting of the data from Irvine’s paper (see Fig. 2 in ref. 23)
taking the above assumptions into account. Inspection of Fig. 4 reveals that as both
the ionic strength and hydrophobicity of the ion-pairing acid increase, the slope shifts
from negative towards positive values. Some considerations can be made in relation
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Fig. 4. Plot of eqn. 9 for a series of different peptides and proteins eluted on TSK G2000SW with eluents of
low pH containing different concentrations of phosphoric acid (O = 0.005 M; A = 0.02 M), trifluoroacet-
icacid (O = 0.005M; V = 0.0l M; ¥ = 0.015 M, ¢ = 0.02 M) or heptafluorobutyric acid (¢ = 0.005
M; M =00l M, A =0015M, ® = 0.02 M) as ion-pairing agents. A mobile phase consisting of 0.1 M
phosphoric acid was taken as a reference corresponding to the horizontal line in the plot. Primary chroma-
tographic data were taken from ref. 23.

to the secondary effects taking place under each particular chromatographic condi-
tion. First, the fits are in general good in the negative slope zone, where the predom-
inant interaction induced by the very low pH of the mobile phase is likely to be an
electrostatic repulsion between the positively charged silica-based support (as sug-
gested by the author) and the peptides and proteins exhibiting net positive charge.
Second, in the positive slope zone hydrophobic interaction is likely to be the main
secondary effect taking place. However, the fits in this instance are in general not as
good. A possible explanation for this behaviour could be that the biopolymers under
these conditions exhibit at least two kinds of hydrophobic sites on the surface: on the
one hand the non-polar chains of the ion-paired acid molecules, and on the other
specific surface hydrophobic patches which can vary widely both in nature and top-
ological distribution from one protein or peptide to another. It can be easily under-
stood that the physico-chemical processes underlying surface recognition and interac-
tion of different ion-paired proteins with the chromatographic matrix are complex
and that deviations from linearity due to intrinsic biopolymer heterogeneities are not
surprising. Anyway, a general trend is clearly observed in the plot in the positive slope
region, so that an increase in ion-pairing acid concentration and replacement of
trifluoroacetic by heptafluorobutyric acid give rise to an increase in the slope.
Finally, it is worth mentioning that a functionality similar to that in eqn. 9 has
been reported [38] for the elution behaviour on a size-exclusion support of another
type of biopolymer, namely double-stranded DNA restriction fragments, of great
interest for biotechnologists and molecular biologists. In particular, for large DNA
fragments, an anomalous retention behaviour of unknown mechanism was observed
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where the retention parameter increased as a function of L2, L being the chain
length of the DNA fragment. Again, it is apparent that the interpretation of non-ideal
SEC elution behaviour of biopolymers, including peptides, proteins and polynucleo-
tides, is particularly complicated when the mobile phase composition strongly fa-
vours compatibility between the support and the solute and that more sophisticated
treatments are needed to quantitatively account for the different interactions involved
in deviations from pure size exclusion.
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High-performance liquid chromatography of amino acids,
peptides and proteins

CX“. Principal component analysis of four sets of group
retention coefficients derived from reversed-phase high-
performance liquid chromatography of peptides

M. C.J. WILCE, M. I. AGUILAR and M. T. W. HEARN*

Department of Biochemistry and Centre for Bioprocess and Technology, Monash University, Clayton, Victo-
ria 3168 ( Australia)

ABSTRACT

Principal component analysis procedures have been used to further characterise peptide retention
behaviour in reversed-phase (RP) high-performance liquid chromatography. In particular, the analysis was
performed with four new scales of group retention coefficients (GRCs) in conjunction with fourteen phys-
icochemical descriptors of the side chain functionalities of the twenty naturally occurring amino acids. The
results demonstrate a negative correlation between GRCs derived from peptide retention data with RP-
CI8 or RP-CB stationary phases and aqueous trifluoroacetic acid-acetonitrile solvents and amino acid
parameters which describe electronic characteristics. Conversely, there was a positive correlation between
GRCs derived from peptide retention data with a RP-CI18 stationary phase and aqueous trifluoroacetic
acid-acetonitrile-2-propanol mixtures and amino acid parameters related to steric and volume character-
istics. These results are interpreted in terms of the solvophobic theory. The relevance of quantitative
structure-retention relationships to the mechanistic basis of peptide and protein interactions with chroma-
tographic surfaces is discussed.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) has in
recent times become the most widely used technique for the purification of peptides
and polypeptides. In addition, the use of RP-HPLC has enabled various physico-
chemical parameters associated with peptide and protein surface interactions and
folding hierarchies to be evaluated rapidly and quantitatively [1].

Despite the ever increasing usage of RP-HPLC for the separation and analysis of
peptide and proteins fully developed mechanistic models are not yet available to
describe the interactive processes that occur between the non-polar stationary phase,

¢ For part CIX, see ref. 23.

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.,
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the mobile phase and the peptide or protein solute. The development of such physical
models would provide the basis for significant improvement in the practical
application of optimisation protocols. In addition their development would enable
elucidation of the key parameters that control the physicochemical basis of peptide
and protein binding to hydrocarbonaceous surfaces.

Solvophobic theory, as developed by Sinanoglu and co-workers [2-6] and
adapted by Horvath and co-workers [7,8] for isocratic reversed-phase chromato-
graphy, endeavours to provide a mechanistic and thermodynamic basis for the
interpretation of solute, solvent and stationary phase interactions in reversed-phase
chromatographic systems. While providing insight into the overall free energy, AG°,
considerations that control the RP-HPLC retention process, the practical implementa-
tion of solvophobic theory can present difficulties. For example, full evaluation of
solvophobic parameters requires inter alia knowledge of the values of the micro-
thermodynamic surface tension and dielectric constant of the mobile phase. For
multicomponent eluents such values are not generally available from literature
sources. The lack of practical and accessible mechanistic models has forced most
investigators to rely upon non-mechanistic, empirical models to describe peptide or
protein retention behaviour with non-porous and porous, chemically modified
n-alkylsilicas. The most fully developed and available of these models is the Linear
Solvent Strength (LSS) gradient model as originally developed by Snyder [9,10]. This
model provides a quantitative basis for the evaluation of peptide and protein retention
behaviour under ideal reversed-phase conditions and allows a rational selection of
chromatographic parameters in order to achieve a set of optimal chromatographic
conditions. While the LSS retention model provides a useful basis for the optimisation
of peptide or protein separation it does not allow the assessment of the fundamental
physicochemical and structural parameters of the biosolute which underlie the
retention process.

~ One approach that can be employed to elucidate the biosolute parameters which
control the interaction of peptides and proteins with the reversed-phase chromato-
graphic environment is to examine chromatographically derived amino acid retention
coefficients. We have previously developed four new sets of chromatographically
derived retention coefficients [11] which allow a more detailed analysis of reversed-
phase retention processes involving peptide or protein interactions than previously
reported hydrophobicity coefficients. Central to the development of these new group
retention coefficients (GRCs) were a number of important considerations, including:
(1) each of the four sets of retention coefficients were derived from peptides eluted from
different chromatographic systems with well defined aquo-organic mobile phase
conditions and n-alkylsilica stationary phases, (2) they were derived from the
reversed-phase retention data of more than 1300 peptides which in effect produce
coefficients that represent the RP-HPLC retention characteristics of each amino acid
in a wide range of peptide environments, (3) the retention data used to calculate the
coefficients are measures of the dynamic interaction of the peptide with the alkyl
chains of the stationary phase, and (4) the large number of peptide examples were
required to provide a high level of statistical significance.

The various chromatographic systems included in the development of these new
GRCs included three different chemically bonded n-alkysilica reversed-phase station-
ary phases, namely, RP-C18, RP-C8 and RP-C4, and two different organic solvents in
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the aquo—organic mobile phase, acetonitrile (ACN) and 2-propanol-~ACN. The range
of experimental conditions used to derive the GRCs thus aliows the influence of these
different mobile and stationary phases on the GRCs to be assessed. The derivation and
implications of these coefficients have been described-in detail previously [11].

This study explores the fundamental physicochemical parameters that underlie
the retention process with peptides in each of the four chromatographic systems. Each
of the four sets of GRCs were examined with principal component analysis in
conjunction with a range of fundamental parameters that describe the various
characteristics of the amino acid side chains. This detailed analysis allows the retention
coefticients to be resolved down to fundamental parameters that can be related to
overall properties of the amino acid side chains in a peptidic environment and a specific
chromatographic condition.

MATERIALS AND METHODS

The GRCs used in this study were derived from the retention data of over 1300
peptides, as described previously [11]. In this study, four sets of GRCs are considered.
Each of the four sets of GRCs has been generated from peptides eluted from different
chromatographic conditions (as shown in Table I).

These four sets of GRCs were subjected to principal component analysis in
conjunction with the parameters described by Fauchere er al. [12]. The principal
component analysis was performed with use of the SPSS* program upon the Monash
University Vax computer.

RESULTS AND DISCUSSION

Theoretical considerations

According to the solvophobic theory, the physicochemical basis of the retention
processes in RP-HPLC phase is largely a result of incremental changes in the
microscopic surface tension. More specifically, the binding process can be visualised in
terms of the preferential interaction of the solute with the non-polar surface as a result
of its expulsion from the polar mobile phase of higher surface tension. A number of
factors such as size and composition of the peptide solute and the precise composition
of the mobile phase will therefore impinge upon the binding process.

TABLE 1

THE FOUR DIFFERENT CHROMATOGRAPHIC CONDITIONS FROM WHICH PEPTIDES
WERE ELUTED TO DERIVE THE GROUP RETENTION COEFFICIENTS AND THEIR ABBRE-
VIATED NAMES

Abbreviated Chromatographic conditions

name

C18 RP-C18 stationary phase; aqueous trifluoroacetic acid (TFA)-ACN mobile phase
C8 RP-C8 stationary phase; aqueous TFA-ACN mobile phase

C4 RP-C4 stationary phase; aqueous TFA-ACN mobile phase

TPA RP-C18 stationary phase; aqueous TFA-ACN-2-propanol mobile phase
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The retention of a solute in a reversed-phase chromatographic system can be
described by the isocratic retention factor, k', such that under near equilibrium
conditions:

L RT
Ik = ——— 4G +ln<PV>+tP 1)

where AG? is the overall difference in free energy of the solute between the mobile
phase and the stationary phase, V is the mean molar volume of the solvent, P is the
operating pressure, I the temperature, R the molar gas constant and @ is a constant
related to the density of the accessible ligands. The AG° term can be further represented
as:

AGO = AG?av + AG(e)s + AG\(')dw + AGgssoc + AGl(')ed (2)

where 4G2,, is the difference between the mobile phase and stationary phase in free
energy associated with cavity formation, 4GY, is the free energy change derived from
any electrostatic interactions, 4G%,,, is the free energy change caused by Van der Waals
interactions, 4G2. is the free energy change from ligate—eluite association and 4G4
is essentially a correction term for non-ideal behaviour that accounts for any other
change in the difference in the free energy of the solute moving between the mobile
phase and stationary phase.

According to solvophobic theory, the capacity factor of a solute eluted with
a particular column and eluent composition can be related to physical and chemical

properties of the solute and the mobile phase according to the following expression:

1— 2\ u? 1
l /= ’ B( s /AA
nk' =4 + ( N >v5 T v + C 3)

where the constants 4, B’ and C’ are given by

_AGawassoc | ACuaws 4.836N" (ke — D)V*y RT

+hh> @

A =9
RT RT RT PV

B/

ND/RT ®)
where N is Avagadro’s number, and
C' = Ny/RT ©)
The parameter A is defined as:

VgL = Avs (7)

where v and v, are the molecular volumes of the solute-ligand complex and the
unbound solute, respectively. The term D is the dielectric constant of the medium,



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CX. 109

while p, and o refer to the static dipole moment and the polarisability of the solute,
respectively. :

Experimentally it has been shown that the solvophobic forces which have the
greatest influence on &’ are those which are dependent on surface tension, y [7]. Eqn. 3
can therefore be simplified to

Ink' = A" + B"y 3

where A" is the sum of all the terms present in eqn. 3 which do not contain the surface
parameter and

_ NAA, + 4.836N3(k® — 1)p2?

B "
RT (€)

The parameter «° is defined as the ratio of the energy required for the formation
of a cavity with a surface area equal to solute areas and the energy required to extend
the planar surface of the liquid by the same area. The dependency of k* on the surface
tension, y and hydrophobic contact area, 44y, as described by the solvophobic theory
has been experimentally validated for low-molecular-weight solutes [7} and small
peptides [13]. In the case of small peptides, each constituent amino acid will contribute
to the overall retention according to intrinsic physical properties such as hydro-
phobicity, charge and/or polarity, size and shape. The relative magnitude of the
contribution of each residue within a peptide which is intrinsic to the experimental
retention data of a peptide solute has been derived in our previous studies from
multiple linear regression analysis of a retention data base of over 1300 peptide
retention times. These chromatographically derived retention coefficients were
therefore subjected to factor analysis to identify the underlying parameters which
control the interactive properties of each amino acid residue within a peptidic
environment. A summary of the various chromatographic conditions and the
abbreviations used to describe these conditions are listed in Table 1.

Statistical analysis of the group retention coefficients

Principal component analysis is a statistical technique used to identify a rela-
tively small number of factors that can be used to represent relationships among sets of
many interrelated variables. The aim of the present study was to derive insight into the
molecular and atomic forces behind peptide retention processes.in RP-HPLC. Each of
the four sets of GRCs were therefore subjected to principal component analysis in
conjunction with a range of independently determined amino acid parameters.

Fourteen physicochemical descriptors of the side chains of the 20 naturally
occurring amino acids were used and are listed in Table II. It has been shown
previously that these parameters describe either steric, volume or electronic charac-
teristics of the amino acid side chains [12]. The first of these steric parameters, Z, listed
in Table II describes the steric influence of the side chain in terms of complexity,
branching and symmetry, while v and v, are a function of the minimal Van der Waals
radius. The next five parameters characterise the volume rather than the shape of the
side chain. These include values for the length of the amino acid side chain; L, the
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TABLE 11

PARAMETERS DESCRIBED BY FAUCHERE ET AL. [12) THAT WERE USED IN THE PRIN-
CIPAL COMPONENT ANALYSIS

Parameter Description Factor
E Measure of steric influence, including three attributes: complexity, branching

and symmetry Steric
v A function of the minimum Van der Waals radius Steric
Vieg Smoothed steric parameter Steric
L Length of the amino acid side chain Volume
Bl Minimum width of the amino acid chain Volume
BS Maximum width of the amino acid chain ' Volume
o Polarisability of the amino acid side chain Volume
V., Normalised Van der Waals volume Volume
[ Inductive field effects Electronic
ny Number of hydrogen bond donors Electronic
N Number of full non-bonding orbitals on oxygen and nitrogen Electronic
in Number of positive charges Electronic
ip Number of negative charges ) Electronic
pK, Dissociation of hydrogens from side chains Electronic

minimum and maximum width of the side chain, Bl and BS5, respectively, the
polarisability, «, which is related to molar refractivity and is a function of the
molecular volume, and V, which is the normalised Van der Waals volume. The
remaining six parameters represent descriptors of the electronic properties of the side
chains. These include o, which describes inductive field effects, ny, the number of OH
and NH bonds, ny, the number of full non-bonding orbitals on O and N atoms, i, and
i, the number of positive and negative charges, respectively and the pK, of each amino
acid side chain. As noted by Fauchere et al. [12] these parameters probably do not
describe all the possible components of amino acid side chains, and redundancy
between individual parameters cannot be ruled out. However, these categories are
sufficient to give a reasonable indication of the major parameters that control the
chromatographic retention process and to explain the differences between the four sets
of retention coefficients.

The initial statistics of the principal component analysis indicated that five
factors described approximately 85% of the total variance of the fourteen parameters
plus the four sets of retention coefficients. The pattern of factor loading is displayed in
Fig. 1. Factor loadings in the rotated factor matrix of less then 0.35 were set to zero.
The first factor (factor 1) which includes the TPA set of retention coefficients, also
contains parameters that are related to steric and volume parameters of the amino acid
side chains. Factors 2 and 4 do not contain any of the retention coefficient sets.
However, these factors validate the analysis in that factor 2 represents four of five
volume related parameters while factor 4 includes four of the six electronic-related
parameters. Factor 3, contains both the C18 and C8 sets of retention coefficients. This
factor has a predominantly electronic character including the number of full
non-bonding orbitals on oxygen, ny, and the number of positive charges, i,. The
results of linear correlation analysis of the four GRC scales are shown in Table IT1. The
C18 and C8 sets of GRCs have a high correlation coefficient and were expected to be
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Fig. 1. Pattern of factor loading for each of the five factors.

part of the same factor. The fifth factor, (factor 5) contains two parameters, the C4 set
of retention coefficients and o, the parameter that describes the inductive field effects
of the amino acid side chains. Table IV lists the percentage of the total variance
accounted for by each of the 5 factors. Five factors were chosen because they
accounted for all four of the group retention coefficient scales and further, each of
these five factors provided a significant contribution of the total variance of the
analysis [14], Table IV.

The effect of the organic modifier in the mobile phase on the group retention coefficients
The role of the organic modifier in the retention process can be analysed through
comparison of the correlation results for the C18 and TPA GRCs sets. The results of
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TABLE 111

CORRELATION COEFFICIENTS FROM LINEAR REGRESSION ANALYSIS OF THE FOUR
GROUP RETENTION COEFFICIENT SCALES

Cl18 cs8 C4

C8 0.80
C4 —005 —-0.05
TPA 0.44 030 0.I5

linear regression analysis are shown in Table II1. The data indicated that while the C18
and C8 coefficient sets had a high degree of linearity, both the C4 and TPA showed no
linearity with any of the other coefficient sets. The only difference between the C18 and
TPA retention coefficient sets (Table I), is that the peptides used to generate these two
sets of retention coefficients were eluted with a different mobile phase. The C18
retention coefficients were calculated from peptides eluted with a gradient of
TFA-ACN-water with a RP-CI18 stationary phase, while the TPA coefficients were
generated from peptides eluted with a gradient of TFA—2-propanol-ACN-water and
with the same RP-C18 stationary phase. Even though the TPA coefficients were not
generated from peptides eluted in 2-propanol but a mixture of 2-propanol-ACN any
differences in the retention process as reflected in the GRCs must be due to the
presence of 2-propanol. It is therefore the effect of 2-propanol in the mobile phase that
is controlling the differing RP-HPLC retention processes.

Table V lists the dielectric constant and solvent polarity of 2-propanol, ACN and
water for comparison. Since 2-propanol has a lower dielectric constant and solvent
polarity than ACN, charge interactions therefore appear to play a limited role in.the
solute—solvent component of the retention process in the TPA chromatographic
environment. Furthermore, it is apparent from the principal component analysis that
the parameters which are related to the TPA retention coefficient set are steric or
volume measures. Thus, these facets of the size of the amino acid side chains control
the region of the peptidic solute that can interact with the alkylsilica stationary phase in
RP-HPLC systems when 2-propanol is used in part as a co-organic modifier in the
mobile phase.

TABLE IV

THE PERCENTAGE OF TOTAL VARIANCE ACCOUNTED FOR BY EACH OF THE FIVE
FACTORS DERIVED FROM PRINCIPAL COMPONENT ANALYSIS

Factor Percentage of
total variance

1 319
2 219
3 14.1
4 10.2
5 6.7

Total  84.8
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TABLE V
DIELECTRIC CONSTANT AND SOLVENT POLARITY OF 2-PROPANOL, ACN AND WATER

Solvent Dielectric ~ Solvent
constant polarity

2-Propanol  20.3 4.0
ACN 37.5 5.8
Water 80.0 10.2

The CI18 and C8 coefficients sets were generated from peptides eluted with
a mobile phase gradient of TFA-ACN-water and, stationary phases of 18 and
8 carbon alkyl chains, respectively. Fig. 1 indicates that the coefficients of the two
GRCs sets correspond in an opposing way to the electronic parameters, that is, the C18
and C8 sets have a negative correlation with the electronic parameters. In other words,
the analysis indicates that as the electronic characteristics of an amino acid side chain
increase, then the smaller will be its retention coefficient.

In terms of the solvophobic theory, the parameters which will be directly affected
by changes in the organic modifier include, D, the dielectric constant and v, the surface
tension. It is evident from the data listed in Table V that 2-propanol-ACN-water
mixtures will have a lower dielectric constant and polarity than ACN—water mixtures.
This will in turn influence the ability of the peptide solutes to interact with the solvent
molecules which will then directly impinge upon the resultant retention coefficients for
each amino acid residue. For small solutes such as amines or individual amino acids,
the dominant force behind solute-surface interactions can be related to the surface
tension of the mobile phase and the hydrophobic surface area of the solute [7]. In
addition, the parameters related to the dipole moment, y, the polarisability, a, and the
molecular volume, v, of each constituent amino acid residue within a particular peptide
sequence will be closely dependent on the properties of the mobile phase and the
neighbouring amino acids within the peptide. As a consequence, there is a fine balance
between the relative contribution of all the possible factors involved in the retention
process. The resuits of principal component analysis reveal that for peptides eluted
with TFA-water—ACN mixtures, there is a negative correlation between the amino
acid GRCs and the electronic properties of each residue. This can be contrasted with
the positive correlation between the GRCs and the steric and volume properties of
amino acids with peptides eluted with TFA-water-ACN—-2-propanol mixtures. Thus
in relative terms, the residues with high dipolar characteristics contribute less to
retention as they can interact more easily with the relatively polar solvent molecules. In
contrast, in the presence of 2-propanol, the larger residues interact more strongly with
the stationary phase rather than the mobile phase. This behaviour can be understood
in terms of the solvophobic theory if one considers the solvent cavity created about the
solute. Because 2-propanol has a low dielectric constant, D, charge or dipole
interactions between the sotute and solvent will be minimised. Therefore, the solvent
forming the wall of the cavity will become more ordered than the bulk solvent, thus
reducing the entropy, 48°, of the system. The change in free energy of any system is
related to the change in entropy as follows:

AG® = AH® — TAS® (10)
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where AH° is the change in enthalpy. Any decrease in entropy is energetically
unfavourable. Thus, it is energetically unfavourable in terms of entropy for a cavity to
be formed around larger amino acid side chains. As a consequence a favourable
decrease in 4G® will occur upon binding to the stationary phase sorbent. Our findings
are in accord with the results predicted by the solvophobic theory since eqns. 3-6 show
that there should be a linear relationship between the solvent dielectric constant and
log k'. Moreover, similar conclusions have been reached by Horvath et al. [7], and,
Fausnaugh et al. [15] from studies of proteins eluted from reversed-phase and
hydrophobic interaction chromatographic sorbents.

The effect of alkyl chain length on the group retention coefficients

Further examination of the results of the principal component analysis indicated
that the C18 and C8 retention coefficients are negatively correlated to two electronic
parameters in factor 3, while the C4 coefficients are positively correlated with the
electronic parameter ¢, inductive field affect, factor 5, Fig. 1. These three coefficient
sets were generated from peptides eluted with the same mobile phase, a gradient of
TFA-ACN-water. It is therefore the differing length of the n-alkyl chain (i.e., C4
versus C18 or C8) of the stationary phase ligands that is controlling the retention
processes observed between C18 and C8 retention coefficients, and the C4 coefficients.
Since the C18 and C8 coefficients show a strong linear relationship with each other the
solute retention processes are very likely to be similar.

The similarity of the C18 and C8 retention coefficients and their differences with
the C4 coefficients have been previously observed with retention behaviour of peptides
[11]. For example, the retention behaviour of a family of paracelsin peptide analogues
were examined under isocratic conditions on a series of reversed-phase sorbents which
varied in alkyl chain length from C1 to C18. Plots of k' versus chain length showed
a retention maxima between # = 2 and 4, which was followed by a significant decrease
for n < 5 carbon atoms [16]. In addition, nuclear magnetic resonance studies have
documented differences in the dynamic structure of the C18 (or C8) and C4 n-alkyl
ligands [17]. From measurement of the spin lattice relaxation times of reversed-phase
ligands with a range of alkyl chain lengths it was found that the RP-C4 alkyl ligands
had a far more rigid conformation than the 18- and 8-carbon alkyl ligands. The
extreme rigidity of the RP-C4 alkyl ligands could mean that this stationary phase
provides an essentially planar surface for the interaction of the solute with the
stationary phase. However, since the RP-C4 retention coefficients only account for
6.7% of the total variance of the principal component analysis and because these
coefficients were correlated with only one other parameter, it is difficult from these
data to draw more specific conclusions on the factors which are important in the
interactions of peptide solutes with C4 stationary phases.

CONCLUSIONS

A large number of chromatographically derived amino acid hydrophobicity
coefficients have been published in recent years (for compendia see refs. 11 and 18).
The main use for these scales has been associated with the prediction of the retention
position of peptides of known amino acid composition or alternatively for the
prediction of internal and external areas within a protein structure through the
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analysis of hydropathy profiles [11,18,19]. However, there has been no detailed
analysis of the precise physicochemical basis of the retention coefficients in terms of
the underlying forces which control the peptide-stationary phase interaction. It is
evident from the present study that the relative interactive potential of peptides is
intimately dependent on the specific nature of both the stationary phase ligand and the
mobile phase composition. While this result is anticipated on the basis of the large
body of literature on the empirical separation of peptides by RP-HPLC and
solvophobic theory, the present study characterises more completely the complex
nature of peptide-surface interactions in more quantitative terms. Furthermore, it has
been assumed previously that a single coefficient value will represent the binding
contribution capacity of an individual amino acid in all possible sequence arrange-
ments. This assumption is clearly untenable in view of the results of the present study as
well as examples [18,20] which demonstrate chromatographic resolution between
peptides of identical amino acid composition but different sequences. These experi-
mental observations simply reflect that the interaction of peptides with chromato-
graphic surfaces is orientation specific. The results of the present study will thus
underpin further investigations to unravel the physicochemical factors which deter-
mine the ability of amino acid residues within a particular peptide sequence to
participate in the binding process. Such studies on the atomic and molecular forces
which determine the contact region(s) of peptides and proteins in the adsorptive modes
of HPLC {21,22], including RP-HPLC are currently underway in these laboratories.
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High-performance liquid chromatography of amino acids,
peptides and proteins

CXI“. Retention behaviour of proteins with macroporous
tentacle-type anion exchangers

M. T. W. HEARN*, A. N. HODDER?, F. W. FANG and M. I. AGUILAR

Department of Biochemistry and Centre for Bioprocess Technology, Monash University, Clayton, Victoria
3168 (Australia)

ABSTRACT

The chromatographic behaviour of various proteins with Fractogel- TMAE and LiChrospher-
TMARE tentacle-type strong anion-exchange sorbents has been investigated. In particular, the log k versus
log 1/ (where k is the median capacity factor and ¢ is the corresponding salt concentration) dependencies
for two salt systems (NaCl and KBr) have been documented. The Fractogel-TMAE sorbent exhibited
retention characteristics in terms of relative protein charge dependencies (slope Z_) and affinity values (log
K_, which is log k at ¢ = 107% M, where ¢ is the concentration of the displacer ion) which were similar to
the more conventional anion-exchange sorbents such as the Mono-Q sorbent. However, the Z_and log K|
values obtained with the LiChrospher-TMAE sorbent were significantly decreased for most proteins.
Furthermore, proteins such as carbonic anhydrase and myoglobin were not retained at pH values up to 4
and 2 units above their pf values, respectively. These results illustrate the different adsorptive properties of
the tentacle-type sorbents compared to other monolayer or polymer layer ion exchangers in terms of
accessibility of the charged ligand and the underlying retention mechanism.

INTRODUCTION

Over the past several years, research interest in the development of specially
designed macroporous ion-exchangers with enhanced features for the analysis and
purification of proteins has been stimulated by two conceptual considerations. The
first consideration, epitomised by the work of Afeyan and co-workers [1,2], has lead
to considerable interest with micro- and mesoparticulate porous support materials of
very large nominal pore diameters, e.g. with pore diameters typically in the range
250~500 nm. [on-exchange sorbents, developed from such macroporous support ma-

4 For Part CX, see ref. 10.
b Present address: CSIRO Australian Animal Health Laboratory, P.O. Bag 24, Geelong, Victoria 3220,
Australia.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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terials, exhibit adsorption characteristics with proteins which are typified by convec-
tive rather than diffusive control processes. With this class of high-performance ion-
exchangers, high rates of protein adsorption have been reported at very high linear
flow velocities [2].

Advancements in the second consideration, namely the evaluation of new crite-
ria for the design and localisation of ligands in particular chemical environments at
the surface of macroporous support materials, has lead to significant improvements
in biomimetic affinity chromatography, immobilised metal chelate chromatography,
and ion-exchange chromatography. Arising from research in this area has been the
emergence of the so-called tentacle-type sorbents [3,4]. With this class of sorbent,
linear polyelectrolyte chains are initially introduced to the surface of a hydrophilic
support material, followed where necessary by subsequent chemical derivatisation
reactions. In a previous study, we examined the protein adsorption characteristics of
pretreated glass beads and LiChrospher Si 1000 derivatised with N-trimethylamino-
methylacrylamide (TMAE-acrylamide) according to the three-step procedure of
Miiller et al. [3,4]. With these tentacle type sorbents, the adsorption data correspond-
ed to Hill-type isotherms, with the Hill coefficients indicating an approximately Gaus-
sian affinity distribution of the binding sites for the protein. The present study extends
these investigations through evaluation of the retention dependencies of several pro-
teins chromatographed under gradient conditions on TMAE-Fractogel HW65 (Frac-
togel-TMAE) and TMAE-LiChrosper Si 1000 (LiChrospher-TMAE) sorbents with
two different displacing salt systems.

MATERIALS AND METHODS

Chemicals and reagents

'Bovine erythrocyte carbonic anhydrase, sperm whale muscle myoglobin (type
III), hen egg white lysozyme (grade 1), bovine ribonuclease A (type IIT A), bovine
insulin and piperazine were obtained from Sigma (St. Louis, MO, USA). The recom-
binant pig growth hormone (pGH) was available in highly purified form from associ-
ated studies carried out in these laboratories. The proteins were purified and charac-
terised as described previously [5]. Sodium chloride and potassium bromide (AnalaR
grade) were obtained from BDH (Port Fairy, Australia).

Quartz-distilled water was further purified on a Milli-Q system (Millipore, Bed-
ford, MA, U.S.A)). Buffers were adjusted to pH 9.60 using either hydrochloric acid
(specific gravity 1.16, AnalaR grade) or hydrogen bromide (specific gravity 1.46-1.49,
AnalaR grade) all of which were purchased from BDH.

Apparatus

All chromatographic procedures were performed with a Pharmacia (Uppsala,
Sweden) FPLC system consisting of two P-500 pumps, a V-7 injector and 278-nm
fixed wavelength UV monitor coupled to a Perkin Elmer LC1-100 integrator via a
Norton digital processor. Isocratic and gradient elution were controlled with a Phar-
macia GP-250 solvent programmer. The Fractogel-TMAE and the LiChrospher-
TMAE sorbents were obtained as prepacked columns (150 x 10 mm [.D. and 50 x
10 mm L.D., respectively) from E. Mérck, Darmstadt, Germany. The Mono-Q sor-
bent, as prepacked columns, (50 X 5 mm I.D.) was obtained from Pharmacia. The
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prepacked LiChrospher- and Fractogel-TMAE and Mono-Q columns were inter-
faced with the UV detector by zero dead volume connectors. Samples were injected
using Scientific Glass Engineering glass syringes at a protein concentration of 5 mg/
ml, typically as 10-100 yul injections. The protein solutions were prepared in the
elution buffer and prefiltered through 0.22-um ACRO LC13 Gelman filters.

Chromatographic procedures

The composition of the eluent was 20 mA piperazine, pH 9.60 (eluent A),
containing up to 300 mA/ diplacer salt (eluent B). All eluents were filtered through
Millipore 0.45-um cellulose acetate HAWP04700 filters and degassed. Eluents were
used for a maximum of two days before replacement. Protein solutions were prepared
by dissolving the purified protein in eluent A at a concentration of 5 mg/ml, and
filtered through 0.22-um ACRO LC13 filters (Gelman Sciences, Sydney, Australia).
All chromatographic measurements were replicates (1> 5). With the gradient elution
experiments, the gradient time was varied between 17.1 and 171 min with a constant
flow-rate of 1 ml/min. The column dead time was obtained from the retention time of
a salt breakthrough peak whilst the gradient elapse time for the different columns was
also determined from plots of the conductivity versus time. Column effluent conduc-
tivity was measured with a Radiometer Cdm3 conductivity meter equipped with a
CDC304 glass electrode. All chromatographic measurements were carried out at
ambient temperature (ca. 20°C). At the start of each day, columns were equilibrated
using a step elution protocol with the relevant eluent combination for at least 60 min.
The gradient retention parameters b, log k and log (1/¢) (where b is the gradient
steepness parameter, k is the median capacity factor and ¢ is the corresponding salt
concentration) were calculated using the Chromcalc program, developed in this lab-
oratory and written in BASIC for IBM XT or AT computers as previously described
[5]. Retention data (log k and log 1/¢) were subjected to iterative regression analysis to
determine the slope (Z,) and the log k value at ¢ (concentration of the displacer ion)
= 10"° M (log K,).

RESULTS AND DISCUSSION

It is well known that a large variety of mobile phase parameters can be used to
influence the retention behaviour of proteins in high-performance ion-exchange chro-
matography (HPIEC). In particular, variation in the pH and the nature and concen-
tration of the displacing salt are widely used to affect improvement in resolution and
recovery. Studies over many years have documented the importance of choosing the
most appropriate displacing ion and co-ion in HPIEC. Important aspects of this
selection relate not only to the relative affinity of the ion/co-ion for binding to the
sorbent, but also what kosmotropic or chaotropic characteristics the individual ions
manifest with regard to the water structure associated with the protein [5,6]. In the
present study, we were thus interested to compare the influence of K Br as a displacing
salt with the more conventional, and popular, choice, NaCl, on the retention beha-
viour of several proteins eluted from the Fractogel-TMAE sorbent and the Li-
Chrospher-TMAE sorbent. Further, we wished to compare the behaviour of these so
called ‘tentacle’ sorbents with the widely used microparticulate sorbent, Mono-Q.
The physical characteristics of these columns are summarised in Table I. The proteins
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TABLE I
ANION-EXCHANGE RESIN COLUMN CONFIGURATIONS

Sorbent Column length  Column diameter ~ Particle diameter ~ Pore size
(mm) (mm) {(um)® A&
Fractogel-TMAE 150 10 25-40 650
LiChrospher-TMAE 50 10 5 1000
Mono-Q 50 5 10 800

« Nominal particle diameter as indicated by the manufacturer.

listed in Table II were eluted from the two ‘tentacle-type’ anion exchangers by gra-
dient elution from 0-300 mM of displacing salt, using gradient times ranging from
17.1 to 171 min at a constant flow-rate of 1 ml/min. Similar conditions were used for
the Mono-Q experiments. The retention data were evaluated according to the de-
pendency of log k on log 1/¢ according to the relationships derived [5,6] from the
Linear Solvent Strength Model, namely,

logk = log K + Z log l/c

where % is the median capacity factor of the biosolute, i.e. the capacity factor of the
biosolute at the mid-point of the column under gradient elution and ¢ is the median
concentration of the displacing salt. The slope parameter (Z;) can be taken as a
measure of the average number of charges located in the contact area (ionotope)
established between the protein and the sorbent surface. Tables IIT and IV summarise
the results of this evaluation using NaCl and KBr, respectively. These Tables also
include comparative data from the published literature for several of the proteins
eluted with the same salts and gradient system from the Mono-Q sorbent. Values of

TABLE II ,
PHYSICAL PROPERTIES OF PROTEINS

Protein Abbreviation p! Molecular weight

(source)

Ovalbumin ov 4.70 43 000
(hen egg white)

Insulin INS ’ 5.32 5700
(bovine pancreas)

Carbonic anhydrase CA 5.89 30 000
(bovine erythrocytes)

Growth hormone GH 6.70 22 100
(porcine recombinant)

Myoglobin MYO 7.68 17 500
(sperm whale muscle)

Ribonuclease A RIB 9.60 12 640
(bovine pancreas)

Lysozyme LYS 11.00 14 300

(hen egg white)
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TABLE III
RETENTION PARAMETERS FOR PROTEINS ELUTED WITH NaCl

Protein Mono-Q Fractogel-TMAE LiChrospher-TMAE
Z, log K, Z, log K, Z, log K,
ov 9.4 51.3 7.0 37.4 1.4 6.7
INS 5.4 28.8 32 17.1 1.3 5.7
CA 3.1 17.3 2.4 11.8 Not retained
GH 31 16.0 4.6 23.5 0.8 3.5
MYO 46 17.0 33 16.1 Not retained
RIB 1.6 7.7 2.7 12.8 0.7 2.1
LYS 1.5 6.0 Not retained 49 24.3

log K., which were determined by extrapolation of the log k versus log (1/¢) plots to
the limit case of ¢ — 1078 M, are also included in Tables ITT and IV, Log K. values
also provide some indication of the relative influence of experimental conditions on
the affinities of protein solutes for the particular sorbent. Figs. 1-4 show the results of
the elution behaviour of the test proteins over a range of ionic strengths for the
Fractogel-TMAE and LiChrospher-TMAE sorbents.

Several observations can be made on the basis of the results shown in these
figures and the derived values of Z, and log K, shown in Tables III and IV, about the
retention behaviour of the selected proteins with these sorbents. The net-charge con-
cept [7] has been widely used as a basis to predict the retention properties of proteins
in both anion- and cation-exchange chromatography. According to this model, for
strong anion-exchange systems, a protein will be retained when the solvent pH is
greater than the pJ of the protein. Inspection of the data, listed in Table III with NaCl
as the displacer salt, reveals that this concept is not universally followed, with anoma-
lous results observed for this group of proteins with the Mono-Q resin. For example,
both the Z, and log K. values of the proteins decreased as the p! of the protein solute
approached the pH of the solvent (pH 9.60). However, RIB and LYS, which have p/
values equal to 9.60 and 11.00 respectively, exhibited significant retention on the
Mono-Q sorbent. These results are in accord with the non-uniform distribution of

TABLE IV
RETENTION PARAMETERS FOR PROTEINS ELUTED WITH KBr

Protein Mono-Q Fractogel- TMAE LiChrospher-TMAE
z, log K, z, log K, VA log K,
ov 9.5 48.9 72 377 1.6 12
INS 3.9 20.9 2.8 14.8 1.6 6.5
CA 5.6 28.4 2.4 7.0 . Not retained
GH 39 20.2 4.0 20.6 0.7 238
MYO 48 242 1.9 8.5 Not retained
RIB 0.8 3.5 1.6 7.1 0.4 1.7

LYS 33,10 10.2,53 : Not retained 1.9 10.1
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log k
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0.5 1.0 1.5 2.0 2.5 3.0

log 1/S

Fig. 1. Plots of log k versus log 1/¢ for proteins eluted on the Fractogel- TMAE column with NaCl as the
displacer salt. The plots were derived from gradient elution data at pH 9.60, a flow-rate of 1 ml/min, with
gradient times between 17.1 and 171.1 min. See Table II for code to protein solutes, and Table I for the Z_
and log K, values obtained from these plots. O = MYO; ® = OV; A = GH; A = CA; 0 = IN§; @ =
RIB.

negatively charged amino acids on the protein surface which generate patches of
negative charge through which binding of the protein to the stationary phase surface
may occur.

Comparison of retention properties of the test proteins on the Fractogel-
TMAE and LiChrospher-TMAE sorbents reveals several interesting behavioural fea-
tures. Firstly, OV shows similar retention behaviour on the Fractogel-TMAE and
Mono-Q sorbents, but the Z, and log K, values for OV diminished significantly with
the LiChrospher-TMAE sorbent. This finding is surprising considering the p/ of OV
(4.70) is almost 5 pI units lower than the solvent pH. Similar behaviour was also
observed with GH, and also for CA and MYO which were both unretained on the
LiChrospher-TMAE sorbent. In contrast, the more basic proteins RIB and LYS were
still retained on the LiChrospher-TMAE sorbent. Clearly, the density and/or the
accessibility of the positively charged ligands on the silica based LiChrospher-TMAE
tentacle support differ from that on the Fractogel-TMAE sorbent. These differences

1.5
1.0+ LYS
" NS RB
057 o GH
fx
g* O
0.0+ A A
A
-0.51
-1.0 t + + +
0.5 1.0 1.5 2.0 2.5 3.0
log 1/

Fig. 2. Plots of log k versus log 1/¢ for proteins eluted on the LiChrospher- TMAE column with NaCl as the
displacer salt. See legend to Fig. 1 for other details. .
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log 1/T

Fig. 3. Plots of log k versus log 1/¢ for proteins eluted on the Fractogel-TMAE column with KBr as the
displacer salt. See legend to Fig. 1 for other details and Table IV for the Z, and log K, values obtained from
these plots.

in retention behaviour observed for these tentacle sorbents reflect the composite effect
of the ligand environment. In the case of the LiChrospher-TMAE sorbent, the N-
trimethylaminomethylacrylamide chains are introduced Via a pre-existing glyceridyl-
propylsilane coverage of the silica surface, which will clearly represent a different
chemical environment of hydroxyl groups to that occurring with the polydisperse
hydroxy environment of the Fractogel HW65. In addition, the polymer character-
istics of the silica or Fractogel matrix itself will engender secondary effects. A possible
consequence of these effects is that other forces such as hydrophobic interactions may
contribute to the interactive process. Depending on the quality of the glyceridyl-
propylsilane coverage of the silica surface, residual silanol groups could also influence
the retention behaviour, particularly with basic proteins such as LYS. In an associ-
ated study [3] we have shown that high coverage glyceridylpropyl silicas similar to
those used in the present investigation do not however exhibit significant adsorption
of proteins attributable to free silariols under elution condltlons commonly used for
ion exchange.

. Lys

INS
+ a
0.5 oo RIB

logE‘

0.5 1.0 1.5 2.0 25 3.0
log 1/¢

Fig. 4. Plots of log k versus log 1/¢ for proteins eluted on the L1Chrospher-TMAE column w1th KBr as the
displacer salt. See legend to Fig. 3 for other details.
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Fig. 5. Plots of retention time (7, versus equilibration time for OV and CA eluted on the Fractogel-TMAE
column. The data were derived with a gradient time of 34.5 min and flow-rate of 1.0 ml/min and NaCl as
the displacer salt.

The influence of the chaotropic salt KBr on the Z, and log K, values of the test
proteins is listed in Table IV. According to the stoichiometric displacement model,
the displacement of a protein solute from the charged surface is accompanied by the
adsorption of a stoichiometric amount of displacer counter-ion. As a consequence, Z,
values should be independent of the chemical nature of the displacer ion and differ-
ences in log K. should reflect the relative affinity of the counter-ion for the anion-
exchange sorbent. Comparison of the Z; and log K, values for Fractogel-TMAE with
both displacer salts reveals that similar behaviour was observed for all proteins on
this resin. Similar Z, and log K, values were also observed for all proteins except LYS
when eluted from the LiChrospher-TMAE sorbent. Once again, this result would not
be -anticipated for these proteins on the basis of their respective pI values i.e. their
retention behaviour is not in accord with the classical Boardman-Partridge model.
The Z. and log K, values for LYS decreased by a factor of 2 when KBr was employed
as displacing salt. Similar results were also observed previously for LYS with the
Mono-Q sorbent, and have been suggested [8] to be related to the conformational
changes associated with the interaction of KBr with the lysozyme molecule.

After 250 h of continuous chromatographic elution under isocratic low or high
salt conditions at 1 ml/min at pH 9.6, the LiChrospher-TMAE sorbent did not show

5
44
o\./°\ oV
5 : °
E 3 .
3 ™~
2 \.\. CA
1 - + +
10 20 30 40

Equilibration Time {min)

Fig. 6. Plots of solﬁte bandwith (40) versus equilibration time for OV and CA eluted on the Fractogel-
TMAE column. See legend to Fig. 5 for other details..
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any significant change in performance in terms of retention or peak shape variation.
Similar stability of retention and peak shape was noted with continuous elution at pH
9.6 with the Fractogel-TMAE sorbent. However, changes in peak shape, which were
protein specific, were noted as a consequence of the choice of re-equilibration time
following a gradient experiment. Figs. 5 and 6 show examples of the effect of re-
equilibration time with OV and CA as test proteins with the Fractogel- TMAE sor-
bent. In these experiments, a constant linear gradient time of 34.5 min at a flow-rate
of 1 ml/min was used with a mixture of OV and CA injected at the same concentra-
tion. Following each gradient run, the time taken to re-equilibrate the column from
the 100% buffer B conditions was varied from 15 to 35 min. As is evident from Figs. 5
and 6, no significant change in the retention time for either protein occurred following
re-equilibration irrespective of the re-equilibration time. However, a change in peak
width (as 40,) was evident for CA whilst the 4o, for OV showed more limited var-
iation although the trend towards smaller 40, values with longer re-equilibration
times also occurred. It can be concluded from these results that re-equilibration vol-
umes of approximately two-times the column volume will permit adequate re-condi-
tioning. Such behaviour is consistent with the flexible nature of the tentacle surface
but clearly the origin of this phenomenon requires further characterisation. However,
it can be noted that similar kinetic variations have been noted with other fuzzy
surface ion-exchange adsorption systems following regeneration, e.g. polymeric
membranes following removal of fouling components [9].

CONCLUSIONS

The experimental data obtained in this study provides the first documentation
of the retention dependencies, as revealed from the log k versus log 1/¢ plots, of
several proteins with the so called ‘tentacle-type’ sorbents Fractogel-TMAE and
LiChrospher-TMAE. As also noted in our earlier studies on the batch adsorption and
kinetics of protein adsorption with similar tentacle-type sorbents [3], the surface
properties and mode of chemical modification of the support material can strongly
influence the chromatographic performance. The LiChrospher-TMAE is derived
from the corresponding glycidylpropoxy-bonded silica with the oxirane ring opened
by acidic hydrolysis. The matrix used for the Fractogel- TMAE sorbent is, in contrast,
derived from polymerisation of various methacrylate esters with vinyl alcohol emulsi-
fiers. These two hydrophilic support materials would thus be expected to generate two
discrete classes of ‘tentacle-type’ sorbents following introduction of the individual,
linear polyelectrolyte chains of N-trimethylaminomethyl acrylamide by radical graft-
ing polymerisation initiated by Ce** ions. Differences in the chemical characteristics
of the surface of the support material, including the hydroxyl group distribution, the
effect of acrylamide monomer to hydroxyl group ratio, and the permeation of the
monomer and Ce** initiator to the inner interstices of the porous particle will all
affect the ‘tentacle’ polymer chain length, and ultimately the sorbent characteristics.
Besides confirming that these new classes of anion-exchange sorbents exhibit log k
versus log 1/¢ dependencies compatible with other microparticulate sorbents in cur-
rent use for the analysis and purification of proteins and polypeptides, these studies
also highlight the need for additional, detailed investigations on protein adsoption
behaviour with chromatographic sorbents in order to allow further improvements in
sorbent design to be affected.
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CXII*. Analysis of operating parameters affecting the
breakthrough curves in fixed-bed chromatography of proteins
using several mathematical models
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Deparitment of Biochemistry and Centre for Bioprocess Technology, Monash University, Clayton, Victoria
3168 (Australia)

ABSTRACT

Performance of a packed bed, in terms of adsorbent utilization and kinetic characteristics, was
studied for the adsorption of HSA to the ion-exchange resins, DEAE Trisacryl M and DEAE Sepharose
FF. The influence of column length, temperature and feed concentration on the shape of the breakthrough
curve has been investigated and the resulting operating capacities, ¢* measured by graphical integration.
Mathematical models prevalent in the literature have been used to extract out the kinetic parameters, the
effective diffusivity, D, and the interaction rate constant, k,, from the experimental breakthrough curves,
and these parameters have been used to evaluate the performance of the columns and to validate the
models sclected. The effect of protein size on the adsorption behaviour was also investigated using the
proteins HSA, transferrin and ferritin, determining ¢*, k,, and D from the breakthrough curves.

INTRODUCTION

Chromatographic separation of proteins relies upon the differential rates of
solute migration encompassing relative retention characteristics throughout a packed
bed. In such systems, complex mixture of proteins can be separated on the basis of bio-
physical differences, such as apparent ionic charge (ion-exchange chromatography),
hydrodynamic size (gel filtration), hydrophobicity (reversed-phase chromatography,
hydrophobic interaction chromatography), as well as on the basis of functional
differences, utilizing their preferential affinities for biospecific and biomimetic
adsorbents (affinity chromatography).

On a preparative scale, large volumes of a fermentation broth or a biological
fluid are required to be processed to extract the protein of interest. In process

@ For Part CXI, see ref. 36.
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applications, the feed is often continually loaded down a packed chromatographic bed,
the upper part of the bed, at the feed entrance, selectively adsorbing the proteins in
order of their respected affinities and diffusivities. Protein left in the bulk solution is
substantially removed by the lower layers of the adsorbent, near the exit, and the
effluent becomes essentially protein depleted, as illustrated by the curve shown in Fig.
1 (position a). At some time later the bed becomes saturated, the proteins appear in the -
effluent (position b) and the bed is then said to have reached the breakthrough point.
Protein concentration in the effluent continues to rise until the outlet concentration
reaches the value of the inlet concentration (see Fig. 1, position c). The concentration
profile emerging from the bed is termed the breakthrough curve. This type of
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ng. 1. Schematic representation of the adsorption of a protein solution to a resin in a packed bed,
progressing as bands, or adsorption zones, with the effluent concentration profile (breakthrough curve)
emerging from the packed bed.
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preparative loading (frontal chromatography) is in direct contrast to analytical zonal
chromatography, where the sample to be separated is injected in small quantities as
a pulse onto the top of the column.

Breakthrough curves represent important profiles of the processes which are
occurring down the chromatographic bed. Two characteristics of these breakthrough
curves are important in assessing the performance of the bed: firstly, the position of the
breakthrough curve which depends inter alia on the operating capacity of the
adsorbent, and secondly the shape, which can be indicative of the interaction kinetics
of the protein. In preparative chromatography, feed loading is usually terminated
when the protein concentration in the effluent exceeds a certain amount. This choice is
made to maximize the capacity of the adsorbent and minimize the amount of protein
lost in the effluent. A steep breakthrough curve is therefore desirable. Thus, with
knowledge of the adsorbent’s capacity and its adsorption kinetics, the operating
performance of the system can be optimized. This optimization becomes increasingly
more important in preparative biochromatography where high productivity and high
yield of product are paramount.

This study then represents an initial cross-examination of some of the factors
thought to influence adsorption behaviour of ion-exchange adsorbents in process
biochromatography. The parameters studied include the column length, temperature
and feed concentration, as well as the effect of the size of the protein, and were selected
to assess their effects on the breakthrough curves. Graphical integration and
mathematical models found in the literature were also used to extract out physico-
chemical parameters governing the adsorption process, from the experimental profiles
emerging from the operation of packed bed chromatographic systems.

THEORY

Equilibrium parameters of an ion-exchange resin
For a packed bed, operating at constant flow-rate, the operating capacity can be
calculated by graphical integration as seen by the relationship,

= J S = Colav 0
V=0

where ¢* = protein concentration bound to the resin in equilibrium with -Co;
Co = feed concentration, inlet concentration; C(f) = protein concentration in’ the
effluent at any time, #; ¥ = volume of feed passed through the column; ¥, = volume of
the chromatographic bed; V; = total volume passed. This graphical treatment is
applicable to high interaction rates, and is based on the concept that interaction occurs
within an adsorption zone that descends through the packed bed, see Fig. 1.
Analysis of the shape of the curve can be initially based oh visual examination. If
the adsorption process was infinitely rapid, the curve would appear as a sharp
rectangular front. However, in many situations a sigmoidal shape is commonly seen
which is the result of a complex interplay of equilibrium and non-equilibrium processes
occurring during adsorption. The curve may be steep or relatively flat or in some cases
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considerably distorted [1] as a consequence of inadequate fluid mixing along the bed,
slow kinetics of adsorption, slow diffusion of the protein, non-specific adsorption or
conformational changes of the protein. The steepness, or slope, of the profile can be
estimated from measurements of the “spread” of the curve, which is determined by the
difference between the volume throughput at 10% saturation (Vo) and the volume
throughput at 90% saturation (Vgo). For ideal, infinitely fast adsorption, the
breakthrough curve is a sharp front, the spread is minimal, and thus the difference
between Vo and Vg, is zero.

Mathematical models

A quantitative analysis of the non-equilibrium effects contributing to the shape
of the breakthrough curves is only possible if the chromatographic process can be
described in physical terms based on mathematical solutions. In this context, the
concept of a theoretical model (from the word “modus”, a measure) implies that the
process can be described by a set of equations which reflect the physical reality of the
adsorption and mass transport events. Mathematical descriptions of adsorption
processes in biochromatography first gained prominence in the 1940’s, when the local
equilibrium model was developed. The adsorption behaviour was derived from purely
thermodynamic considerations, yielding equilibrium isotherms that were based on
either a constant separation factor (for example the Freundlich isotherm), the
Langmuir equation or simply empirical relationships. Martin and Synge [2] put
forward the plate theory, directly relating adsorption chromatography in a fixed bed to
fractional distillation and extraction processes. According to the plate theory, the
chromatographic bed consists of a number of theoretical plates, and within each plate
Jocal equilibrium was established between the mobile and stationary phases. Diffusion
between the plates was assumed negligible. The equilibrium relationship between the
two phases was a linear one, with the distribution ratio being independent of the
concentration of the solutes. The plate theory has been widely used in analytical zonal
chromatography to predict peak positions and widths [3,4] but has limited application
in preparative chromatography, where the interaction between the solutes and.the
phases is no Ionger a simple linear first order process, that is, overloaded conditions
may apply.

Although simple in concept and computation, these numerical solutions derived
from the plate theory also provide little insight to the understanding of the dynamics of
adsorption. It must be remembered that the adsorption of a protein to an adsorbent is
a dynamic process: local equilibrium will rarely be achieved in this flowing system, -
partly because it takes time for the protein to reach the surface of the adsorbent, and
partly because diffusion inside a porous adsorbent can be comparatively slow.
Obviously, the slower the fluid flow and the larger the pores of the adsorbent, the more
complete the process approaches the near-equilibrium criterion.

If the process is seen then, as a series of mass transfer mechanisms operating at or
near equilibrium, the mathematical equations become a complex set of partial -
differential equations, too complex as yet to solve analytically. Other approaches to
modelling this dynamic process have therefore been concerned with simplifying the
equations, by assuming that one mass transfer mechanism predominantly controls the
adsorption, see Golshan-Shirazi and Guiochon. [5] for an extensive review. For
example, Hubble [6] describes a simple model in which all the mass transfer resistances
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except the rate of interaction have been neglected, and the mathematical equations are
solved in discrete stages down the column bed. Applying it here to ion-exchange
adsorption of protein, the model of Hubble gives the concentration of protein
adsorbed to the resin as,

_ (0= /D) @kigo + b+ /x) — (b + /x) Chigo + b — /x)e
2ki[€VI2kigo + b — /%) — (2kigo + b + /)]

where x = (b* — 4k3Coigm); b = —(k1Coi + k1gm + k); Co; = inlet concentration of
stage i, ky = forward rate constant; k, = reverse rate constant; ¢ = concentration of
adsorbed protein at any time, #; g, = maximum protein capacity of the adsorbent;
qgo = initial concentration of protein adsorbed at each stage.

Thomas [7] devised an analytical solution to the mass balance equations that
describe fixed bed ion-exchange adsorption for small solutes and fixed bed gas
adsorption. The solution is based on a second order rate of exchange, assuming all

other mass transport resistances are negligible. When applied to protein adsorption to
ion-exchange sorbents, the concentration emerging from the column can be calculated
from the sigmoidal relationship,

q @

) J(n/r,nT) 3)
Co  J(n/r.nT) + [l — J(nnT/r)] exp[(1 — 1/r) (n — nT)] _

where r = 1 + Co/Ka; n = gqukizfuo; T = [uo(Ky + Co)/(zqm)l(t — zefuo); Ky =
kalky = 1/K;; & = bed voidage; J = the integral of the Bessel function; u, = superficial
velocity; z = column length, bed height.

Arnold et al. [8] have argued that with porous particles the rate at which protein
diffuses into the interior is likely to be significant. In fact, it is conceivable that if the
protein to be purified has a large hydrodynamic radius and the pore openings of the
sorbent are small, mass transfer of the protein will be reduced due to the geometric
restraints placed upon its movement into the pores. Arnold et al. in development of
their model equations, have visualized the mass transfer steps as a number of transfer
units each acting in series. Their simplified solution is based on the assumption that the
effect of axial dispersion is small and that the rate of adsorption is infinitely fast
compared to the effects of pore diffusion. The equation for the breakthrough curve
takes the form,

1 pore Npore -t |
T-1= <Npm Nf)[d)(X) +— (1 X+ 1)}( N, + 1) 4)

where ¢(X) = 2.44 — 3.66,/1 — X; X = C(1)/Co; T = (V — e0)/(ppq*v/Co); Nopore =
15Dy(1 — €)z/riue; Ny = Krayz[uo; a, = external surface area of the adsorbent per unit
volume of the bed; C(¢) = concentration of protein in solution at any time; £; D,
effective (pore) diffusivity; K; = film mass transfer coefficient; ¢* = equlllbrlum
concentration of protein adsorbed; p, = bulk density of the adsorbent b = volume of
the adsorbent.
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For cases where the equilibrium relationship is no longer a linear one, and more
than one mechanism is proposed to operate, the interrelated equations become too
complex for an exact, analytical solution, and numerical computation offers the only
practical solution. Vermeulen [9] has outlined a solution to the mass balance equations
using an empirical approximation to the finite series arising from the equations. Fleck
et al. [10] used the finite difference method of Crank and Nicholson, basing their
solution on a constant flow pattern, and assuming a dominantly slow interaction rate
of mass transfer within the adsorbent. Katoh et al. [11] use this same technique to
evaluate the breakthrough curve from the adsorption of trypsin to the affinity
adsorbent, Sepharose 4B-STI. Garg and Ruthven [12] also used this technique for
describing the micro-diffusion during molecular sieving. Orthogonal collocation
techniques are also gaining popularity, despite the fact that the large grid system
necessary for an accurate solution often renders long computational times. Some
investigators have solved the equations by collocation techniques using various
equilibrium relationships. For example, Tien and Thodos [13] have derived solutions
for favourable Freundlich isotherm, Morton and Murni [14] for an empirical
non-linear relationship, whilst Antonson and Dranoff [15] have applied these
techniques to the Langmuir isotherm. These investigators [13-15] have all assumed
that intraparticle diffusion is the rate controlling mechanism, thus reducing the
complexity of their numerical solutions. Also using orthogonal collocation techniques,
Arve and Liapis [16] have incorporated three rate controlling mechanisms, that is,
resistances due to pore diffusion, film diffusion and the dynamics of the interaction
step, into a computational solution for the breakthrough profile. The fundamental
mass balance equation from which their solution is derived takes the form.

D PPC)  uedC(r) _ 9C(t) N <1 - e)@ )

? ox? e 0x Ot e ot

where D, = axial diffusivity; x = distance down the bed. The overall rate of change of
the amount of protein adsorbed to the sorbent, (d¢/07), is dictated by various mass
transfer coefficients and surface interaction rates. As yet there is no exact solution to
eqn. 5. There are, however, conditional solutions provided that certain terms are
neglected or that fixed values (sometimes unreasonable) are chosen for the boundary
conditions. Eqns. 2-4 represent these conditional solutions. Unconditional solutions
arise from numerical techniques, such as those developed by Arve and Liapis. Despite
the inherent pitfalls of numerical, brute-force solutions, particularly with respect to
numerical instability, and lengthy computational time, the solution of Arve and
Liapis, represents the most advanced treatment yet available for the quantification or
prediction of the adsorption behaviour of proteins. Neglecting the axial diffusion term,
D,,ineqn. 5, the numerical solution is described by Arve and Liapis [16] and is referred
to hereafter in conjunction with eqn. 5. _

It is important to recognise that each mass transfer resistance may affect the
efficiency of the adsorption process to a different extent, and thus subtle differences
may be evident in the pattern of the breakthrough curves emerging from the packed
bed. This can be seen most clearly in a pictorial representation, as shown in Fig. 2,
which compares theoretical profiles for the chemical adsorption process of small
solutes under non-linear conditions, taken from mathematical mode! solutions
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Fig. 2. Theoretical breakthrough curves for a Langmuir equilibrium equation, for different rate controlling
mechanisms. The time is taken from the moment when enough liquid has passed through to displace the
column dead volume and TMID corresponds to the time at 50% breakthrough, the midpoint. = = Fluid
film; = pore diffusion and — — — = solid film.

outlined in the literature [17]). For a particular set of operating conditions, the
differences between the curves generated from either a pore diffusion model, a solid
film resistance model or a liquid film resistance model are significant, and the greatest
difference is seen at the initial time region. Thus, if a film diffusion model were to be
used when pore diffusion restrictions were significant, large errors in predicting the
dynamic capacity could occur. To further emphasize the differences in the theoretical
predictions of the breakthrough curves incurred from different models, Fig. 3 com-
pares the breakthrough curves derived from the models used in this investigation and
outlined above. The models of Hubble [6] and Thomas [7] assume that the adsorption
is controlled by the rate of interaction, Arnold et al. [8) assume the rate limiting step is
pore diffusion, whilst Arve and Liapis [16] include three rates; an interaction rate, pore
diffusion and a film coefficient. The curves of Fig. 3 were derived for a given set of
conditions, k; = 0.0l mg/mlsand D, = 6.1 10~ *! m?/s, and for these conditions the
models of Hubble and Thomas give nearly identical curves as expected. For the same
k1, the model of Arve and Liapis predicts a shallower curve. This is because the model

C/Co

20

TIME (min )

Fig. 3. Comparison of the theoretical solutions based on the adsorption of human serum albumin to DEAE
Trisacryl M. = Hubble [6]; — —~ — = Thomas[7]; —  — = Arnoldetal.[8]and *‘*** = Arveand
Liapis [16] Co = 1.5 mg/ml, g,, = 20 mg/ml resin, K, = 56 ml/mg, uy = 0.042 cm/s,z = 1.3cm, K; =
8.107° m/s, k, = 0.01 ml/mgs.
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of Arve and Liapis includes not one but three independent rate constants, and thus the
overall resistance, which is proportional to the sum of the reciprocal of each of these
constants, will be higher. A higher overall resistance will therefore render a shallower
breakthrough curve. In other words, if one were to fit a particular experimental curve,
the best correlated value of k,, computed from the model of Hubble or Thomas, will be
low or a slow rate. The model of Arve and Liapis, will give a higher &, value, or a faster
rate, which will be a closer approximation to the true rate of interaction.

When simplifying assumptions are used to reduce the mass balance equations
from an intractable, complex form into something more manipulative, the question
then should be raised as to what the physical consequences are. Have these
assumptions any relation to the treatment of the experimental data? Are the
assumptions physically valid?

In spite of the limitations of the models outlined above, each has contributed
further towards understanding the adsorption process with biopolymers. Which
model to select to adequately characterise the process at hand depends on the
complexity of the feed stock, the integrity of the target protein and the homogeneity of
the adsorbent’s micro- and macro-structure. Moreover, the model may satisfy the
necessary conditions to provide an adequate description of the overall experimental
mass transfer resistances but not provide a sufficient condition to allow discrimination
of the individual kinetic events [5,18]. However, most important is whether the selected
model provides practical guidelines for the scale-up of the purification at the plant
level. Such a selection may in fact use a model which does not precisely reflect the
physical realities of the adsorption process. Equally relevant is the need for more
precise physical models with extensive data bases which simulate more adequately the
experimental measurements. Even with the sophisticated mathematical processing
packages which are currently available, long computational times are often required
and these theoretical methods cannot as yet accommodate the simplest error function
in process chromatography as practiced today —the inadvertent foibles of the plant
operator.

The development of the heuristic and physical criteria which will allow the choice
of a particular model remains an important and challenging task. The aim of this work
was thus twofold. Experimental data has been generated to provide an examination of
the parameters influencing the breakthrough curve, and hence the efficiency of the
chromatographic column, with specific reference to the effect of column length,
temperature, concentration and the pore to protein size ratio. These data have then
been used to test the efficacy of four of the models discussed above. The solutions of
Hubble (eqn. 2), Thomas (eqn. 3) and Arve and Liapis (eqn. 5) have been adapted to
obtain the interaction rate constant, k,, for several proteins to an anion-exchange
sorbent, whilst the values for effective diffusivity, D,, were extracted from the solutions
of Arnold (eqn. 4) and Arve and Liapis (eqn. 5) for human serum albumin (HSA) with
two different anion-exchange sorbents.

The effect of operating parameters

Van Deemter plots, showing the dependence of column efficiency, measured in
terms of height equivalent to a theoretical plate (HETP) on the flow velocity are
abundant in the literature [19,20]. The adverse effects of operating packed bed
chromatographic systems at high flow velocities are clearly evident from such plots. To
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obtain a small HETP and therefore an efficient separation process, uniform packing of
the sorbent is essential with polydisperse particles. A significant loss of efficiency can
incur through uneven size distribution of the adsorbent causing local variation in the
bed voidage. Due to current limitations in packing technology, the problem of uneven
packing becomes increasingly severe as the bed length and diameter increases, and this
can then lead to maldistribution of the feed flow. These limitations result in shallow
and distorted breakthrough curves. The length of the column has therefore been
recognised as an important and influential parameter, and its effect on the
breakthrough curve, and hence column efficiency has been addressed here.

Another parameter thought to influence process performance is temperature. It
is known that an increase in temperature leads to a decrease in fluid viscosity, which
will render an increase in the mobility, and hence diffusivity, D,,, of protein in solution
(according to the correlation developed by Young et al. [21], D, oc 1/(MW T*/3). High
diffusivities will in turn lead to better mixing and faster mass transfer. Yamamoto et al.
[4] have shown that an increase in temperature decreases the HETP of an analytical
chromatographic column. Davies et al. [22] have shown a greater capacity in the
separation of bilirubin from albumin in ion-exchange chromatography, when the
system is operated at high temperature. From a thermodynamic point of view, this
observation is not surprising. If the process of protein adsorption to an ion-exchange
resin is exothermic, an increase in temperature will favour an increase in capacity, g*.
Indeed, the Van’t Hoff equation predicts an increase in the association constant
reflecting the change in the strength of interaction.

The effect of feed concentration on the adsorption performance is also-of
interest. Chromatographic operation in the overload mode, that is, at high solute
concentrations, has been demonstrated to improve the productivity of mass transport
in a separation process [23,24]. Why this occurs has not yet been elucidated. On the
other hand, it has been suggested that there is a dependency of protein diffusivity on
concentration. At high solution concentrations (> 1 mg/ml) the protein may have less
freedom to move about by Brownian motion because of the increased number of
molecules in solution and because of possible lateral interactions with increasing
amounts of protein bound to the resin. Lundstrom and Elwing [25] and Petropoulos ez
al. {26] have viewed the interaction of protein-protein and protein—adsorbent in terms
of surface coverage. Petropoulos et al. illustrated that the binding capacity depends on
the availability and the probability of a protein in solution finding an adsorbed protein
without any nearest neighbours, and at high coverages the availability and the
probability will be low and thus the lateral interactions will become more significant.
Thus high feed concentrations may influence the adsorption behaviour and hence alter
the shape of the breakthrough curve.

Restricted diffusion is also believed to affect the performance of an adsorbent,
and result in elongated breakthrough curves. A protein of large molecular dimensions
is therefore anticipated to experience geometric constraint as it adsorbs to the porous
resin. Furthermore, the effective aperture of the pore openings will diminish very
quickly as the large protein molecules bind. Because of these influences the effect of
protein size on the physicochemical parameters, kl and D, has also been addressed
here as part of the present investigations.
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MATERIALS AND METHODS

HSA was supplied as a 21 % solution from Commonwealth Serum Laboratories
(C.S.L.) (Melbourne, Australia), human apotransferrin, and ferritin isolated from
horse liver, were purchased from Sigma (St. Louis, MO, USA). Fresh protein solutions
were prepared with buffer the day of experimentation. For HSA and ferritin a 20 mM
sodium acetate—acetic acid, pH 5.2 buffer, was chosen, unless stated otherwise, whilst
20 mM Tris—HCI, pH 7.0 was needed to affect adsorption of apotransferrin. Buffer
salts were obtained from Aldrich (Milwaukee, WI, USA). Two weak anion-exchange
resins were used in the experiments. Pharmacia DEAE Sepharose Fast Flow (FF) was
selected as being a resin widely used in industry and therefore likely to be subjected to
the variation in operating parameters investigated in this work. DEAE Trisacry! M,
purchased from Australia Chemical Company (Melbourne, Australia) was selected for
studying the effects of pore-to-protein size because (i) of its high molecular cut-off
(according to the manufacturer), (ii) of its narrow particle size distribution and (iii) it
has been used with our previous results with good reproducibility.

Pharmacia 5/5 HR columns (0.5 cm I.D., 5 cm maximum column length) were
packed with the ion-exchange resins, DEAE Sepharose FF and DEAE Trisacryl M, to
a bed height of 1.1-4.5 cm. When studying the temperature effects the columns were
immersed in a water bath, maintained at a constant temperature. The other

Equilibration buffer Protein solution Regeneration buffer

Fig. 4. Experimental set-up for fixed-bed configuration. P = Pump; UV = UV detector; V = valve; C =
FPLC column and R = chart recorder.
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experiments were carried out at room temperature. The columns were connected to
a fast performance liquid chromatograph (FPLC) LC-500, from Pharmacia, that
enabled automated and sequential loading, washing and elution of three identical
columns. The effluent. passed through a Model 1 UV Spectrophotometer, from
Pharmacia (Uppsala, Sweden), which measured protein concentration at 280 nm, and
this was linked to a two-pen chart recorder from Pharmacid for tracing the
breakthrough curve. The experimental set-up is given in Fig. 4.

The protein concentrations were selected to ensure that the maximum capacity
of the resin was attained so-that overloaded conditions were maintained. These
concentration levels were determined from the isotherms generated from batch
experiments derived from our previous experiments [27,28]. Unless stated, a feed
concentration of 1.5 mg/ml for HSA and transferrin and 0.1 mg/ml for ferritin was
loaded onto the columns at a rate of 0.5 mi/min (¥, = 0.042 cm/s).

The theoretical solutions of eqns. 2-5 were generated by computer programs
written in PASCAL or FORTRAN on an IBM PC linked to a VAX mainframe.
Graphical integration of the experimental breakthrough curves were also performed
using the IBM PC.

Values for the film mass transfer coefficient, K;, were taken from the correlation
of Ohashi et al. [29] whilst the value for the mobile free diffusivity was calculated from
the correlation given by Young et al. [21].

RESULTS AND DISCUSSION

Influence of column length, temperature, feed concentration and protein size on the
capacity of the adsorbent and the shape of the breakthrough curve

Fig. 5 illustrates the change in the shape of the breakthrough curve for the
adsorption of HSA to DEAE Trisacryl M with decreasing column length. Here it is
clearly evident that the shorter the column, the sharper the profiles at the initial stages
of adsorption. This observation concurs with the concept that in practical terms; with
short columns consisting of preparative sorbents of broader particle diameter, the
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Fig. 5. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of bed length. The time is taken from the moment when enough liquid has passed through to
displace the column dead volume and TMID corresponds to the time at 50% breakthrough the midpoint.
O =14cm; © =23cm; 0 =2.7cm; A = 4.5¢cm; —— — = ideal.
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Fig. 6. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of temperature. z = 1.3 cm. O = 4°C; @ = 25°C; A = 60°C and — — — = ideal.

Fig. 7. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of concentration at two different lengths. B = 1.5mg/mland4.5cm; [] = 3.0 mg/mland 4.5 cm;
® = 1.5 mg/mland 1.4 cm; O = 3.0 mg/ml and 1.4 cm.

greater the likelihood that the column is better packed and an even flow established
throughout the bed, allowing a better performance. Further experiments with
non-interactive low molecular solutes acting as probes could have been used to
confirm this result.

A sharper breakthrough at the initial stage is also obtained at higher
temperatures as illustrated by the profiles for the adsorption of HSA to DEAE
Trisacryl M in Fig. 6. At high temperatures the protein solution is less viscous so that
fluid mixing within the bed is superior. A similar trend with temperature was found
when HSA was loaded ontoe a column packed with DEAE Sepharose FF (results not
shown). The influence of the feed concentration is illustrated in Fig. 7, using the
adsorption of HSA to DEAE Trisacryl M as an example. Slightly more distortion of
the breakthrough curve is evident at higher concentrations, and this might be
attributed to a decrease in the diffusion of the protein in solution. Mathematical
simulations [30] of the adsorption of protein solution onto non-porous particles, using
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Fig. 8 Experimental breakthrough curves for the adsorption of different proteins to DEAE Trisacryl M,
showing the influence of protein size. Cy = 1.5 mg/ml for HSA (A) and transferrin (O) (pH = 7.0), C, =
0.1 mg/ml for ferritin (@), z = 1.8 cm.
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modifications of eqns. | and 3, have demonstrated that with this type of sorbent there
is no change in the shape of the breakthrough curve for increasing protein
concentration. From these simulations and the experimental results it can be
concluded that the trend shown in Fig. 7 may be due to an increase in the restriction of
movement of protein into the pores. This result was investigated further in terms of the
model equation of Arnold et al. [8] and Arve and Liapis [16], as discussed later.
The effect of the protein size on packed bed adsorption was investigated using
HSA, transferrin and ferritin and DEAE Trisacryl M. The experimental profiles in
Fig. 8 represent the effluent concentration of the three proteins with respect to the
amount of protein applied to the column. The curves were matched at the midpoint
(C(1)/Cy = 0.5) to standardize the different concentration used. (Co = 1.5 mg/ml for
HSA and transferrin, whilst C, = 0.1 mg/ml for ferritin). A comparison of the curves
of Fig. 8 leads to the conclusion that the largest protein, ferritin has the sharpest front,
which is contrary to what one would expect, since one might anticipate that the slow
diffusion of the large protein would render slow kinetics and a shallow curve. In
addition, high values of the rate constants obtained for the experimental breakthrough
curves of ferritin adsorbing to DEAE Trisacryl M were calculated, see Table IV, which
corresponds to the sharp front of Fig. 8. The extremely small value for the capacity,
gm = 0.003 pmol/ml, suggests that ferritin may only bind to the external surface of the

TABLE 1

COMPARISON OF LENGTH, TEMPERATURE AND CONCENTRATION ON THE SPREAD OF
THE BREAKTHROUGH CURVE, (V,,—Vs;) AND THE AMOUNT BOUND (OPERATING
CAPACITY, ¢%)

Resin® Length ~ Temperature Concentration Vie— Voo Capacity, ¢*
(cm) 0 (mg/mI) (ml) (mg/ml)
Trisacryl M L1 53 34
1.3 6.8 45
1.6 4.4 36
23 5.3 36
2.7 6.6 32
4.5 10.5 31
Trisacryl M 4 9.4% 31°
- 25 6.1 35
60 6.1 . 39
Sepharose FF 4 8.8 36
10 9.6 38
25 6.4 ) 43
38 6.9 45
Trisacryl M 1.5 4.4 36
3.0 4.3 50
1.5° 10.5 32
3.0 13.0 33

¢ HSA adsorption.

b Standard deviation 20-30%.
¢ Standard deviation 5-17%.
¢ 1.4 cm column length.

¢ 4.5 cm column length.
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sorbent particles. If this is the case, there is no slow diffusion into the pores, so that the
overall rate, reflected in the value of k,, becomes fast.

The change in the sigmoidal pattern of the breakthrough curves of Figs. 5-8 has
been assessed from the values of Vig— Vso. As noted in the Introduction, large
V10— Voo values represent large deviations from ideal, equilibrium behaviour. Table],
compares the Vi,— Vgo values obtained from the breakthrough curves of HSA
adsorbing to DEAE Sepharose FF for different bed lengths, temperatures and feed
concentration. Although there is some experimental scatter amongst the values, it is
clearly evident that short columns (1-2 cm bed heights) have low V ,— V¢ values
whilst those for long columns (45 cm bed heights) are two-fold higher. This trend was
also seen for the DEAE Sepharose FF studied (data not shown). Similarly, the
V10— Voo values for adsorption to DEAE Trisacryl at 4°C is higher than at 60°C, and
the V10— Voo values for the adsorption to DEAE Sepharose FF at 4°C is higher than at
38°C. These results emphasize what can be seen visually, that short columns and high
operating temperatures exhibit relatively sharper breakthrough curves and hence have
smaller V,o—Vyo values. A useful evaluation of the sigmoidal characteristic of
a profile can therefore be carried out using this type of measurement.

The operating capacities, ¢*, represented in the curves of Figs. 57 were derived
using eqn. 1, and these capacities are also listed in Table I. There was found to be
a general decline in capacity with increasing column length and decreasing tempera-
ture for both the DEAE Trisacryl M and the DEAE Sepharose FF. Again, these results
for the capacities concur with the conclusions drawn from visual examination and the
V10— Voo values. The more efficient short columns bind more protein possibly due to
better bed packing ensuring superior flow patterns within the bed, and less channeling.
In addition, the short columns are less likely to undergo bed compression, which
invariably leads to a loss in operating capacity. High operating temperatures also
exhibit a higher efficiency and greater capacity, because of an inherently lower fluid
viscosity, better mixing and mass transfer.

Kinetic parameter evaluation

To use the model equations of Arve and Liapis [16], it is necessary to know
a priori the association constant, K, since this value is directly related to the forward
rate of interaction through the dynamic relationship, K, = k,/k,. The K, values used
for the purpose of these investigations were those obtained from batch experiments
previously reported [28]. It was found that the value of K, could be changed by 20%
without affecting the shape of position of the breakthrough curves obtained from
theoretical simulations. (This was also the case with the film mass transfer coefficient,
Ky). Thus the values for K, obtained from the batch experiments were assumed to be
adequate estimates of the appropriate values of K, for the column experiments. Note
however, that the maximum capacities given in Tables I and IV are lower than those
reported in our earlier studies on batch adsorption [28] because the pH of the buffer
used in the column experiments was 2 pH units less than in the batch experiments. This
may have an effect on the overall charge of the protein which may affect how much
binds to the sorbent. It has also been well established that there is a reduction in
capacity when fixed bed chromatography is used as opposed to batch adsorption
[31,32]. This loss could be attributed to bed compression and an increase in the film
layer surrounding the resin. Both these effects will lead to a decrease in the transfer of
the protein from solution to the adsorbent.
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Using the models of Hubble [6], Thomas [7] and Arve and Liapis [16], the
interaction rate constant, k,, and the maximum capacity, g.,, were obtained by fitting
iteratively the theoretical curve to the experimental breakthrough curve. Because of
long computational times, the number of curves analysed using the model of Arve and
Liapis was limited. In all cases, the maximum capacity for use in the theoretical
solutions was changed to align the theoretical curve with the experimental one at the
midpoint [C(#)/Co = 0.5]. In all cases it was necessary to change the value of k; or D,
from initial estimates to give curves of best fit, as determined by a least squares
determination. A typical comparison of the theoretically determined profile and the
experimental one is given in Fig. 9. The models of Hubble and Thomas yield very
similar curves that correlate well with the experimental curve, and the resultant rate
constants are similar. This result is to be expected since the assumptions inherent in the
models of Hubble and Thomas are the same, although the method of numerical
solution is different. The theoretical curve of Arve and Liapis fits the experimental
curve well up to 50% breakthrough, and then the theoretical and experimental curves
diverge towards the saturation point. This discrepancy between the theoretical and
experimental curve at the later stages of the breakthrough curve has been shown to
occur for several other model simulations [30,33]. It has been suggested that this
divergence is due to the presence of non-specific binding on the adsorbent or
conformational changes of the protein, two non-ideal occurrences that have not been
accommodated in the models developed to date [16,18]. The worst curve fit of our
experimental data was obtained with the model of Arnold et al., the theoretical curve
being a square root function, rather than a sigmoid (again see Fig. 9). This suggests
that this model is not suitable for predicting the adsorption process of the proteins
ferritin, HSA and transferrin to the weak ion-exchange resins, Trisacryl M and
Sepharose FF, although it has gained some success in amino acid adsorption studies
[8].

Fig. 10 shows the rate constants obtained from the models of Hubble and
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Fig. 9. Typical curve fit of the theoretical curves generated from Thomas (eqn. 3) ( -), Arnold et al.
(eqn. 4) (— — —) and Arve and Liapis (eqn. 5) (~------ ) to the experimental curve (@) of HSA adsorbing to
DEAE Trisacryl M. Cy = 1.5 mg/ml, ¢,, = 42 mg/mlresin, K, = 56 ml/mg, u, = 0.042 cm/s,z = 1.3 cm,
K = 8107° m/s.

Fig. 10. Variation of the rate constant with the bed length, from the experiments with HSA adsorbing to
DEAE Trisacryl M or DEAE Sepharose FF. The values for k; were obtained from the models of Hubble

and Thomas. O = Hubble, Trisacryl, ® = Thomas, Trisacryl, (] = Hubble, Sepharose and B =
Thomas, Sepharose. :
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TABLE 11

THE EFFECT OF THE LENGTH OF THE PACKED BED AND OPERATING TEMPERATURE ON
THE INTERACTION RATE CONSTANT, k;, AS CALCULATED FROM THE THEORETICAL
MODELS

Resin” Length  Temperature k® kS k4
(cm) O (ml/mg s)

Trisacryl M 1.3 20 0.010 0.005 0.040
4.5 20 0.002 0.002 0.005

Trisacryl M 1.3 4 —¢ 0.004" —
1.3 60 —¢ 0.006 —¢

4 HSA adsorption.

b Egn. 2 (Hubble).

¢ Eqn. 3 (Thomas).

¢ Eqn. 5 (Arve and Liapis).

¢ Not determined.

J Relative standard deviation 17%.

Thomas for the various column lengths. Other results of &, are given in Table I1. The
values of these rate constants are within the same order of magnitude as those
calculated in our previous batch experiments [28], for example, k; = 0.007-0.012
ml/mg s for HSA adsorbing to DEAE Trisacryl M, pH 6.0. These results obtained
from the Hubble or Thomas models indicate a trend of increasing & ;, with decreasing
column length, for example, when z = 1.3cm k; = 0.012 ml/mgs, whilstat z = 4.5
cm k; = 0.002 ml/mg s. The interaction rate, k,, is indicative of the interaction of
a particular protein with the functional groups on the resin, and should therefore
remain constant for increasing column lengths. These observations suggest that the
rate constants, k1, derived from the Hubble and Thomas models are lumped constants,
which incorporate but not discriminate other mass transfer resistances such as protein
diffusivities, or pore resistances. Table II also shows that there is a slight increase of k,
with temperature, and when considering the form of the Arrhenius relationship, k; =
Ae ERT " which suggests that at higher temperatures the likelihood of interaction is

TABLE 111

THE EFFECT OF THE LENGTH OF THE PACKED BED AND OPERATING TEMPERATURE ON
THE EFFECTIVE DIFFUSIVITY, D,, AS CALCULATED FROM THE THEORETICAL MODELS

Resin® Length  Temperature D} DS
(cm) (°C) (107! m/s)
Trisacryl M 1.3 20 ’ 1.10 6.1
4.5 20 0.28 6.1
Trisacryl M 1.3 4 0.39 6.1
1.3 60 0.91 6.1

4 HSA adsorption.
® Eqn. 4 (Arnold ef al.).
¢ Eqn. 5 (Arve and Liapis).
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TABLE IV

THE INFLUENCE OF PROTEIN SIZE ON THE INTERACTION RATE, AS CALCULATED FROM
THE THEORETICAL MODELS

Protein® Gom ki k¢ D
(pmol/ml) (ml/umol s) ¢ 10 1 m?%/s)

Human Serum Albumin 1.49¢ 0.12 0.10 0.7

Transferrin 0.98 0.13 0.25 1.1

Ferritin 0.003 4.51 5.14 L1

“ Adsorption to DEAE Trisacryl M.
Eqn. 2 (Hubble).

Eqn. 3 (Thomas).

Eqn. 4 (Arnold et al.).

Buffer pH 7.0.

s a6 o

greater since more molecules will have higher energy, this increase is not surprising.
Table IIT shows the effect of column length and operating temperature on the effective
diffusivity, Dy, as calculated from theoretical models. The results obtained from the
model of Arnold et al. [8] show a trend of increasing D, with decreasing column length,
and increasing operating temperature, which is similar to the effect on &, in the model
values in Table IL. The fact that D, is actually a lumped parameter of Arnold et al. may
explain this similarity.

In order to determine the effect of pore-to- proteln size on the breakthrough
curves, the adsorption of ferritin, transferrin and HSA to the DEAE Trisacryl M were
examined in independent experiments. Table IV lists the operating capacities, ¢u, the
interaction rates, k; (from eqns. 2 and 3) and the effective diffusivities (from eqn. 4) for
the three proteins adsorbing to DEAE Trisacryl M. Considering the differences in the
hydrodynamic radii of the three proteins (diameter of ferritin is about 110 A, whilst
that of HSA is 45 A) according to the correlation of Young et al. [21], the diffusion of
ferritin into the pores of the DEAE Trisacryl M is anticipated to be significantly slower
than transferrin or HSA. This behaviour in fact was observed with the capacity of
DEAE Trisacryl M for ferritin being small, 0.003 umol/ml, compared to HSA, 1.49
umol/ml, due to these geometric constraints. Moreover, it is conceivable that
adsorption of ferritin is limited to the surface of the adsorbent. Experimental capacities
for the adsorption of several other proteins, varying in molecular weights onto the
cation-exchange resin, Whatman Cellulose CM352, have also shown that capacity
decreases with increasing molecular weight of a protein [34].

Note however, that the effective diffusivities shown in Tables I1I and IV are not
significantly smaller than the correlated diffusivities of the proteins in free solution [35]
although the model of Arnold et al. which has been used to calculate these values for
D,, neglects all the other mass transfer resistances associated with adsorption.
Furthermore, the correlation between the theoretical curves of eqn. 4 and the
experimental curves was very poor, so that the values obtained should be treated with
certain scepticism.

The values for k4, from eqn. 2, also appear protein dependent, see Table IV, with
the highest value being for the largest protein ferritin. As k, is protein specific, this
difference is not surprising, and similar high values were calculated in our bath
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experiments. Furthermore, this concurs with the relative steepness of the break-
through curves of Fig. 8, where the largest protein appeared to have the sharpest front.

These results highlight the necessity for theoretical models to reflect the physical
features of the adsorption process if the derived rate constants are to have physical
significance.

CONCLUSIONS

In this investigation, the column length, temperature, protein concentration and
protein size have been varied to assess their influence on the capacity of ion-exchange
resins and on the kinetic parameters associated with an ion-exchange adsorption
interaction. Improved performance, in terms of a higher operating capacity and
sharper breakthrough curves, was seen on shorter columns. This observation has been
well known [20] in large-scale process chromatography where difficulties in packing
have been overcome by the design and implementation of “stacked” bed columns. An
increase in the temperature of the operation was also found to improve the
performance. Whilst many proteins are heat-sensitive, restricting the temperature of
the purification steps to 4-10°C, there are proteins, for example HSA, which are stable
at temperatures of up to 60°C. Operation at higher temperatures thus looks promising
in terms of increased adsorbent capacity and better fluid characteristics. A two-fold
increase in the protein concentration of the feed had little influence on the shape of the
breakthrough curve. This observation is important from a process aspect, because it
implies that a variation on the feedstock concentration, for example the HSA content
in plasma, will not unduely affect the performance. As an added bonus, an increase in
the feedstock concentration will reduce the processing time. The results from the
breakthrough curves of different proteins, reveal that the capacity of the ion-exchange
resin, DEAE Trisacryl M is smallest for the largest protein, ferritin, although the large
values obtained from the mathematical models for the diffusivities suggests that this
diffusion is surface related, and in fact ferritin adsorption is limited to the exterior of
the adsorbent.

The application of the mathematical models used in these investigations has
shown that there are still shortcomings in these models as projected in the Theory
section. That there is a need to develop further the concept of a “modus”, a physical
model that reflects the realities of the adsorption process is undoubtable. Evidence of
non-idealites are apparent in the experimental breakthrough curves and these
deviations from ideal behaviour are as yet unquantifiable using the mathematical
solutions available today.

ACKNOWLEDGEMENTS

The support of the Australian Research Grants Committee and Monash
University Research Committee is grately acknowledged.



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CXIL. 145

REFERENCES

1 F.B. Anspach, A. Johnston, H.-J. Wirth, K. K. Unger and M. T. W. Hearn, J. Chromatogr., 499 (1990)
103.

2 A.J. P. Martin and R. L. M. Synge, Biochem. J., 35 (1941) 1351,

3 E. Gleukauf, Trans. Faraday Soc., 5t (1955) 34. ~

4 S. Yamamoto, M. Nomura and Y. Sano, AIChE. J., 33 (1987) 1427.

5 S. Golshan-Shirazi and G. Guiochon, J. Chromatogr., 506 (1990) 495.

6 J. Hubble, Biotech. Tech.,’3 (1989) 113,

7 H. C. Thomas, Am. Phys. Chem. Soc. J., 66 (1944) 1664.

8 F. H. Amold, H. W. Blanche and C. R. Wilke, Chem. Eng. J., 30 (1985) B9.

9 T. Vermeulen, Ind. Eng. Chem., 45 (1953) 1664.
10 R. D. Jr. Fleck, D. J. Kirwan and K. R. Hall, /nd. Eng. Chem. Fundam., 12 (1) (1973) 95.
Il 8. Katoh, T. Kambayashi, T. R. Deguchi and F. Yoshida, Biotechnol. Bioeng., 20 (1978) 267.
12 D. R. Garg and D. M. Ruthven, Chem. Eng. Sci., 28 (1973) 791.
13 C. Tien and G. Thodos, AIChE. J., 5 (1959) 373.
14 E. L. Morton and P. W. Murni, AIChE. J., 13 (1967) 965.

15 C. R. Antonson and J. S. Dranoff, Chem. Eng. Progr. Symp. Ser., 96 (1969) 65.

16 B. H. Arve and A. 1. Liapis, Biotechnol. Bioeng., 32 (1988) 616.

17 D.M. Ruthven, Principles of Adsorption and Adsorption Process, Wiley, New York, 1984, pp. 261-268.
18 M. A. McCoy and A. 1. Liapis, J. Chromatogr., 548 (1991) 25.

19 J. R. Sportsmann, J. D. Liddell and G. S. Wilson, Anal. Chem., 55 (1983) 771

20 J.-Ch. Janson and P. Hedman, Adv. Biochem. Eng., 25 (1982) 45.

21 M. E. Young, P. A. Carroad and R. L. Bell, Biotechnol. Bioeng., 12 (1980) 947.

22 C. R. Davies, P. S. Malchesky and G. M. Saidel, Artificial Organs, 14 (1990) 14.

23 S. Ghodbane and G. Guiochon, J. Chromatogr., 452 (1988) 209.

24 J. H. Know and H. M. Pyper, J. Chromatogr., 363 (1986) 1.

25 L Lundstrom and H. Elwing, J. Theor. Biol., 110 (1984) 195.

26 J. H. Petropoulos, A. 1. Liapis, N. P. Kolliopoulos, J. K. Petrou and N. K. Kanellopoulos
Bioseparations, 1 (1990) 69.

27 A. Johnston and M. T. W. Hearn, J. Chromatogr., 512 (1990) 101.

28 A. Johnston and M. T. W. Hearn, J. Chromatogr., 556 (1991) in press.

29 H. Ohashi, T. Sugawar, K. Kikuchi and K. Konno, J. Chem. Eng. Japan, 14 (1981)-433.

30 Q. M. Mao, A. Johnston, I. G. Prince and M. T. W. Hearn, J. Chromatogr., 548 (1991) 147.

31 A. Johnston, M.Sc. Thesis, Monash University, Melbourne, 1988.

32 K. K. Unger and R. Janzen, J. Chromatogr., 373 (1986) 227.

33 B.J. Horstmann and H. A. Chase, Chem. Eng. Res. Des., 67 (1989) 243.

34 R. K. Scopes, Anal. Biochem., 114 (1981) 8.

35 P. A. Davies, J. Chromatogr., 483 (1989) 221.

36 M. T. W. Hearn, A. H. Hodder, F. W. Fang and M. L. Aguilar, J. Chromatogr., 548 (1991) t17.

>






Journal of Chromatography, 548 (1991) 147-163
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2255

High-performance liquid chromatography of amino acids,
peptides and proteins

CXIIL* Predicting the performance of non-porous particles
in affinity chromatography of proteins

Q. M. MAOQ, A. JOHNSTON, I. G. PRINCE and M. T. W. HEARN*

Department of Biochemistry and Centre for Bioprocess Technology, Monash University, Clayton, Victoria,
3168 ( Australia)

ABSTRACT

A mathematical model, based on the Langmuir adsorption isotherm, has been developed to predict
the performance of bioaffinity chromatography columns, packed with non-porous particles, in protein
purification at the laboratory and preparative scales. Both the surface kinetics and the external film resis-
tance as the rate controlling steps have been taken into account. The effects of particle size, fluid flow-rate
and adsorbate concentration are examined. The model has been used to determine the forward interaction
rate constant (k,) for different adsorbate-ligand systems. Examples of the comparison between predicted
and experimental breakthrough curves of a lysozyme-Cibacron Blue F3GA biomimetic afﬁmty system are
given. The influence of ionic strength and ligand density have also been evaluated.

INTRODUCTION

In recent years, non-porous monodisperse silica beads used as matrix supports in
biochromatography (e.g. in biomimetic, hydrophobic and biospecific adsorption
modes) have gained interest [1]. The main practical advantage of the non-porous
packings in analytical and laboratory scale biochromatography with zonal-elution
systems is fast separation with high efficiency due to the absence of restrictive pore
diffusion process with the adsorbates. Theoretical analyses on the behaviour of
non-porous particles in biospecific adsorption processes, on the other hand, are largely
lacking.

The literature on packed-bed adsorption theories and their applications to
affinity chromatography has been reviewed extensively, see for example by Yang and
Tsao [2] and Liapis [3]. In the concluding remarks of their review, Yang and Tsao
pointed out that the lack of theoretical analysis on affinity chromatography was partly
due to the difficulties encountered in solving the rigorous mathematical models.

¢ For part CXII, see ref. 20

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Certain simplifications must be made in order to obtain solutions. However, as most
affinity chromatography systems display non-linear adsorption isotherm characteris-
tics, the most important simplification of assuming a linear adsorption isotherm,
which is often used as the basis of adsorption models, may be inappropriate. The
models developed for affinity chromatography found in the literature [4-8] typically
fall into two groups. In the first group a single mechanism is assumed to be the rate
limiting step, either pore diffusion [5] or surface interaction [4], from which analytical
solutions can be obtained. In the second group, the models are more rigorous as all of
the possibly important rate limiting steps are considered [6-9]. Various numerical
methods have been employed to solve these latter equations which concurrently result
in excessive computation time.

The most important rate limiting steps in the biospecific adsorption processes
have been identified as: external liquid film mass transfer; internal pore diffusion; and
surface interaction [3,6]. For porous particles, pore diffusion resistance has been often
considered as the rate controlling step [2,5]. There is no model explicitly developed for
non-porous particles for which only the external film mass transfer resistance and the
surface interaction rate are the rate limiting steps. The shortcoming of the non-porous
particles is their limited surface area. Hence very small particles are preferred [1],
subject to the pressure drop permitted in the system. Evidence exists that both the film
mass transfer and the surface interaction can be important in determining the overall
adsorption rate in systems with small particles [2,3,5].

Group two models attempt to interpret the physical basis of the mass transfer
phenomenon by theoretical analysis, but the numerical procedures require special
software packages [8] which are not always available. On the other hand, group one
models have been found simple to use in preliminary evaluation of the column
performance, but fail to address important parameters such as particle size and
external film mass transfer coefficients. Hence a model, preferably capable of an
analytical solution, yet which addresses both the external mass transfer and surface
interaction would be desirable.

The central purpose of this work is to describe the development and method of
analytical solution of a methematical model for non-porous particle systems which
satisfies the above criteria. The straightforward nature of the resulting software allows
utilization of the model on readily accessible equipment. The applicability of the model
is demonstrated with a set of small scale experimental data generated in our
laboratory, but the scope of the model and its intended application are directed
towards predicting behaviour in preparative systems. Studies to confirm the suitability
of the model in large scale equipment are currently underway.

THEORY

Non-porous particle adsorption model (NPPAM) ;

The non-porous particle adsorption model (NPPAM) has been developed to
describe biospecific adsorption behaviour of non-porous particles in a packed bed.
The basic assumptions of NPPAM are summarised as follows: (a) The effect of axial
diffusion is negligible [3,9], and the fluid velocity is uniform over the cross-section of
the column (eqn. 1). (b) The transport of adsorbate from the bulk fluid to the surface of
the particle can be described by a film resistance mechanism (eqn. 2). (c) The
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interaction between the adsorbate and the immobilized ligand at the particle surface is
described by a Langmuir type model (eqn. 3). (d) The mass transfer and surface
interaction steps are considered to occur in series (eqn. 4).

The continuity equation linking concentration, axial distance and time takes
essentially the same form as those presented in the literature [10-12]:

: U@_C oC l—sa_q_

;8x+0t+ e ot )

where U is the superficial liquid velocity, ¢ is the interstitial void fraction of the packed
bed, x is the axial distance, tis time, C is the adsorbate concentration in the bulk of the
liquid phase, and g is the adsorbate concentration in the solid phase.

The rate of mass transfer in the liquid film at the particle surface is described by

ocr_31-
ot Ry

K{(C — C*) : 2

where R, is the radius of the particle, K is the liquid film mass transfer coefficient, and
C* is the intermediate concentration of the adsorbate in the liquid phase at the surface

of the particles. The term (3/Ro) (1 — ¢&)/e is the interface area per unit interstitial void
volume of the packed bed.

The surface interaction rate is described by the second-order reversible equation

0
5 = killgn — 9C* — K )

where k, is the forward interaction rate constant, g, is the maximum adsorption
capacity of the immobilized ligand, and Kj is the adsorption equilibrium constant.

As the film mass transfer and the surface interaction steps are considered to
occur in series, the mass balance between the liquid concentration at the particle
surface and the solid concentration can be written.

o= (-9 @

Eliminating C* and its derivative from eqns. 2, 3 and 4 we get

0g _ Aki[(gm — 9)C — Kug] ()
ot A+kigm—9

3
where A = j{—oKf

Eqns. 1 and 5 are the basic equations of NPPAM in which both the film mass transfer
and surface interaction rates are considered finite. Simplified cases may be derived
from these two equations. In eqn. 5, if K;— oo then the surface interaction
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(second-order kinetics) is considered as the rate controlling step. As a result, 4 >> k;
(¢ — ¢) and the denominator on the right-hand side of eqn. 5 then can be put equal to
A. Hence, when K; — o0 eqn. 5 becomes

0

3 = kal(gm — )C — Kag] , ©)
On the other hand, if k; — oo then the external mass transfer becomes the rate
controlling step. As a result, 4 << k; (¢ — ¢) and the denominator on the right-hand
side of eqn. 5 can be put equal to k; (¢, — ¢). Hence when k; — oo eqn. 5 becomes

9 _ A<C _ ﬂ) e
ot dm — ¢

The solutions of these two simplified cases where a single mechanism was the rate
limiting step have already been reported in the literature. The case of second-order
kinetics controlling adsorption (egn. 6) has been solved by Thomas [13]. The solution
with external film resistance controlling adsorption (eqn. 7) has been presented by
Hiester and Vermeulen [14].

The Thomas solution

The Thomas solution on fixed bed performance was originally developed for
application to ion-exchange columns [13]. It has been shown [11,14] that the Thomas
solution can be applied to the adsorption processes in general where the equilibrium
relationship can be expressed by the Langmuir isotherm. At equilibrium, g = g*, the
attainable adsorption capacity of the adsorbent, and C = Cy, whilst dg/0t in eqn. 6 can
be put equal to zero since ¢ is now constant. When such conditions apply, then the
relationship between. ¢* and C, takes the familiar form

* QmCO .
— _dm*~0 8
T =Kk 1C (8)

By introducing the dimensionless terms:

C g
X=— Y=—
Co q*’
and
Ky
* _ d 9
" T K+ G ©
eqn. 6 can be rewritten as
oY : |
— = A,[X(1 - Y) - r*Y(1 — X)] . (10)

ot
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where

P . .
4y =by(Ky + Co) = =% )

By defining the dimensionless time parameter 7 and dimensionless distance parameter
{ such that

x(1 — e)g*4,

= 12

(== (12)
b

=A,lt—-= ' 13

=14 ( U) (13)
the continuity eqn. 1 simplifies to

oX 0Y
— +-—= 14
ot v o =0 (14)

and eqn. 10 becomes

‘;—f=[X(1 - ) —r*Y(l - X)] (19

By appropriate substitution 0X/0¢ can then be written as

‘2%: —[X(1 = V) + r*¥(1 — X)] (16)

Assuming the bed is initially free of adsorbate, the boundary conditions are given by

X=1 at{ =0 forall 1
Y=0 at 1 =0 for all {

Thomas solved eqns. 15 and 16 and obtained a solution for the breakthrough curve
which can be expressed in the following form [10,12,14]

£_ J(r*¢,7) Can
Co  J(r*¢1) + 1 — I r*n)lexpl(r* — 1) (x — )]

The Hiester and Vermeulen approach

Hiester and Vermeulen [14] adapted the Thomas solution to solve the case where
external film resistance is the rate controlling step. Introducing the dimensionless
terms defined in the Thomas solution, eqn. 7 became

oY

=, = 4elX(l = V) = *¥(1 - 0] )
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where

e AC,
ET M1 + YHo* = 1]

(19)

Y* was defined as an average value of g/¢*. As was suggested by Hiester and
Vermeulen [14], Y* has been given the numerical value Y* = 0.5.

Here the time and distance parameters are defined as

_x(1 - @)q*AE
UG

e AE<t _ *5) 1)

so that eqn. 18 takes'the form of eqn. 15 and the continuity eqn. 1 takes the form of eqn.
14. The boundary conditions remained unchanged. Therefore the solution given by
eqn. 17 is applicable for the case where film resistance is controlling.

{ (20)

The solution for NPPAM

A similar method to that outlined above was adopted to obtain the solutions of
the present model.

Introducing dimensionless terms, eqn. 5 becomes:

Y 4uX(1 = ¥) = r#¥(1 = X) @)
where

oo = G D )
:fhe time and distance .parameters are

(= i“—'Ufé)ji @4)

.= AaE<t - i;) 29)

Therefore eqns. 1 and 22 can be written in exactly the same dimensionless form as inthe
Thomas solution, i.e. eqns. 14, 15 and 16. The boundary conditions are still the same as
in the Thomas solution. Hence the breakthrough curves can be calculated with eqns. 8,
9, 23-25, and 17.



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CXIII. 153

It can be noted that the only difference in the three cases discussed is in the
expressions of the terms 4,, Ag and 4,g, and

1 g*[1+ Y*(r* — 1)] r*~l_i+i
Adag AC, kiCo 4y 4,

(26)

Eqn. 26 is similar in form to that describing the total resistance of an electrical circuit
with single resistances acting in series. This equation, therefore suggests that the rate
limiting steps are also occurring in series.

The solution given by eqn. 17 contains the J function which is a complex function
used in the solutions of many heat and mass transfer problems [10,14,16]. Numerical
values of J function have been tabulated [10,15] and methods for calculating its value
are also available [10,12,14,16]. A detailed procedure for evaluating the values of the
J function is given in the Appendix. In these investigations, the NPPAM approach has
been applied only to frontal chromatographic data. The application of NPPAM to
a finite bath will be discussed in a separate paper.

EXPERIMENTAL

Packed bed adsorption data of a lysozyme-Cibacron Blue F3GA affinity system
with non-porous particles was used in this work for evaluating the model predictions.
The non-porous silica with a particle size of 1.5 yum was made as described in our
previous publications [1,17,18] and is commercially available from Merck (Darmstadt,
Germany). The non-porous silica was chemically modified with 3-mercaptopropyltri-
methoxysilane (MPS) as described in ref. 17. The immobilization of Cibacron Blue
F3GA on MPS-activated silica was performed as described in ref. 1. The dye affinity
sorbent was packed into columns (19 x 4 mm L.D.). The mobile phase used was 0.1
M phosphate buffer with 1 M sodium chloride except for some cases where phosphate
buffer only was used. The flow-rate was 0.5 ml/min. Details on materials, methods,
equipment setup and operating procedures have been publislte‘gi previously [17,18].

AR .

RESULTS AND DISCUSSION

. The NPPAM has been programmed in FORTRAN for easy transfer between
PC and mainframe computers. As the computer code is short and simple, it is readily
convertible to the different programming languages. Simulations of the adsorption
process of proteins in fixed bed packed with non-porous particles have been carried out
on an IBM PC/AT compatible machine. The effect of varying the rate constant,
particle size, flow-rate and inlet concentration of protein in the liquid on the
breakthrough curves are presented in Figs. 1-8. The dimensionless outlet concentra-
tions were plotted against both the time and the amount of adsorbate applied to the
column in cases with varying flow-rate and inlet concentration. The effect of varying
both the adsorption equilibrium constant and the rate constant on the shape of the
breakthrough curves are shown in Figs. 5-8. The maximum adsorption capacity of the
particles (g,,) used in the model simulation was 1.6 mg/ml solid. The liquid film mass
transfer coefficient (Kr) used was 3.5 10 * m/s except in Fig. 2 where K; was estimated
for different particle sizes using correlations discussed previously [9]. Other parameters
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TABLE 1
PARAMETERS USED IN MODEL SIMULATION
gm = 1.6 mg/ml solid.

Fig. No. d, Co Flow 2 Kq
(pm) (mg/ml)  (ml/min)  (ml/mgs)  (mg/ml)

1 15 0.1 0.5 0.25-1.0 0.08

2 1.5-200 0.1 0.5 2.0 0.08

3,4 LS 0.1 0.25-1.0 04 0.08

56 L5 0.1-04 05 0.4 0.08

7,8 L5 0.1-04 05 2.0 0.008

used are listed in Table I. Because the data available for the model evaluation was from
laboratory scale columns, the parameters used in the model simulations largely
correspond to these experimental conditions. However, there is no restriction for the
NPPAM to be applied in the parameter range appropriate to the preparative scale.

For a saturated column, the amount of the adsorbate retained in the column,
which is equal to the area behind the breakthrough curve [5,12] corresponds to the
attainable adsorption capacity of the adsorbent ¢*, as given in eqn. 8. In preparative
affinity chromatography, however, the actual process would be terminated when the
level of adsorbate in the effluent rises above a certain level, normally at less than 50%
of the feed concentration [4,5,8]. In this case, a system with a sharp breakthrough curve
would be much more efficient in utilising the column capacity than a system with
a shallow one, as the amount of adsorbate retained when the process was terminated at
the set concentration of the effluent, say e.g. 10% of that in the feed, is larger in the case
with a sharper curve. Therefore, the breakthrough curves generated from the model
simulation can be used to extract the performance information needed to optimize the
process, such as the percentage utilisation of the column capacity, the amount of
adsorbate lost in the effluent, and the processing time, etc. under various operating
conditions. When comparing the sharpness of the breakthrough curves generated from
different parameters, the appropriate variable for the abscissa corresponding to the
parameter examined should be used, so that the area behind each curve is proportional
to the amount adsorbed for every curve in the same graph. Hence, in evaluating the

084

06

C/ Co

044

0.2

0.0

Time (min)

Fig. 1. Breakthrough curves simulated by NPPAM on the effect of forward interaction rate constant.
[k, =025(——==),05(——— ), 1O ( ) ml/mg s).
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Fig. 2. Breakthrough curves simulated by NPPAM on the effect of particle diameter. = 1.5

————— = 50; ----- =100 and — — — = 200 um.

effect of flow-rate, the abscissa should be either the volume of the solution or the
amount of the adsorbate applied, and in evaluating the effect of feed concentration the
abscissa should be the amount of adsorbate applied.

Fig. 1 shows that a higher value of the surface interaction rate constant will lead
to a sharper breakthrough curve and hence a more efficient system. However, the rate
constant may not be adjustable as it is largely determined by the chosen protein-ligand
system. In that case, the efficiency of the system can be improved by employing smaller
particles as shown in Fig. 2. The sharper breakthrough curve of smaller particles is due
to the increased mass transfer rate which is caused not only by the increased particle
surface area, but also by the larger film mass transfer coefficient (3.4~ 104 for 1.5-um
particle compared with 1.2 107 for 200-um particle) as predicted from the literature
correlation [9]. Fig. 3 shows the effect of flow-rate on processing time. As expected the
lower flow-rate requires longer processing time. However, when the same curves were
plotted against the amount of the adsorbate applied to the column, as shown in Fig. 4it
can be seen that lower flow-rate gives a sharper breakthrough curve. Hence, depending
on the operating requirement (e.g. effluent concentration), an optimum flow-rate can
be worked out from these model simulations which will not give the highest but the
optimum percentage utilization of the column capacity that results in the highest
processing rate.

0.8 !

C/Co

0.6 /
0.4 !

0.29 !

Time (min)

Fig. 3. Breakthrough curves simulated by NPPAM on the effect of flow-rate (
0.5, — — — = 1.0 ml/min) as a function of time.



156 : Q. M. MAO et al.

Cc/Co

0.0 0.1 0,‘2 0.3
Adsorbate Applled (mg)

Fig. 4. Breakthrough curves simulated by NPPAM on the effect of flow-rate (
0.5, — — — = 1.0 ml/min), as a function of the amount of adsorbate applied.

0.6

C /Co

0.4

0.2

0.0

Time (min)

Fig. 5. Breakthrough curves simulated by NPPAM on the effect of inlet concentration, as a function of time
for high value of K, (0.08 mg/ml) and low value of k; (0.4). = 0.1 mg/ml; — — — = 0.2 mg/ml;
——— =03 mg/ml and — — — = 0.4 mg/ml.

C/Co

0.0

0.0 0:1 0.’2 0.3 0.4
Adsorbate Applled (mg)

Fig. 6. Breakthrough curves simulated by NPPAM on the effect of inlet concentration, as a function of the
amount of adsorbate applied for high value of X, (0.08 mg/ml) and low value of k, (0.4). Denotation of lines
as in Fig. 5. .
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Fig. 7. Breakthrough curves simulated by NPPAM on the effect of inlet conc'er;f\ration, as a function of time
for low value of K, (0.008 mg/ml) and high' value of k, (2.0). Denotation of lines as in Fig. S.

The effect of varying the inlet concentration of the adsort;éte on the predicted :
breakthrough curves is shown in Figs. 5 to 8. Figs. 5 and 7§h$w the effect on the-.;
processing time, and Figs. 6 and 8 show the effect on the column efficiency. From eqn.:.
8 it can be seen that the amount of adsorbate retained in the column is a function of
both the feed concentration C, and the adsorption equilibrium constant K, provided
that the maximum adsorption capacity g,, is held constant. Increasing C, will increase
the amount of protein adsorbed and cause the breakthrough curves to shift to the right
as is the case in Figs. 6 and 8. The sharpness of the curves, on the other hand, was not
influenced by the change in Cy. The improved column efficiency at higher C, is mainly
due to the increased amount of the adsorbate retained. As listed in Table I, higher value
of k; and lower value of K, were used to generate the breakthrough curves presented in
Figs. 7 and 8. More adsorbate was retained in the column for this system compared
with the system illustrated in Figs. 5 and 6 at the same values of C,. However, the
change of the amount adsorbed on the column to. the variation of C, in Fig. 8 is not as
sensitive as for the-system shown in Fig. 6.

. -From the model simulations shown in Figs. 1 to 8 it can be seen that NPPAM is
a useful tool in evaluating the binding performance of affinity adsorption columns
with non-porous particles. It takes only seconds to generate a breakthrough curve on

C/Co

id
it

0.0 0j| 0?2 013 0.4
Adsorbate Applied (ﬁlg)

Fig. 8. Breakthrough curves simulated by NPPAM on the effect of inlet concentration; as a function of the
amount of adsorbate applied for low value of K, (0.008 mg/ml) and high value of &, (2.0). Denotation of
lines as in Fig. S.
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a normal PC, which is particularly useful in fitting experimental curves where
hundreds of iterations may be necessary. As discussed above, the amount of the
adsorbate retained in the column is equal to the area behind the breakthrough curve.
Therefore, numerical integration of the breakthrough curves generated from the
model simulation may serve as a check of the accuracy of the model prediction.
Calculation shows that the difference between the amount adsorbed calculated from
eqn. 8 and the integrated result is always less than 0.01%.

~ One point requiring discussion on the NPPAM is that in its solution there is an
approximation of Y*, inherited from the Hiester and Vermeulen’s method [12,14].
Although Y* = g/q* is a variable since ¢ varies with time, it was necessary to assign to
Y* a constant value in order to use the Thomas solution. Y* = 0.5 was used in the
model simulation throughout this paper, as suggested by Hiester and Vermeulen [14].
Therefore, the effect of the value of Y* on the shape of the breakthrough curves and the
area behind the curves predicted by the model should be closely monitored.
Calculations were carried out using Y* = 0.1, 0.5 and 0.9. It was found that the value
of Y* has no influence on the area behind the breakthrough curves. For most
conditions used in the present model simulation, the effect of varying Y* on the shape
of the breakthrough curve is also riegligible in the range of ¥Y* = 0.1 to 0.9. In some
extreme cases, the curve with Y* = 0.9 is slightly sharper than the one with Y* = 0.1.
The method to calculate breakthrough curves in cases where the effect of the Y* value
can not be neglected has been discussed by Hiester and Vermeulen [14].

Beside predicting the performance of a packed bed for given operating
conditions and system parameters; the model can also be used for fitting parameters to
packed bed experimental results to derive systém kinetic data such as the surface
interaction rate constant and the mass transfer coefficient, as-well as to - verify
thermodynamic data. Figs. 9-12 show the comparison between the-predicted and the
experimental breakthrough curves for lysozyme adsorption to a biomimetic dye
affinity sorbent. In Figs. 9-12 the points are the experimental data and the lines are the
model predictions. The ligand used was Cibacron Blue F3GA and the mobile phase
used was 0.1 M phosphate buffer with 1 M sodium chloride except for the case in Fig.
12 where phosphate buffer only was used. The reason for using sodium chloride in the

C/Co

Time (min)

Fig. 9. Predicted (lines) and experimental (points) breakthrough curves for the adsorption of lysozyme on
Cibacron Blue F3GA immobilized on 1.5 um diameter non-porous silica particles. Mobile phase: 0.1
M phosphate buffer with 1 M sodium chloride. Flow-rate = 0.5 ml/min. Column: 19 mm long.and 4 mm
I.D. Ky = 0.073 mg/ml, .Cy = 0.013 ([J) and 0.075 (O) mg/ml. For other parameters related to predncted
curves (1 and 2) see Table II.
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C/Co

Time (min)

Fig. 10. Predicted (lines) and experimental (points) breakthrough curves for lysozyme adsorption. Mobile
phase: 0.1 M phosphate buffer with | A sodium chloride. K, = 0.073 mg/ml, C, = 0.036 () and 0.057 (O)
mg/ml. For other experimental parameters see legend of Fig. 9. )

C/Co

R S A
Time (min)
Fig. I1. Predicted (lines) and experimental (points) breakthrough curves for lysozyme adsorption. Mobile

phase: 0.1 M phosphate buffer with 1 M sodium chioride. K, = 0.23 mg/ml, Co = 0.04 ([J) and 0.1 (O)
mg/ml. For other experimental parameters see legend of Fig. 9. .

C/Co

120

Time (min)

Fig. 12. Predicted (lines) and experimental (points) breakthrough curves for lysozyme adsorption with high
ligand density. Mobile phase: 0.1 M phosphate buffer. C, = 0.100 (O); 0.065 (0); 0.045 (@); 0.030 (MY and
0.018 (A) mg/ml. For other experimental parameters see legend of Fig. 9 and Table I1. For other parameters
related to predicted curves (1-5) see Table II. .
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TABLE 11
RESULTS OF MODEL PREDICTION

Fig. No. Curve No. Co Im Ky k,
(mg/ml) (mg/ml solid) (mg/ml) (ml/mg s)

9 1 0.075 1.503 0.073 0.375
2 0.013 1.430 : 0.596
10 1 0.057 1.326 0.073 0.456
2 0.036 1.385 0.467
11 1 0.100 1.781 0.230 1.218
2 0.040 1.700 1.753
12 1 0.100 5.030 0.0055 0.448
2 0.065 4.825 0.565
3 0.045 4.722 0.648
4 0.030 4.671 0.605
S 0.018 5.082 0.648

mobile phase was to suppress non-specific binding phenomena. The film mass transfer
coefficient was predicted from correlations in the literature [9] and a value of3.4-1074
m/s was used. The maximum adsorption capacity ¢, and the equilibrium constant Ky
were derived from the experimental data.

A subroutine was written to find the appropriate value of the forward surface
interaction rate constant k; which would give a satisfactory fit to the experimental
curve. The objective function chosen to be minimized is the sum of the squares of the
percentage deviation between predicted and experimental values of C/C,, over the
range of C/Co = 0.01 to 0.95 on the experimental breakthrough curve. This practice
gave a much greater weight to the initial part of the curve in the minimization process.
Therefore, in cases where a good fit to the whole breakthrough curve is not possible,
the initial part of the curve would have a close fit, as in an actual process the adsorption
phase would be terminated at less than 50% breakthrough [5]. In order to obtain the
best fit, ¢, has also been adjusted. The rate constant (k,) obtained and the parameters
used are listed in Table II.

The agreement between model prediction and experimental data is quite good in
Fig. 9. However, the model could only fit the initial part of the experimental
breakthrough curves well in most cases in Figs. 10, 11 and 12. In every case where
deviation from the experimental data occurred, the model always predicted that the
column approached saturation faster than that indicated by the experiment. This
phenomenon has been reported in the literature for both porous [8] and non-porous 9]
particles. In their adsorption study of lysozyme-anti-lysozyme system with non-
porous silica particles, Liapis et al. [9] suggested that non-specific interaction between
lysozyme and the silica may be responsible for the disagreement between model
prediction and experimental data. Initially most of lysozyme molecules would interact
with anti-lysozyme which was fast, hence specific adsorption was dominant. As time
progressed, the dominant adsorption mechanism switched to non-specific adsorption
which was slower, hence the overall adsorption rate decreased. This point was
supported by the experimental data for a system with a higher ligand density which
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showed better agreement between measured and predicted breakthrough curves.
These workers proposed that the amount of non-specific surface area compared to the
area of the particles covered by the ligand was lower in the system with the antibody
immobilized to high (average) density. However, the trend was reversed in the present
study where the system with higher ligand density showed poorer agreement between
predicted and measured breakthrough curves, as shown in Table IT and Figs. 9-12. In
this case, heterogeneity in the ligand distribution and the resulting steric hindrance
might be the main cause of the slow adsorption when the column approaches protein
saturation.

CONCLUSIONS

It can be concluded that NPPAM in its present form has already shown
promising features in predicting the performance of non-porous particles in affinity
chromatography for both laboratory and preparative systems. As the model allows
independent evaluation of the factors affecting the protein-ligand interaction, as well
as the factors affecting the mass transfer behaviour of the proteins, the model is
compatible to those more sophisticated models [7,8]. The simplicity of the model not
only allows shorter running time, but also makes the modification and adaptation of
the model easier. The model simulations have shown that for the affinity chromato-
graphy columns employing non-porous particles, column efficiency can be improved
by using smaller particles, moderate flow-rate, and employing a protein-ligand system
with reasonably fast interaction rates. The deviation of the experimental data from the
model prediction may be due to the effect of heterogeneity in the ligand distribution
and other mass transfer process, as well as different adsorption mechanisms.

APPENDIX

The J function

The solution of the models requires the knowledge of the J function which took
the form of [10,12,14]

Jo, B) =1 — fe-““)Io(z\/Zﬁ)dz (A1)
0

where I, is a modified Bessel function of the first kind. The numerical value of the
J function lies between zero and one, and where J(0,8) = 1.0 and J(2,0) = e~

When both o and f are large (>10), Thomas suggested the following
approximation [14]

- \/;_\/“z
Jep) = % [ — erf(/a — \/B) + e (A2)
VL V/RRVET)

According to Hiester and Vermeulen [14], eqn. A2 is accurate to within 1% when
aff > 36. The error function in the equation can be calculated from [19]
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(2k + 1)
erf(x) = —|:x + Z( k,’(CZk . 1)] (A3)

It was found when » > 30, the difference between calculated value and the tabulated
value of the error function in the literature [12,19] is less than 0.0001.

For smaller value of o and f, a formula used by Tan [16] gives a better
approximation.

- B4

-1 — B

Japy=1—c¢ pATe (A4)
k=0
where
Aoy =1—¢7"
(Xk

Ak(oc) = kAk_l(OC) — g for k = 1

Calculation has shown that for (« + ) < 75 and « < 35, the difference between the
result of eqn. A4 and the tabulated value of the J function (10,15] is less than 0.00002.
For (¢ + f) > 75 or o > 35, eqn. A2 is accurate to within 0.0001 compared with
tabulated data.

SYMBOLS

C Liquid phase concentration.

Co Inlet liquid concentration.

C* Intermediate liquid concentration.
k, Forward interaction rate constant.
Ky Adsorption equilibrium constant.

K; Liquid film mass transfer coefficient.
q Solid phase concentration.

gm Maximum solid adsorption capacity.
g*  Attainable adsorption capacity of the adsorbent (eqn. 8).
R, Particle radius.

r*  Equilibrium parameter (eqn. 9).

t Time.

U  Superficial liquid velocity.

X  =C(/C,.

Y  =gq/g*.

x Axial distance.

€ Adsorption column void fraction.
T Dimensionless time parameter.
4 Dimensionless distance parameter.



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CXIIL 163

ACKNOWLEDGEMENT

This project was supported by a grant provided by the Australian Research

Council. The assistance provided by Mr. H.-J. Wirth in obtaining experimental data is
greatly appreciated.

REFERENCES

D00~ N BN e

10
11

12

13
14
15
16
17

18

19
20

F. B. Anspach, K. K. Unger, J. Davies and M. T. W. Hearn, J. Chromatogr., 457 (1988) 195.

C. Yang and G. T. Tsao, Adv. Biochem. Eng., 25 (1982) 1.

A. L. Liapis, J. Biotechnol., 11 (1989) 143.

H. A. Chase, J. Chromatogr., 297 (1984) 179.

F. H. Arnold, H. W. Blanch and C. R. Wilke, Chem. Eng. J., 30 (1985) B9.

B. H. Arve and A. I. Liapis, AIChE J., 33 (1987) 179.

B. H. Arve and A. I. Liapis, Biotechnol. Bioeng., 32 (1988) 616.

B. J. Horstmann and H. A. Chase, Chem. Eng. Res. Des., 67 (1989) 243.

A. L Liapis, B. Anspach, M. E. Findley, J. Davies, M. T. W. Hearn and K. K. Unger, Biotechnol.
Bioeng., 34 (1989) 467.

T. K. Sherwood, R. L. Pigford and C. R. Wilke, Mass Transfer, McGraw-Hill, New York, 1975.

J. M. Coulson and J. F. Richardson, Chemical Engineering, Vol. 3, Pergamon Press, Oxford, 2nd ed.,
1979.

A. L. Hines and R. N. Maddox, Mass Transfer, Fundamentals and Applications, Prentice-Hall
Englewood Cliffs, NJ, 1985,

H. G. Thomas, J. Am. Chem. Soc., 66 (1944) 1664.

N. K. Hiester and T. Vermeulen, Chem. Eng. Prog., 48 (1952) 505.

F. Helfferich, Jon Exchange, McGraw-Hill, New York, 1962.

H. Tan, Chem. Eng., Oct. 24.(1977) 158.

F. B. Anspach, A. Johnston, H.-J. Wirth, K. K. Unger and M. T. W. Hearn, J. Chromatogr 476 (1989)
205.

F. B. Anspach, A. Johnston, H.-J. Wirth, K. K. Unger and M. T. W. Hearn, J. Chromatogr., 499 (1990)
103.

E. Kreyszig, Advanced Engineering Mathematics, John Wiley & Sons, New York, 6th ed., 1988.

A. Johnston, Q. M. Mao and M. T. W. Hearn, J. Chromatogr., 548 (1991) 127.

»






Journal of Chromatography, 548 (1991) 165-178
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP.-2353

Characterization of synthetic macroporous ion-exchange
resins in low-pressure cartridges and columns

Evaluation of the performance of Macro-Prep 50 S resin in
the purification of anti-Klenow antibodies from goat serum

LEE DUNN*, MOHAMED ABOUELEZZ, LARRY CUMMINGS, MOHSEN NAVVAB, CHERYL
ORDUNEZ, CHRISTOPHER J. SIEBERT and KENNETH W. TALMADGE

Bio-Rad Laboratories, CBU Research and Development, Chemical Division, 3300 Regatta Blvd., Richmond,
CA 94804 (USA)

‘ABSTRACT

Three ion-exchange materials and one hydrophobic-interaction chromatography packing, based on
a rigid macroporous polymer with large, relatively uniform pores, have been evaluated for low-pressure
liquid chromatography of antibodies. These sorbents have high capacities for both small and large proteins
and are mechanically, chemically, and thermally stable. Macro-Prep 50 S, CM and Q ion-exchange materi-
als are strongly acidic, weakly acidic, and strongly basic, respectively. Protein binding and recovery,
pressure—flow properties, and chemical and thermal stability were determined for each sorbent. A rapid,
two-step method for the purification of anti-Klenow antibodies from goat serum was developed, based on
the Macro-Prep™ 50 S strong-acid cation-exchange material and the Econo-Pac® HIC prepacked hydro-
phobic-interaction cartridge.

INTRODUCTION

The introduction of ion-exchange cellulose particles as a column packing mate-
rial was a significant event in the history of protein purification [1,2]. Although phys-
ically weak and unstable, ion-exchange cellulose particles were very effective pack-
ings, because proteins could be freely bound and released from the complex outer
surface regions of the particles, and non-specific adsorption was relatively low. Over
the next three decades, improvements in the physical and chemical properties of ion
exchangers led to the current, highly efficient materials, suitable for ion-exchange
high-performance liquid chromatography (HPLC) of biopolymers [3,4]. The general-
ly accepted use of particles < 10 um to achieve high performance requires expensive
high-pressure equipment. The need for reducing costs and increasing the scale of
high-performance separations in processing techniques for biological products has
placed new demands on chromatographic materials. This necessitates a better under-
standing of the physical and chemical properties of porous packing materials. The

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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pharmaceutical and biotechnology industries need chromatographic materials with
high chemical stability to withstand harsh sanitation conditions, with high mechani-
cal strength to hold up under the pressures and flow-rates needed for large-scale
separations, and high dynamic load capacities, giving high recoveries of biological
activity.

This report describes a new macroporous methacrylate polymer (Macro-Prep™
50) that meets the above-mentioned requirements. Three ion-exchange resins, as well
as a hydrophobic-interaction packing, are discussed. All of these materials are char-
acterized by a high percentage of pores in the range of 1000-1500 A. To test this
macroporous material, goat antibodies against the Klenow fragment of DNA poly-
merase from Eschericia coli [5] were purified on the Macro-Prep 50 S and Econo-Pac®
HIC 5-ml cartridges.

MATERIALS AND METHODS

Materials

All chemicals used were of analytical-reagent grade. Guanidine-HCl was ob-
tained from Aldrich (Milwaukee, WI, USA). Monobasic sodium phosphate, dibasic
sodium phosphate, sodium acetate, thimerosal, 4-morpholinepropanesulfonic acid
(MOPS), 4-morpholineethanesulfonic acid (MES) and 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) buffers, bovine serum albumin (BSA), bovine car-
bonic anhydrase B, cytochrome ¢, human hemoglobin, human immunoglobulin
(IgG), human transferrin, lysozyme, myoglobin, and ribonuclease A were purchased
from Sigma (St. Louis, MO, USA). Macro-Prep 50 CM, Q, and S packings, Econo-
Pac HIC cartridges, ammonium sulfate, protein assay standard I (bovine y-globulin)
and II (BSA), sodium dodecyl sulfate (SDS), Tris-HCI, Coomassie Blue, Tween 20,
horseradish peroxidase-conjugated protein G, Klenow DNA polymerase, and
3,3',5,5 -tetramethylbenzidine (TMB) were obtained from Bio-Rad (Richmond, CA,
USA). Goat serum (Bethyl Labs., Montgomery, TX, USA) was obtained from goats
inoculated with Klenow DNA polymerase.

Polymer characterization

The pore structure analysis of the ion-exchange sorbents was carried out by
mercury intrusion porosimetry, using the pore sizer, Model 9310 (Micromeritics In-
struments, Norcross, GA, USA). In mercury porosimetry the volume of mercury
intruded into the pores in a sample is measured as a function of pressure. From these
measurements a variety of physical properties can be calculated, including pore diam-
eter, pore volume, and total pore surface area. Particle-size distributions were deter-
mined by electrozone sensing, using an Elzone 80XY analyzer (Particle Data, Elm-
hurst, IL, USA) and by visual examination, using a light microscope.

The mechanical rigidity of the Macro-Prep 50 ion-exchange material was exam-
ined by measuring the backpressure (p.s.i.) as a function of the linear flow-rate
(cm/h). Backpressure was measured with a 0—1000 p.s.i. electronic transducer (Sen-
sym, Sunnyvale, CA, USA). Macro-Prep 50 CM, Q, and S resins were packed into
Bio-Rex® MP columns (10 x 1 cm 1.D.) under gravity and equilibrated with deion-
ized water for 24 h at 1.0 ml/min, using a Model 1350 pump (Bio-Rad). The flow-rate
was increased to 5.0 ml/min and maintained at this rate for 30 min before measuring
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the backpressure. Subsequently, the flow-rate was increased in 5.0 ml/min increments
and maintained for 30 min at each new flow-rate before measuring the backpressure.

The swelling and shrinking properties of the resins were determined by mea-
suring changes in bed volume due to changes in pH (4.0-10.0), salt concentration
(0-1.0 M NaCl), and organic solvents. Columns, 60 x 1.5 cm L.D., were filled to a
height of approximately 11 cm with Macro-Prep resins. The bed height was deter-
mined before and after equilibration in the test solutions for 24 h, at a flow-rate of 1.0
ml/min.

The three Macro-Prep 50 ion-exchangers were submitted to an 1ndependent
laboratory for a series of standard biological tests designed to detect potentially:toxic
contaminants leaching from the resins. The tests included; (a) USP- systemic and
intracutaneous injections of saline and cottonseed oil extracts of the resins into rab-
bits, (b) intraperitoneal injections of saline and cottonseed oil extracts of the resins
into mice and guinea pigs, (c) cytotoxicity of extracts to L.-929 mouse fibroblast cells
in tissue culture, (d) Ames mutagenicity test.

Determination of 10n~exchange capacity

Tonic capacities of the ion exchangers were determmed by conductometrlc titra-
tions with a YSI Model 32 Conductance Meter (Yellow Springs Instrument, Yellow
Springs, OH, USA) and Model 3403 microcell (K = 1.0/cm). Using the Macro-Prep
50 S material as an example, 5.0 ml of resin was washed with deionized water, equili-
brated with 0.5 M HClI for 1 h, and washed with deionized water until the conductiv-
ity was < 2.0 uS/cm. Macro-Prep 50 S and CM packings were then titrated with 0.1
M NaOH. The Macro-Prep 50 Q packmg was converted to the hydrox1de form and
titrated with 0.1 A/ HCI.

Determznatton of protein binding capacity

Static protein binding capacities for Macro-Prep 50 CM, Q, and S materials
were determined by using an excess of protein. The conditions for the Macro-Prep 50
S resin are given as an example for these determinations. The Macro-Prep 50 S
packing (0.5-1.0 ml) was washed with water, followed by 20 mM sodium acetate
buffer, pH 5.0 (binding buffer). Next, the material was equilibrated for 24 h with 100
mg human IgG, dissolved in ca. 35 ml of binding buffer. The sorbent was washed with
binding buffer to remove unbound material, and the bound protein was eluted with
20 mM Tris-HCI (pH 9.0), containing 1.0 M NaCl. The protein was quantitated
using one of the following methods; absorbance at 280 nm, Bradford [6] reagent
(Bio-Rad), BCA assay [7] (Pierce, Rockford, IL, USA). Protein-binding capacity, in
mg IgG/ml resin, and percent recovery were calculated. The static protein-binding
capacities for the Macro-Prep 50 CM and Q materials were performed similarly. For
the CM packing, the proteins (100 mg) were bound in 15 ml of 10 mM sodium acetate
buffer (pH 5.0), and eluted with 100 mM Tris—HCI buffer (pH 8.0). For the Q pack-
ing, the proteins (100 mg) were bound in 5.0 ml.of 10 mM Tris-HCI buffer (pH 8.3),
and eluted with 50 mM Tris—-HCl buffer (pH 8.3), containing 1.0 M NaCl.

Chromatography
High-performance liquid chromatography was carried out on a HRLC® Model
800 chromatography system (Bio-Rad). Low-pressure liquid chromatography was
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performed on an Econo System, consisting of a Model EP-1 Econo Pump, Model
EM-1 Econo UV Monitor, and a Model ES-1 Econo System controller (Bio-Rad).
Fractions were collected with a Model 2110 fraction collector (Bio-Rad). All buffers
were filtered through 0.2-um membrane filters (Gelman Sciences, Ann Arbor, M1,
USA).

Column lifetime of the resins was determined by running 100 gradient cycles on
a HRLC 800 gradient system, equipped with a Model AS-100 automatic sampler
(Bio-Rad). Using the Macro-Prep 50 S support (10 X 1.0 cm I.D.) as an example,
each cycle consisted of a 10-min gradient from 0-100% B, where buffer A was 10 mM
sodium phosphate (pH 6.9), and buffer B was buffer A plus 1.0 M NaCl. Every tenth
cycle, a Cationic Protein Standard (Bio-Rad) containing myoglobin, ribonuclease A,
and cytochrome ¢ was injected onto the column.

Enzyme-linked immunosorbent assay (ELISA)

Determination of specific antibody activity against the Klenow DNA poly-
merase was performed by ELISA. Wells of microtiter plates were coated overnight at
4°C with 50 ul of Klenow DNA polymerase at a concentration of 1.0 yg/mlin 50 mM
sodium carbonate buffer (pH 9.6). Plates were washed one time with 200 ul of a
solution consisting of 20 mM sodium phosphate (pH 7.2), 120 mM sodium chloride,
0.05% Tween 20, and 0.01% thimerosal (PTT). Wells were incubated for 2 h at room
temperature with 200 ul PTT, containing 0.5% BSA (referred to as PTTB) to block
non-specific binding sites on the plates. The plates were then washed once with 200 ul
of PTT, blotted dry and sealed with parafilm before being stored at 4°C. Column
fractions were assayed for antibody binding activity by adding 50-100 ul aliquots of
the samples, diluted with PTTB, to the coated plates for 1-3 h at room temperature.
The plates were washed twice with PTT and then incubated for 1 h at room temper-
ature with 100 pl of horseradish peroxidase-conjugated protein G, diluted 1/10 000
with PTTB. The plates were then washed three times with PTT, and the enzyme
activity was measured by adding 100 ul of TMB substrate for 5-10 min at room
temperature before stopping the reactions with 100 ul of 0.5 M sulfuric acid. The
plates were read at 450 nm, using a Model 3550 Microplate Reader (Bio-Rad).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Electrophoretic separations were carried out under reducing conditions by the
method of Laemmli [8] on 12% pre-cast Mini-PROTEAN II® ready gels (Bio-Rad),
12% single percentage gel, 0.376 M Tris—HCl (pH 10), using the Mini-PROTEAN I1
cell and a Model 500/200 power supply (Bio-Rad). Staining was performed with
Coomassie Blue.

RESULTS

Physical properties

Three macroporous ion-exchange derivatives were evaluated, a carboxylate
weak-cation exchanger, a sulfopropyl strong-cation exchanger, and a quaternary am-
monium strong-anion exchanger. The macroporous nature of the beads was con-
firmed by scanning-electron microscopy, as shown in Fig. 1. The bead shown is
approximately 20 ym in size.
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Fig. 1. Scanning.-electron micrograph of Macro-Prep 50 Q resin, obtained with an International Scientific
Instrument, Model ISI SX-40. Magnification 2400 X .

The surface and pore structure of the beads were characterized (Table I) by
mercury intrusion porosimetry for pore size, pore volume, and surface area. The
pore-volume distribution of the beads was plotted as a function of pore diameter for
the Macro-Prep 50 Q packing. The results in Fig. 2 illustrate that most of the pore
volumes were between 1000 and 1500 A with only a low percentage of small pores.

The swelling and shrinking properties of the ion-exchange materials were differ-
ent in aqueous and organic liquids. Macro-Prep 50 CM and Q packings exhibited less
than 1% shrinkage or swelling in the pH range from 4-10, while the Macro-Prep 50 S
packing exhibited less than 3% (Table I). In the range of 0.1-1.0 M NaCl, the Macro-
Prep 50 CM and Q materials exhibited less than 5% shrinkage or swelling, and the
Macro-Prep 50 S packing exhibited less than 9% (Table I). In organic solvents, such
as acetonitrile and methanol, the packings swell 20-30% (unpublished results).

TABLE 1
PHYSICAL AND CHEMICAL PROPERTIES OF MACRO-PREP 50 RESINS

Macro-Prep 50 CM Macro-Prep 50 Q Macro-Prep 50 S
Type of exchanger Weak cation Strong anion Strong cation
Functional group -CO0~ -N*(CH,), -S0,~
Ionic capacity 210+ 30 pequiv./ml 190+ 40 pequiv./ml 160 +40 pequiv./ml
Counter ion Na* Cl- Na*
Protein capacity > 25 mg hemoglobin/ml > 15 mg ferritin/ml > 35 mg IgG/ml
Mean particle size 50 um 50 pm 50 ym
Pore size (nominal) 1200 A 1200 A 1200 A
Surface area 18-22 m?/g 18-22 m?/g 18-22 m?/g
Pore volume > 0.5 ml/g > 0.5 ml/g > 0.5 ml/g
Swell/shrink
pH 4-10 <1% <1% <3%

0.1-1.0 M NaCl <4% <5% <9%
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Fig. 2. Macro-Prep 50 Q material analyzed by mercury porosimetry, as described under Materials and
Methods. Percent total pore volume is plotted as a function of the pore diameter.

The beads were mechanically strong in aqueous solutions, based on measure-
ments of the backpressures at increasing flow-rates. The results of the pressure-flow-
rate experiments for the three ion-exchange resins are shown in Fig. 3. The maximum
linear velocity that could be reached was 3800 cm/h for the Macro-Prep CM material,
5700 cm/h for the Q material, and 4560 cm/h for the S material.

Ion-exchange properties

Ion-exchange capacity, static protein binding capacities, and protein recoveries
for the three ion exchange materials are listed in Table II. Ion-exchange capacities of
several lots of Macro-Prep ion exchangers were analyzed and the range for each is
shown. The ionic capacities were found to vary by as much as 25% from the average
value, determined for each material (data not shown).

The static protein capacity varied for each of the ion-exchange resins, depend-
ing upon the protein tested. Macro-Prep 50 CM material exhibited static protein-
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1000 4 Z

T T ¥ T 1
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Fig. 3. Macro-Prep 50 CM (UJ), Macro-Prep 50 Q (#) and Macro-Prep 50 S (M) materials were packed
into 10 x 1.0 cm Bio-Rex MP columns. The backpressure, in p.s.i. was measured at increasing flow-rate, as
described under Materials and Methods. The flow-rates (ml/min) have been converted to linear velocity
(cm/h).
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TABLE 11

IONIC CAPACITY, PROTEIN-BINDING CAPACITY, AND RECOVERY
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The ionic and static protein binding capacities were performed as described in the-Materials and Methods.
The percent recoveries were performed at loadings of 25% of the maximum capacity.

Materials Ionic capacity Binding capacity Recovery
(uequiv./ml resin) (mg/ml resin) (%)
Macro-Prep 50 CM 210+ 40
BSA 20 84
Cytochrome ¢ 15 95
Ribonuclease A s 108
Transferrin 26 108
Hemoglobin, human 35 79
Macro-Prep 50 Q 190+ 40
BSA 17 98
Ferritin 23 94
Thyroglobulin 24 88
Macro-Prep 50 S 160 + 40
Cytochrome ¢ 35 103
IgG, human 57 102
Lysozyme 51 97
Ribonuclease A 62 102

binding capacities ranging from 15 to 35 mg/ml resin for five proteins examined.
Similarly, static binding capacities of 17 to 24 mg/ml resin were observed of the Q
material, The Macro-Prep 50 S material exhibited higher static protein-binding ca-

pacities, 35 to 62 mg/ml resin, depending upon the protein tested.

Protein recovery was good for all the proteins tested, as seen in Table II. Mac-
ro-Prep 50 S and Q resins showed 94 to 108% recoveries of the proteins tested, while
the recoveries from the CM sorbent were also high, except for BSA (84%) and he-

moglobin (79%).

TABLE III

CHEMICAL AND THERMAL STABILITY OF IONIC CAPACITY

The Macro-Prep 50 materials were suspended in the solutions and assayed at the indicated times for ionic

capacity, as described under Materials and Methods.

Exposure Ionic capacity (pequiv./ml resin)
Macro-Prep 50 CM Macro-Prep 50 Q Macro-Prep 50 S

Control 238 190 184

1% SDS, 24 h 241 168 194

8 M Guanidine-HCl, 24 h 234 195 189

1 M HC], 7 days 249 189 192 (3 days)

1 M NaOH, 7 days 239 186 191 (3 days)
Autoclave, 121°C, 30 min 205 193 194
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TABLE IV
CHEMICAL AND THERMAL STABILITY OF PROTEIN-BINDING CAPACITY

The Macro-Prep 50 materials were suspended in the solutions and assayed at the indicated times for the
static protein-binding capacity, as described under Materials and Methods.

Exposure Protein capacity (mg/ml resin)

Macro-Prep Macro-Prep Macro-Prep Macro-Prep

50 CM* 50 Q° 50 Q° 50 S¢
Control 40 20 17 40 .
1% SDS, 24 h 40 19 - 43 !
8 M Guanidine-HC], 24 h 36 20 - 42
IMHC]|,72h 40 - 20 43 -
! M NaOH, 72 h 40 - 16 41
Autoclave, 121°C, 30 min 40 - 17 45

Hemoglobin (human).

Ferritin.

Different resin sample used for control.
1gG (human).

b
d
Chemical properties

Treatment of Macro-Prep 50 packings with 1.0 M HCl, 1.0 M NaOH, 1% SDS,
and 8 M guanidine-HC] can be carried out without substantial loss in ionic (Table
III) or static protein-binding capacity (Table I'V). Sanitization can be achieved with
1.0 M NaOH and sterilization by autoclaving at 121°C for 30 min. Except for losses in
ionic capacities of the CM material after autoclaving (14%) and the Q material after
treatment with SDS (11%), all materials were virtually unaffected by these treat-
ments.

A major concern of the pharmaceutical and biotechnology industries is con-
tamination of biological products by toxic materials coming from chromatographic
resins. To address this concern a series of standard biological tests, including USP
systemic and intracutaneous injections, tissue culture cytotoxicity, and the Ames mu-
tagenicity test were performed on extracts of the three Macro-Prep 50 ion-exchange
materials. All results were negative; no extract showed signs of toxicity, cytotoxicity,
or mutagenicity in any of the tests.

Separation of standard proteins

The chromatographic performance of the Macro-Prep 50 ion-exchange pack-
ings was demonstrated by separating mixtures of proteins under gradient elution
conditions (Fig. 4). Carbonic anhydrase, transferrin, and BSA are well resolved on
the Macro-Prep 50 Q column (Fig. 4a) as are myoglobin, ribonuclease A, and cyto-
chrome ¢ on the Macro-Prep 50 S column (Fig. 4b). With the Macro-Prep 50 CM
material (Fig. 4c), myoglobin, ribonuclease A, and cytochrome ¢ are resolved. Cyto-
chrome ¢ was split into two peaks (presumably due to the oxidized and reduced forms
of the protein) under the gradient conditions used.

Column lifetime studies over 100 gradient cycles on 10 x 1.0 cm columns
indicated that the resins were robust. After 100 gradient cycles, with every tenth cycle
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Fig. 4. Chromatography of standard protein mixtures on Macro-Prep 50 Q, S, and CM ion-exchange
columns. (a) Separation of (1) bovine carbonic anhydrase B, (2) human transferrin and (3) BSA on a
column (30 x 2.5cm I.D.) of Macro-Prep 50 Q with mobile phase buffers of (A) 50 mM Tris—HCI (pH 8.6)
and (B) 50 mM Tris—-HCI (pH 8.6), containing 500 mM NaCl at a flow-rate of 4.0 ml/min. The proteins
were eluted by a linear gradient of 0 to 50% B over 45 min, followed by a 30 min linear gradient to 100% B.
(b) Separation of (1) myoglobin, (2) ribonuclease A, and (3) cytochrome ¢ on a column (30 x 1.0 cm I.D.)
of Macro-Prep 50 S with mobile-phase buffers of (A) 20 ma phosphate (pH 8.0) and (B) 20 mM phosphate
(pH 8.0), containing 1.0 M NaCl. The proteins were eluted by a linear gradient of 0 to 70% B over 20 min
at a flow-rate of 3.0 ml/min. (c) Separation of (1) myoglobin, (2) ribonuclease A and (3) cytochrome c on a
column (20 x 1.0 cm L.D.) of Macro-Prep 50 CM with mobile-phase buffers of (A) 20 mM HEPES (pH 8.2)
and (B) 20 mM HEPES (pH 8.2), containing 1.0 M NaCl. The proteins were eluted by a linear gradient of 0
to 60% B over 25 min at a flow-rate of 3.0 ml/min.

including an injection of a protein mixture, the performance was unchanged. The
chromatograms in Fig. 5 for the first and hundredth cycle on the Macro-Prep 50 S
column depict very similar profiles, demonstrating that the resin is stable under these
conditions. Similar results, not shown, have been obtained for the Macro-Prep 50 Q
and CM supports.
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OD 280

time (min)

Fig. 5. A Macro-Prep 50 S column (10 % 1.0 cm 1.D.) was subjected to 100 gradient cycles. Every tenth
cycle, the protein standard (myoglobin, ribonuclease A, and cytochrome ¢) was injected onto the column.
The chromatograms are shown for injection during the first and hundredth cycle.

Antibody purification from serum

The utility of these new chromatographic materials was demonstrated by the
purification of antibodies against Klenow DNA polymerase from goat serum, using
Macro-Prep 50 S, a strong-acid cation exchanger, as a first chromatographic step.
Buffer and pH conditions were optimized for the purification of IgG on the Macro-
Prep 50 S resin. In data not shown, similar separations were observed with several
different buffers, including HEPES, MES, MOPS, and sodium phosphate.

The Macro-Prep 50 S material in 5.0 ml prepacked Econo-Pac cartridges pro-
vided a convenient way for separating IgG from goat serum, as shown in Fig. 6a. For
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Fig. 6. Fractionation of goat serum on Macro-Prep 50S. (a) Dialyzed goat serum (2.0 ml) was fractionated
on an Econo-Pac S cartridge, containing 5.0 m] of the Macro-Prep S material, equilibrated in 20 mM
MOPS buffer (pH 6.8). The proteins were eluted by a 0-100% gradient over 20 min, using 20 mM MOPS
buffer (pH 6.8), containing 1.0 M NaCl, at a flow-rate of 1.0 ml/min. (b) Goat serum, dialyzed against 20
mM MOPS (pH 6.8), was fractionated on a Macro-Prep 50 S column (10 x 1.0cm L.D.), equilibrated in 20
mM MOPS buffer (pH 6.8). The column was washed for 10 min with the equilibration buffer, followed by a
0-50% gradient over 10 min with 20 mM MOPS buffer (pH 6.8), containing 1.0 M NaCl at a flow-rate of
1.0 ml/min.
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Fig. 7. Anti-Klenow activity from goat serum fractionation on Macro-Prep 50 S material. Fractions were

collected from the separation shown in Fig. 6b and analyzed for Klenow binding activity (#), as described

under Materials and Methods. Protein (0J) was determined on aliquots in microtiter plates with the
Bio-Rad Protein Assay, using a Model 3550 Microplate Reader at 595 nm.

comparison, the same sample was chromatographed on a 10 x 1.0 cm column of the
Macro-Prep 50 S packing (Fig. 6b). Identity of the two major peaks was confirmed
with a Bio-Sil® SEC-250 gel filtration column (data not shown) and by SDS-PAGE
(Fig. 8). Under these chromatographic conditions, most of the albumin is eluted in
the first peak with 20 mAa MOPS buffer (pH 6.8) while the IgG is bound and sub-
sequently eluted with a salt gradient. Up to 10 ml of dialyzed goat serum was
processed on the column (Fig. 6b) without loss in IgG purity; however, with higher
loads some loss in recovery of IgG was noted. This step has been scaled up to purify

Mol. Wt. x 103
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LA e . i
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Fig. 8. SDS-PAGE analyses of goat serum fractions. SDS-PAGE on 12% gels under reducing conditions:
low-molecular-weight Bio-Rad standard (lanes 1 and 7); dialyzed goat serum, (lane 2); IgG pool from

Macro-Prep S column (lane 3); IgG pool from Econo-Pac HIC cartridge (lane 4); goat IgG standard (lane
5); goat albumin standard (lane 6).
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Fig. 9. Purification of IgG pool on Econo-Pack HIC cartridge. The 1gG pool (1.5 ml) from the Macro-Prep
50 S chromatography was mixed with 1.5 ml of buffer A [20 mM phosphate (pH 6.8), containing 2.4 M
(NH,),S0,] and added to an Econo-Pac HIC cartridge (5.0 ml), equilibrated in buffer A. The column was
eluted at 1.0 ml/min for 8 min with 25% buffer B [20 mM phosphate (pH 6.8)], followed by a 20-min
gradient from 25 to 100% B. Fractions were assayed for Klenow binding activity (O) and protein (@®).

0.9 g of antibody, following chromatography of 100 ml of the dialyzed goat serum on
a 20 x 2.5-cm column of Macro-Prep 50 S material. The profile obtained with this
column was similar to those seen with the 5-ml cartridge and smaller column.

Fractions were collected from the Macro-Prep S column (Fig. 6b) and assayed
for protein and specific anti-Klenow antibodies (Fig. 7). Klenow binding activity was
present only in the second peak containing the IgG. The SDS-PAGE results in Fig. 8
show that the pooled IgG fraction from the Macro-Prep S column was relatively
pure, with minor contaminants of albumin and other (unidentified) components. To
purify the IgG from the Macro-Prep 50 S column further, a second step consisting of
hydrophobic-interaction chromatography (HIC) was performed. The antibody frac-
tion from the Macro-Prep S step was diluted 1:1 with 2.4 M ammonium sulfate and
injected onto a 5.0-ml Econo-Pac HIC cartridge. This cartridge contains hydrophobic
methoxy groups on the Macro-Prep 50 matrix. Fractions were collected and analyzed
for protein and anti-Klenow binding (Fig. 9). SDS-PAGE (Fig. 8) indicated that the
antibody fraction was highly purified and essentially free of albumin.

DISCUSSION

The geometric parameters concerning the pore structure for the Macro-Prep 50
resins were determined by mercury porosimetry of the dry beads (Table I). To corre-
late the porosimetry data with the functional properties of the resins, the assumption
is made that the resins undergo little structural change in aqueous solutions. To verify
this assumption, it will be necessary to correlate the porosimetry data with steric-
exclusion chromatography in aqueous solution [9,10]. In the scanning electron micro-
graph, the Macro-Prep 50 resin appears as spherical beads with a distinctive macro-
porous structure on their surface and interior. The rigidity and mechanical strength of
the resins were demonstrated by the minimal swelling and shrinking in aqueous solu-
tion between pH 4 and 10 and at salt concentrations up to 1.0 M (Table I), and the
pressure—flow-rate study shown in Fig. 3. Linear flow-rates up to 3800 cm/h could be



LOW-PRESSURE LC OF ANTIBODIES 177

obtained without collapse of the chromatographic bed. The column lifetime studies of
the ion exchangers (Fig. 5) indicated no deformation or increase in backpressure, that
would be indicative of collapse of the resin.

In protein separations, two important geometric parameters of a resin are the
mean pore size and pore-size distribution. These determine the accessibility of the
internal pore surface to different proteins. Unger et al. [11] have stated that the pore
diameter must be a least five times the protein diameter to permit access of the protein
to the total internal surface. They concluded that the pore diameters should be large
and the particle diameters should be smail to minimize the deleterious effects of pores
on resolution. It has been estimated that a 1000-A pore size would allow almost
complete access to the internal surface for molecules of > 10° MW [12]. Sorbents
with increasingly larger pore sizes have been developed for ion-exchange chromato-
graphy of proteins. However, beads with large pores typically exhibit broad pore-size
distributions, including a significant fraction with small pores. Ritchie et al. [13] have
demonstrated that in size-exclusion chromatography, resolution can be increased
with a very narrow pore size distribution. This ensures that the sample is loaded in the
minimum column volume. With large pore macroporous beads, more than 95% of
the surface area occurs within the pore [3,13], placing significant performance require-
ments on the pore structure. In these macroporous packings the detailed structure
and its effects on the microenvironment of the ionic groups is largely unknown, with
uncertainties for the solute access being greatest for-the smallest pores [10].

The Macro-Prep 50 beads exhibit an unimodal pore size distribution (Fig. 2)
with an unusually high percentage of large pores of an average of 1200 A. Only a
minor fraction of small pores are present. In practical terms, this means that a large
percentage of the functional groups on the internal surface is accessible for binding a
wide molecular weight range of proteins. The experimental data to support this sup-
position are the relative independence of molecular weight of the static protein bind-
ing capacities for each of the ion-exchange resins (Table II). For example, the Macro-
Prep 50 Q material exhibited a binding capacity of 24 mg/ml for thyroglobulin
(660 000 MW), 23 mg/ml for ferritin (450 000 MW), and 17 mg/ml for BSA (68 000
MW).

The Macro-Prep 50 packings appear to be biologically safe for pharmaceutical
applications. Extracts from the three ion-exchangers showed no sign of animal toxic-
ity, tissue culture cytotoxicity, or mutagenicity in the Ames test. These ion-exchange
resins show excellent chemical and thermal stability, as no decrease in protein-bind-
ing capacity was observed after 3 days with 1.0 M sodium hydroxide or 1.0 M hydro-
chloric acid. HIC resins are less chemically stable to base, but they can tolerate 0.1 M
sodium hydroxide (data not shown). The resins can be autoclaved without loss in
protein binding capacity. These results suggest that the materials can be easily and
safely sanitized. The mechanical stability was further demonstrated in column life-
time studies. For example, the Macro-Prep 50 S material exhibited no change in the
retention time or peak shape of injected protein standards after 100 gradient cycles
(Fig. 5). _

Macro-Prep 50 resins have been utilized in the purification of antibodies to
Klenow DNA polymerase from goat serum. This purification was monitored by
SDS-PAGE and ELISA for specific binding to the Klenow DNA polymerase. The
initial evaluation was performed on 5.0-ml prepacked cartridges of Macro-Prep 50 S
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(Econo-Pac S cartridge) with subsequent scale-up to 8- and 100-ml columns of Mac-
ro-Prep 50 S. The antibody fraction collected from the S resin was relatively pure as
determined by SDS-PAGE. Further purification was achieved using a 5.0 ml Econo-
Pac HIC prepacked cartridge to yield a highly purified IgG.
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ABSTRACT

The performance of a silica-based Cg packing was compared with that of a less hydrophobic, silica-
based cyanopropyl (CN) packing during their application to reversed-phase high-performance liquid chro-
matography (linear trifluoroacetic acid-water to trifluoroacetic acid-acetonitrile gradients) of peptides and
proteins. It was found that: (1) the CN column showed excellent selectivity for peptides which varied widely
in hydrophobicity and peptide chain length; (2) peptides which could not be resolved easily on the Cg
column were widely separated on the CN column; (3) certain mixtures of peptides and small organic
molecules which could not be resolved on the Cy column were completely separated on the CN column; (4)
impurites arising from solid-phase peptide synthesis were resolved by a wide margin on the CN column,
unlike on the Cy column, where these compounds were eluted very close to the peptide product of interest;
and (5) specific protein mixtures exhibited superior resolution and peak shape on the CN column compared
with the Cy column. The results clearly demonstrate the effectiveness of employing stationary phases of
different selectivities (as opposed to the more common optimization protocol of manipulating the mobile
phase) for specific peptide and protein applications, an approach underestimated in the past.

INTRODUCTION

The excellent resolving power of the reversed-phase (RP) mode has resulted in
its becoming the predominant high-performance liquid chromatographic (HPLC)
technique for peptide separations [1,2]. In addition, many protein separations are also
effected through this HPLC mode [3,4]. Optimization of peptide and protein sep-
arations during RP-HPLC may generally be approached in two ways, mobile phase
manipulation on a given reversed-phase column or employment of different station-
ary phases with complementary selectivities, the former approach being more com-
monly employed. With the wide choice of variables (e.g., ion-pairing reagent, pH,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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organic modifier, other additives) available to the researcher when manipulating mo-
bile phase conditions, in addition to the option of changing the gradient-rate and
flow-rate, it is perhaps not surprising that this approach to optimization of peptide
and protein separations has become dominant. However, this dominance has tended
to obscure the effectiveness of employing stationary phases of different selectivities
for specific applications.

Although RP-HPLC on stationary phases containing alkyl chains (e.g., Cs,
C,3) as the functional ligand is still the method of choice for most peptide [1,2] and
many protein separations [3,4], less hydrophobic [5] cyanopropy! (CN) packings have
been applied during RP-HPLC of both peptides and proteins [5-12]. One of the
reasons why these packings have not seen more use may be due to problems of
stationary phase instability [6,9,12,13], with significant and rapid loss of stationary
phase ligands often observed when employing acidic mobile phases, such as the fre-
quently used aqueous triftuoroacetic acid (TFA)—acetonitrile system (pH 2). Kirkland
and co-workers [13,14] recently reported the development of stable silica-based bond-
ed phases, based on protecting the siloxane bond between the silica and the functional
ligand with bulky side groups. Monofunctional alkyl- and cyanopropylsilanes con-
taining two isopropyl groups (instead of the usual methyl groups) were found to
produce exceptionally stable alkyl and CN reversed-phase packings.

This paper compares the performances of such highly stable Cg and CN col-
umns during their application to RP-HPLC of a range of peptides (with varying chain
length and hydrophobicity), proteins and small organic molecules. The advantages
for specific applications of employing a cyanopropyl stationary phase with character-
istics (in terms of hydrophobicity and selectivity) markedly different to those of the
commonly used Cg packing are clearly demonstrated.

EXPERIMENTAL

Materials

HPLC-grade water and acetonitrile were obtained from J. T. Baker (Philips-
burg, NJ, USA) and HPLC-grade TFA from Pierce (Rockford, IL, USA). Alkyl-
phenone standards were obtained from Pierce, thioanisole from Aldrich (Milwaukee,
WI, USA), dithiothreitol (DTT) from Schwarz-Mann Biotech (Cleveland, OH, USA)
and bovine ribonuclease A, equine cytochrome ¢, chicken lysozyme, papain, bovine
serum albumin, bovine a-lactalbumin, sperm whale myoglobin, bovine a-chymotryp-
sinogen A and baker’s yeast enolase from Sigma (St. Louis, MO, USA). Rabbit
skeletal troponin T, troponin I and troponin C and rabbit cardiac tropomyosin were
prepared from tissue extracts.

Peptide synthesis

The peptides described were synthesized either on a Beckman (Berkeley, CA,
USA) Model 990 peptide synthesizer or an Applied Biosystems (Foster City, CA,
USA) Model 430A peptide synthesizer, using the general procedure for solid-phase
peptide synthesis described by Hodges and co-workers [15,16].

Apparatus .
The HPLC instrument consisted of an HP1090 liquid chromatograph (Hewlett-
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Packard, Avondale, PA, USA), coupled to an HP1040A detection system, HP9000
Series 300 computer, HP9133 disc drive, HP2225A Thinkjet printer and HP7440A
plotter.

‘Columns

Three columns were employed: (1) silica-based Cg packing (150 x 4.6 mm I.D.
column) containing a monomeric stationary phase of diisopropyl-n-octyl groups
(5-um particle size, 94-A pore size, 5.78% carbon loading) from DuPont (Wilming-
ton, DE, USA) (this packing is equivalent to the commercial 25-cm Zorbax-Rx col-
umns available from MacMod Analytical, Chadds Ford, PA, USA); (2) silica-based
CN packing (Zorbax SB-300CN) (150 x 4.6 mm I.D. column) containing a mono-
meric stationary phase of diisopropyl-3-cyanopropyl groups (6 pym, 250 A) from
Rockland Technologies (West Chester, PA, USA); and (3) Aquapore RP-300 Cg (220
x 4.6 mm I.D. column) (7 um, 300 A) from Chromatographic Specialties (Brockville,
Ontario, Canada). All packings and columns were new to ensure a fair comparison.

RESULTS AND-DISCUSSION

Comparison of Cs and CN column performance in RP-HPLC of peptides
Although CN packings have been employed for RP-HPLC of peptides [5—
9,11,12], it has been reported [6,8,17] that hydrophilic/moderately hydrophobic and/
or small peptides are generally not retained well by such packings. In contrast, such
packings have proved useful for the separation of hydrophobic peptides [10,12].
The peptides shown in Table I were subjected to a linear A-B gradient (1%

TABLE I
PEPTIDES USED IN THIS STUDY

Peptides Sequence”

10G-40G Ac—(Gly-Lys—Gly-Leu-Gly),—amide, where n = 2,4,6,8; 10G, 20G, 30G, 40G,
respectively

5A-50A Ac—(Leu-Gly-Leu-Lys-Ala),~amide, where n = 1,2,4,6,8,10; 5A, 10A, 20A, 30A,
40A, 50A, respectively

SL-50L Ac—(Leu-Gly-Leu-Lys-Leu),—amide, where n = 1,2,4,6,8,10; 5L, 10L, 20L, 30L, 40L,
50L, respectively

TA~35A Ac-Lys-Cys—Ala-Glu-Gly-Glu-Leu—(Lys-Leu~-Glu-Ala-Gly-Glu-Leu),—amide,
where n = 0,1,2,3,4; TA, 14A, 21A, 28A, 35A, respectively

7B-35B Ac-Lys—Cys—Ala-Glu-Leu-Glu-Gly—(Lys-Leu-Glu-Ala—Leu-Glu-Gly),, —amlde,
where n = 0,1,2,3,4; 7B, 14B, 21B, 28B, 35B, respectively

8sW-8Y Ac-Gly-X-X~(Leu),—(Lys),~amide, where X = Trp,Phe,Leu,lle,Val, Tyr; 8W, 8F, 8L,
81, 8V, 8Y, respectively

S1 Arg-Gly-Ala—Gly-Gly-Leu—Gly-Leu-Gly-Lys-amide

§2-85 Ac-Arg-Gly—X-Y-Gly-Leu-Gly-Leu-Gly-Lys-amide, where X—Y = Gly-Gly,
Ala-Gly, Val-Gly, Val-Val; S2, S3, S4, S5, respectively

El Ac-Glu-Tyr-Gly-Ala-Gly-Gly-Ala-Gly-Gly-Leu-Glu-amide

E2 Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Glu-amide

E3 Ac-Glu-Tyr-Ala~Ala-Glu-~Ala-Ala-Glu-Gly-Leu-Glu-amide

E4 Ac-Gly-Gly-Ala-Leu-Glu-Ala-Ala-Glu~Gly-Leu~Glu-amide

¢ Ac denotes N*-acetyl; amide denotes C*-amide.
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B/min at a flow-rate of 1 ml/min, where solvent A is 0.05% aqueous TFA and solvent
B is 0.05% TFA in acetonitrile; pH 2) on the CN packings. As a comparison, the
peptides were also chromatographed on the DuPont Cg column. These peptides ex-
hibit a wide range of both peptide size and hydrophobicity.

The retention data (Table II) obtained from three sets of peptides shown in
Table I (the G, A and L series of peptide polymers) serve to summarize the general
trend of RP-HPLC retention behaviour exhibited by all of the peptides used. For the
purpose of this study, each peptide in these three series is referred to by a number and
letter which denote, respectively, the number of residues it contains and to which
polymer series it belongs. Thus, 10G refers to the ten-residue G series peptide, 30A
refers to the 30-residue A series peptide, etc. These three sets of peptide polymers
cover a similar range of chain length but differ in overall hydrophobicity; the hydro-
phobicity of these series of peptides increases in the order G < A < L. From Table
11, each peptide was consistently eluted earlier from the CN column than from the Cgq
column. Interestingly, the CN column provided greater selectivity for earlier eluted
peptides. For instance, the difference in retention times (4¢) for G10 and G20 on the
column was 7.4 min; in contrast, At for these peptides was only 3.5 min on the Cq
column. Similarly, for other peptide pairs, A¢ between A5 and A10 was 14.6 min (CN)
or 8.3 min (Cg), At between A10 and A20 was 7.9 min (CN) and 5.2 min (Cg), A¢

TABLE II

COMPARISON OF PEPTIDE RETENTION TIMES AND PEAK WIDTHS ON C; AND CN COL-
UMNS IN RP-HPLC

Peptide G, CN*
ty (min)® W (min)° tg (min) W (min)

G10 204 0.14 79 0.26
G20 23.9 0.17 15.3 0.25
G30 25.4 : 0.14 18.5 0.20
G40 27.1 0.12 21.2 0.17
AS 24.0 0.15 8.6 0.38
Al0Q 323 0.15 23.2 0.27
A20 375 0.15 31.1 0.22
A30 40.8 0.15 343 0.18
A40 43.9 0.14 37.8 0.17
AS50 49.6 0.24 434 0.19
LS 30.8 0.16 18.1 0.24
L10 39.8 0.15 322 0.17
L20 45.7 0.13 39.5 0.14
L30 493 0.15 43.1 0.14
L40 52.2 0.20 458 0.15
L50 53.7 : 0.25 47.4 0.13

@ Cg4 denotes DuPont sterically protected Cg column (150 % 4.6 mm 1.D.); CN denotes sterically protected
Zorbax SB-300CN column (150 x 4.6 mm 1.D.).

b ¢ denotes retention time; the data were obtained by.linear A-B gradient elution (1% B/min and 1
mi/min), where eluent A was 0.05% aqueous TFA and eluent B was 0.05% TFA in acetonitrile (pH 2).
Absorbance at 210 nm.

¢ W denotes peak width at half-height.
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between L5 and L10 was 14.1 min (CN) and 9.0 min (Cg) and A4¢ between G20 and A5
was 6.7 min (CN) and 0.1 min (Cs).

The improvement in separation of the more hydrophilic peptides on the CN
column compared with the Cg column was achieved at the expense of some peak
broadening of these peptides on the former column compared with the latter. In fact,
this points to an interesting difference between the two column packings. Thus, on the
less hydrophobic CN packing, peak widths are decreased, up to a point, with in-
creasing peptide retention time, e.g., the peak widths of the G series peptides de-
creased from 0.26 min (G10) to 0.17 min (G40) as the peptide retention time increased
from 7.9 min (G10) to 21.2 min (G40). Table IT shows similar results for the earlier
eluted (<ca. 35 min) A and L series peptides. In contrast to the CN column, the Cg
column exhibited the opposite peak width vs. retention time relationship, i.e., the later
eluted peaks (> ca. 40 min) on the Cg column exhibited some peak broadening; e.g.,
the peak widths of L30, L40 and L50 (retention times of 49.3, 52.2 and 53.7 min,
respectively) were 0.15, 0.2 and 0.25 min, respectively. Finally, it should be noted that
the minimum peak widths on both columns were essentially identical, i.e., ca. 0.12—
0.15 min,

The possibility that gradient delay time (the time for the gradient to reach the
top of the column from the solvent mixer) may have played a role in the observed
retention behaviour of early eluted peptides on the CN column (improved separation
over that observed on the Cg column with concomitant peak broadening) was in-
vestigated. A large gradient delay time may potentially cause the separation of more
hydrophilic solutes initially to be essentially isocratic. For instance, a delay time of §
min with a mobile phase flow-rate of 1 ml/min means that 5 ml (i.e., ca. two column
volumes for a column of 150 x 4.6 mm 1.D.) of starting eluent will have passed
through the column, following sample injection, prior to the start of the gradient. Fig.
1 demonstrates the effect of increasing gradient delay time on the elution profile of
four eleven-residue peptides, E1-E4 (Table I) on the CN column (A, B and C) and the
Zorbax Cg column (D). These N-terminal acetylated peptides contain only acidic
residues (Glu) with no basic residues present, i.e., the peptides are uncharged at pH
2.0, thus avoiding the complication of any potential ionic interactions with the col-
umn packings. Fig. 1A shows the elution profile of the peptides on the CN column,
where the acetonitrile gradient was started immediately following sample injection.
As observed previously for the earlier eluted G, A and L series peptides (Table IT), the
peak width decreased with increasing peptide retention time (from a peak width of
0.21 min for El at a retention time of 12.5 min to a peak width of 0.15 min at a
retention time of 19.7 min for E4). The gradient delay time for the HP instrumenta-
tion employed in this study is low (ca. 2 min at a flow-rate of 1 ml/min, i.e., less than
one column volume fora 150 x 4.6 mm L.D. column), suggesting any potential effects
of such a delay would be minimal. Fig. 1B and C show the effect of increasing the
gradient delay times by a further 10 and 20 min, respectively, by employing an iso-
cratic hold prior to the start of the gradient. These delay times translate into ca. five
and nine column volumes (10- and 20-min isocratic holds, respectively; Fig. 1Band C,
respectively) of: starting eluent prior to the start of the gradient. It is immediately
apparent that the increasing delay time resulted in increasing peak broadening of the
earliest eluted peptide, E1. Thus, the peak width of this peptide increased from 0.21
min in the absence of an isocratic hold (Fig. 1A) to 0.34 min and, finally, 0.43 min
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Fig. 1. Effect of gradient delay time on performance of Cg and CN columns during RP-HPLC of peptides.
Columns: sterically protected C, column from DuPont (150 x 4.6 mm L.D., particle size 5 ym, pore size 94
A) and sterically protected Zorbax CN column (150 x 4.6 mm 1.D.; 6 ym, 250 A). Conditions: linear A-B
gradient (1% B/min) at a flow-rate of 1 ml/min, where eluent A is 0.05% aqueous TFA and eluent B is
0.05% TFA in acetonitrile (pH 2); 26°C. Absorbance at 210 nm. Sample volume: 20 ul of eluent A. (A, B
and C) separation of peptides on CN column with isocratic holds (prior to the start of the acetonitrile
gradient) of 0, 10 and 20 min, respectively; (D) separation of peptides on C, column with a 20-min isocratic
hold. The sequences of peptides E1-E4 are shown in Table 1.

following the employment of isocratic holds of 10 and 20 min, respectively (Fig. 1B
and C, respectively). Some minor peak broadening with increasing delay time is also
apparent for peptide E2, with peptides E3 and E4 unaffected. However, although Fig.
1 demonstrates that large gradient delays affected the peak broadening of the rela-
tively hydrophilic peptide, El, it also clearly shows that the relative separation of the
four peptides was unaffected, i.e., the concentration of acetonitrile required to elute
each peptide remained identical in the absence or presence of an isocratic hold.
Hence, the initial isocratic elution prior to the gradient affected only the peak width
and not column selectivity.
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Fig. 1D shows the elution profile of the four peptides on the Zorbax Cs column
following a 20-min isocratic hold. This profile was identical with that obtained in the
absence of an isocratic hold, indicating that the initial isocratic elution prior to the
gradient has no effect on peak broadening on this column. In a similar manner to that
observed above (Table II) for the earlier eluted G, A and L series peptides, the
selectivity of the CN column for peptides E1-E4 (Fig. 1A) is superior to that of the Cs
column (Fig. 1D).

Overall, the peak broadening observed on the CN column for ealier eluted
peptides is no more a significant disadvantage of the column than the similar peak
broadening observed for later eluted peptides on the Cg column.

Application of the CN column to the analysis and purification of synthetic peptides
Fig. 2 compares the separation of two peptides, SW and 8F, on (A) the Cg and
(B) the CN columns. These two peptides differ by only two residues: two phenyl-
alanine residues in 8F are replaced by two tryptophan residues in 8W. Fig. 2 demon-
strates a marked difference in their retention behaviour on the CN and Cs columns.
Thus, from a poor separation on the Cg column (4¢ = 0.3 min only) (A), the peptides
were separated by a much wider margin of 4.7 min on the CN column (B). This
dramatic change in the separation of the two peptides between the Cg and CN col-
umns implies significant selectivity differences between the dipolar cyanopropyl and
the octyl functionalities. This selectivity difference may be very useful in multiple
peptide synthesis [18], a method to synthesize, cleave and purify several peptides
simultaneously in a single batch. Up to now, the limiting factor in the success of this
technique has been the resolving power of HPLC for resolving complex peptide mix-
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Fig. 2. RP-HPLC of synthetic peptides on (A) C; and (B) CN columns. Columns and conditions as in F ig.
1. The sequences of peptides 8F and 8W are shown in Table 1.



186 N. E. ZHOU et al.

tures quickly and efficiently {18]. An important practical feature of the sterically
protected CN column in such applications is the outstanding stability of this ligand in
aggressive environments. It should also be noted that peptides which are eluted to-
gether on the CN column may be separated on the Cg column,

Fig. 3 compares the chromatographic behaviour of peptides with that of a series
of three alkylphenones (propiophenone, butyrophenone and valerophenone; A2, A3
and A4, respectively) on (A) the Cg and (B) the CN columns. The alkylphenones,
commonly used as internal standards for RP-HPLC, were chosen to represent typical
small organic molecules.

All of the four peptides shown in Fig. 3 exhibited similar elution behaviour on
the two columns in terms of both retention time and satisfactory peak shape. In
contrast, the alkylphenones showed a dramatic difference in their retention behaviour
on the two columns. On the Cg column (Fig. 3A), the alkylphenones were retained to
an extent similar to that of the four peptides, making the resolution of these two
classes of compounds difficult. In contrast, on the CN column (Fig. 3B), the alkyl-
phenones were barely retained, greatly simplifying their separation from the peptides.
In addition, it should be noted that peptides 21B and 35A were much better resolved
on the CN column (Fig. 3B) than on the Cg column (Fig. 3A) (there was, in fact, a
reversal of elution order), again implying selectivity differences between the two types
of functional groups. DTT (dithiothreitol) was added to the sample mixture to keep
peptides 35A, 21B and 35B (Table 1) in their reduced form and, hence, prevent inter-
chain disulphide bond formation between peptides.

As noted above (Table II, Figs. 1-3), the wide variation in retention behaviour
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Fig. 3. RP-HPLC of mixtures of synthetic peptides and small organic molecules on (A) C and (B) CN
columns. Columns and conditions as in Fig. 1. The sequences of peptides 35A, 21B, 35B and 40L are shown
in Table I. A2, A3 and A4 denote propiophenone, butyrophenone and valerophenone, respectively; DTT
denotes dithiothreitol.
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for alkylphenones and peptides on the Cg and CN columns is illustrative of the
different selectivities associated with these ligands. This selectivity difference is a func-
tion of two properties. First, the more polar CN phase itself can exhibit significantly
different interactions with solutes, relative to those with the highly hydrophobic, less
polar Cg phase. Second, the level of organic modifier needed for solute elution is
significantly less for the CN phase than the Cg phase; the CN phase is much weaker
[19]. Tt is well known that the selectivity of reversed-phase separations often is strong-
ly affected by the percentage of organic component or the concentration of water
associated with elution [20]. Stated otherwise, the log k' versus percentage orgaric
component plots for different solutes often show different slopes. For weaker phases
such as CN, lower concentrations of organic component (higher concentrations of
water) are required, compared with Cg phases, creating an environment for signif-
icant potential changes in band spacing. This is especially the case for mixtures of
small and large molecules that also exhibit profound differences in the intercepts of
log k' versus percentage organic component plots (plots for peptides are much steeper
than those for alkylphenones). Therefore, striking differences in the log k' versus
percentage organic component relationships often lead to large differences in band
spacing, such as exhibited for the alkylphenone/peptide data in Fig. 3. Changing from
the strongly hydrophobic Cs phase to CN creates an environment whereby such
selectivity differences are greatest. The band-spacing differences seen in Fig. 3 are
further enhanced as a result of the lower surface area of the CN column (wider pores)
compared with the Cg column. This magnifies the effect of column strength, as even
less organic component (more water) is required to elute the same components.
The results shown in Fig. 3 suggested a role for the CN column in purifying
organic contaminants, such as those encountered in solid-phase peptide synthesis.
These contaminants, including side-chain protecting groups, coupling reagents,
cleavage reagents and scavengers, are often difficult to separate from the desired
peptide product during RP-HPLC on Cg and C, g columns. For example, thioanisole
is a good scavenger and accelerator of the reaction cleaving the synthesized peptide
from the resin support [21,22]. In many cases, this scavenger is eluted with the peptide
product of interest from an alkyl-bonded reversed-phase column. An example of this
can be seen in Fig. 4A, where thioanisole (T) was not separated from synthetic pep-
tide 35B on the Cg column (the DTT is again present to prevent interchain disulphide
bond formation between peptide molecules). In contrast, on the CN column (Fig.
4B), whereas the retention time of the peptide was similar to that exhibited on the Cg

column (Fig. 4A), thioanisole was now barely retained, thus achieving an easy sep-
aration. o '

Purification of extremely hydrophobic peptides on the CN column

Very hydrophobic peptides, such as membrane-associated peptides, often pose
special problems during RP-HPLC owing to their limited solubility and tendency to
aggregate. In addition, they may be adsorbed irreversibly to some reversed-phase
sorbents [23]. Gerber et al. [24] and Takagaki ez al. [25] successfully separated hydro-
phobic peptides by RP-HPLC with a mobile phase consisting of formic acid, water
and ethanol. The difficulty with this system is that peptide detection by UV absor-
bance is only possible at relatively insensitive wavelengths such as 280 nm, owing to
the: presence of formic acid. Knighton et al. [12] employed RP-HPLC with a mobile
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Fig. 4. RP-HPLC of synthetic peptide and thioanisole (T) on (A) Cy and (B) CN columns. Columns and
conditions as in Fig. 1. The sequence of peptide 35B is shown in Table I. DTT denotes dithiothreitol.

phase containing ammonium hydrogencarbonate to purify lipid-associated peptides
successfully. However, it was very difficult to work with this mobile phase owing to
the formation of carbon dioxide bubbles in the detector flow cell [12]. Tomich et al.
[26] recently reported that the addition of the non-ionic detergent n-octyl-f-p-gluco-
pyranoside to the mobile phase can prevent membrane-spanning peptides from bind-
ing irreversibly to a reversed-phase packing. This detergent binds to the stationary
phase, reducing the potential sites of interaction on the solid matrix [26]. When em-
ploying this mobile phase, a subsequent dialysis step is required to remove the de-
tergent from the eluted peptides. Taneja et al. [27] reported the separation of hydro-
phobic peptide polymers on a C; column through employment of 2-propanol as the
organic modifier. Despite these reports of successful RP-HPLC purification of excep-
tionally hydrophobic peptides, routine methods for such purifications are not yet well
established. : .

The major problem limiting routine successful purification of very hydrophobic
peptides by RP-HPLC is the excessive strength of hydrophobic interaction between
the peptides and alkyl-bonded stationary phases such as Cg and C,g sorbents. It
seemed reasonable, therefore, that a less hydrophobic stationary phase, such as the
CN stationary phase, may be more promising for this kind of application. Fig. 5
compares the elution profile of a hydrophobic synthetic peptide P22 [Ac—(Lys),—Gly-
(Leu); ¢—(Lys),—Ala—amide] on the Cg (Fig. 5A) and CN (Fig. 5B) columns. About
12% less acetonitrile in the mobile phase was required to elute P22 from the CN
column compared with the Cg column. In addition, a greater separation of P22 from
impurities (I) was achieved on the CN column. Finally, the peak width of P22 on the
CN column was less than that on the Cg column (0.32 and 0.50 min, respectively).
Similar results were obtained with synthetic peptide P26 [Ac—(Lys),~Gly~(Leu),0—
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Fig. 5. RP-HPLC of a synthetic hydrophobic peptide on (A) C; and (B) CN columns. Columns and
conditions as in Fig. 1, except sample volume is 20 ul in 70% eluent A—30% eluent B. The sequence of
peptide P22 is shown in the text. I denotes impurity.

(Lys),—Ala—amide], with peak widths of 0.52 and 0.38 min on the Cg and CN col-
umns, respectively. These results, coupled with those presented in Fig. 1, suggest that
the employment of a CN column with an aqueous TFA-acetonitrile mobile phase is a
simple and effective method for purification of very hydrophobic peptides.

RP-HPLC of proteins on the Cs and CN columns

There has been a significant increase in recent years in the application of RP-
HPLC to the analysis and separation of proteins [4,28]. The best recovery and overall
resolution of proteins has generally been demonstrated on large-pore, silica-based
stationary phases containing relatively short alkyl chains (e.g., C3) [29,30]. The trade-
off has been that such short-chain stationary phases (and, indeed, cyano phases) are
generally less stable than those with longer alkyl ligands, which shield more effectively
the underlying siloxane bonds from hydrolysis by the mobile phase. However, this
problem is minimized or even eliminated with such sterically protected packings as
those employed in the present study and described previously [13].

Table III compares the performances of the sterically protected Cg (Cs-2 in
Table III) and CN columns during the RP-HPLC of thirteen proteins with that of a
conventional Cg packing containing dimethyloctyl groups (Cg-1 in Table III). The
latter Cg column was chosen because in our hands it has proved to be one of the better
commercially available packings. The peak width at half-height was again used as an
index of column performance. All three columns were run under identical linear A-B
gradient elution conditions (1%B/min and 1 ml/min), where eluent A was 0.05%
aqueous TFA and eluent B was 0.05% TFA in acetonitrile (pH 2).
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.From Table I1I, it is clearly apparent that the peak widths of all thirteen pro-
teins were significantly less on the sterically protected Cg packing (Cg-2) than on the
conventional Cg column (Cs-1), even though the pore size of the former column is
only 94 A compared with 300 A for the latter. The smaller particle size of the sterically
protected packing (5 um) compared with the conventional packing (7 um) may partly
explain the narrower peptide peak widths on the former column, although the rela-
tively small difference in these particle sizes probably had no major effect. With the
exception of ribonuclease A, the peak widths of the proteins were even smaller on the
sterically protected CN column compared with the DuPont. Cg column (Cg-2).

The CN column also exhibited the best column performance of the three in
terms of protein resolution. Based on the data shown in Table III, the resolution (Ry)
of any two peaks was calculated according to the equation

1.176At¢
R=ww
where 41 is the difference in retention time between two protein peaks (1 and 2) and
W, and W, are their peak widths at half-height. The resolution of every possible
combination of protein pairs within the thirteen proteins was calculated for all three
columns. Out of a total of 78 possible combinations of protein pairs, only five calcu-
lated resolutions were less on the CN column than on the DuPont Cg column (Cg-2).

TABLE II

COMPARISON OF PROTEIN RETENTION TIMES AND PEAK WIDTHS ON C, AND CN COLUMNS IN
RP-HPLC

No. Protein N® Cy-1° ) CB-Zb CN?

tp (min)* W (min)* 1, (min) W (min) £, (min) W (min)

1 Ribonuclease 124 324 0.44 28.7 0.30 24.0 0.38
2 Troponin T 259 393 0.78 33.7 0.34 311 0.15
3 Cytochrome ¢ 104 378 0.50 34.0 0.32 30.4 0.23
4 Lysozyme 129 40.8 0.42 36.8 0.30 333 0.25
5 Troponin 1 178 422 0.68 37.2 0.39 34.9 0.19
6 Bovine serum albumin 582 445 0.81 40.4 0.60 36.1 . 0.50
7 Papain 212 459 1.12 40.6 0.65 37.6 0.29
8 a-Lactalbumin 123 450 0.46 41.0 0.44 35.9 0.18
9 Tropomyosin 284 469 L2 41.7 0.79 39.3 0.46
10 Myoglobin 153 48.0 077 . 425 0.38 -. 384 0.17
11 a-Chymotrypsinogen A 245 484 0.58 42.7 0.38 39.7 0.19
12 Enolase 436 52.1 0.77 455 0.35 424 0.29
13 Troponin C 159 52.6 0.49 47.8 0.39 443 0.19

4 N denotes number of amino acid residues. ) ‘

? Cq-1 denotes’ Aquapore RP-300.C, column (220 x 4.6'mm ID) C;-2 denotes DuPont sterlcally protected C,
column (150 x 4.6 mm 1.D.); CN denotes Zorbax sterically protected cyanopropyl column (150 x 4.6 mm1.D.) (see
Experlmemal)

¢ 1z denotes retention time; the data were obtained by linear A-B gradlent elution (1% B/min and 1 ml/min), where
eluent A was 0.05% aqueous TFA and eluent B was 0.05% TFA in acetomtnle (pH 2). Absorbance at 210 nm.

¢ W denotes peak width at half-height.
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In addition, 24 out of the possible 78 combinations showed an increase in protein
resolution of >100% compared with this Cg column (Cg-2).

Fig. 6 demonstrates the elution profiles of selected mixtures of proteins on (A
and C) the DuPont Cg and (B and D) the Zorbax CN columns. It is apparent from
Fig. 6A and B that the columns exhibited considerable selectivity differences for some
proteins. Thus, on the Cg column (Fig. 6A), protein pairs of bovine serum albumin
and papain (proteins 6 and 7 in Table III) and myoglobin and a-chymotrypsinogen A
(proteins 10 and 11) were completely unresolved. In contrast, all four proteins were
resolved on the CN column (Fig. 6B). Ferris et al. [31] made a similar observation
concerning selectivity differences between Cs, diphenyl and CN columns during RP-
HPLC of ribosomal proteins.

From Fig. 6C and D, the CN column performance (D) is clearly superior to
that of the Cg column (C) for the mixture of five proteins (troponin T, troponin I,

a-lactalbumin, myoglobin and troponin C; proteins 2, 5, 8, 10 and 13, respectively),:

although the separation of specific proteins may be superior on the Cg column, e.g.,
note the improved separation of troponin I (protein 5) from a-lactalbumin (protein 8)
on the Cg column (Fig. 6C) compared with the CN column (Fig. 6D). The overall
superior performance of the CN column is exemplified by both narrower peak widths
and milder elution conditions (i.e., less organic solvent) required to elute the proteins
from this less hydrophobic packing. Milder elution conditions frequently translate
into better recoveries of purified proteins compared with those obtained from more
hydrophobic hydrocarbon stationary phases [32].
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Fig. 6. RP-HPLC of proteins on (A and C) C, and (B and D) CN columns. Columns and conditions as in
Fig. 1. Peak numbers denotes proteins shown in Table III.
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CONCLUSIONS

Comparison of Cg and CN column performance during peptide and protein
separations clearly show how stationary phases of different hydrophobicities and
selectivities may complement each other for specific applications. In addition, the
results suggest that optimization of peptide and protein separations through employ-
ment of different RP-HPLC stationary phases (as opposed to the more common
optimization protocol of manipulating the mobile phase) is an approach underesti-
mated in the past.
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Silica versus polymer-based stationary phases for reversed-
phase high-performance liquid chromatographic analyses of
rat insulin biosynthesis '

A comparison of resolution and recovery

S. LINDE* and B. S. WELINDER
Hagedorn Research Laboratory, Niels Steensens Vej 6, DK-2820 Gentofte ( Denmark)

ABSTRACT

Because of the problems caused by the irreversible binding of insulins and proinsulins to several
silica-based reversed-phase columns, the use of polymeric reversed-phase columns was investigated for the
analysis of rat islet polypeptides involved in insulin biosynthesis. No irreversible binding of insulins and
proinsulins was observed for the polymeric reversed-phase columns, probably due to the absence of silanol
groups. The six polypeptides involved in insulin biosynthesis in rat islets were equally well resolved in
shallow trifluoroacetic acid—acetonitrile gradients on the silica-based Nucleosil 300-5C, column (45°C), the
polymer-based Asahipak C4P-50 (25 and 45°C), and ODP-50 columns (45°C). In shallow triethylammoni-
um phosphate-acetonitrile gradients (25°C) satisfactory resolution of the two rat proinsulins was only
obtained on the polymer-based Asahipak C4P-50 and C8P-50 columns. Increasing the separation temper-
ature to 45°C improved the separation of the two insulins and the two proinsulins in all cases. The shifts in
retention times for the individual islet polypeptides observed in relation to the increased separation temper-
ature were found to be different for the silica C, and the polymer C, columns. Recoveries of rat islet
polypeptides were comparably high from the silica- and the polymer-based C, columns and linear load-
response curves were obtained in the microgram to picogram mass range on both columns.

INTRODUCTION

Proinsulin is synthesized in the S-cells, one of the four cell types in the islets of
Langerhans in the endocrine pancreas. The enzymatic cleavage of proinsulin at two
positions with paired basic amino acid residues results in the formation of equimolar
amounts of insulin and C-peptide. Most mammals produce a single insulin, but in the
rat (and other rodents) two different non-allelic insulin genes are expressed, resulting
in the formation of two sets of closely related proinsulins, insulins and C-peptides,
differing in 4 out of 86 amino acids, 2 out of 51 amino acids, and 2 out of 31 amino
acids, respectively.

We have recently described the successful separation of all these B-cell specific
polypeptides by reversed-phase high-performance liquid chromatography (RP-
HPLC) utilising carefully selected silica-based stationary phases eluted with very

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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shallow trifluoroacetic acid (TFA)-acetonitrile gradients [1.2]. However, several of
the stationary phases examined during-this evaluation suffered from severely non-
ideal behaviour (pronounced non-specific binding and lack of column-to-column re-
producibility) [2]. Consequently, we have evaluated the use of polymeric RP columns
for this type of analysis. Three different Asahipak columns with C,g, Cg and C,
anchored to the same polymer skeleton (polyvinylalcohol) were eluted with TFA or
triethylammonium phosphate in acetonitrile, and the separation and recoveries of the
rat C-peptides, insulins and proinsulins at ambient or elevated temperatures were
optimized and compared to similar separations using selected silica-based stationary
phases.

MATERIALS AND METHODS

HPLC equipment

The HPLC system consisted of two M6000A pumps, a WISP 710A, a 660
solvent programmer, a 730 data module (all from Waters), and a Pye Unicam LC-UV
detector.

Silica-based columns

LiChrosorb RP-18 (5 um) and LiChrosorb RP-8 (5 ym), both 250 X 4.0 mm
1.D. were obtained from Merck, Nucleosil 120-5C; g (5 pm) and 300-5C, (5 um), both
250 x 4.0 mm L.D. were obtained from Macherey-Nagel, Zorbax Protein Plus (6
um), 250 x 4.6 mm I.D. was obtained from DuPont, and Bakerbond WP Butyl (5
um), 250 x 4.6 mm I.D. was obtained from J. T. Baker.

Polymer-based columns

Asahipak ODP-50 (5 um) 150 % 4.6 mm I.D. and Asahipak C8P-50 (5 um) and
C4P-50 (5 pm), both 250 x 4.6 mm 1.D., were obtained from Asahi Chemical Indus-
try Co. : '

Reagents

Phosphoric acid (p.a.) was from Merck, TFA (peptide synthesis grade) was
from Applied Biosystems, triethylamine (99%) was from Janssen Chimica and aceto-
nitrile (HPLC grade S) was from Rathburn Chemicals. All other chemicals were of
analytical reagent grade. Distilled water was drawn from a Millipore Milli-Q plant,
and all buffers were filtered (0.45 um, Millipore), and vacuum-ultrasound degassed
before use. ’ ' ’

Samples

Human insulin (HI), human proinsulin (HPI) and mono-['2°I}-(TyrA14)-por-
cine insulin (200-300 mCi/mg) were obtained from Novo-Nordisk. Rat pancreatic
polypeptide and porcine glucagon were from Sigma. Medium from cultured newborn
rat islet cells was used as a source of rat insulins. This medium contained 63 ug/ml
insulin I+1II and equimolar amounts of C-peptide I and II. Biosynthetically labelled
rat islet polypeptides, including rat proinsulin I and II (nanogram amounts), were
prepared by the incubation of rat islets with [*H]leucine and [>*Sjmethionine as de-
scribed {1].
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HPLC conditions

The columns were eluted with linear acetonitrile gradients in 0.1% TFA (6%
during 60 min) or in 0.125 M triethylammonium phosphate (TEAP), pH 4.0 (5%
during 60 min). Flow-rate: 1.0 mi/min for the silica-based columns and 0.5-1.0 ml/
min for the polymer-based columns (pressure limit, 150 bar). Separation temperature:
ambient or 45°C. The column eluate was monitored at 210 nm. In experiments with
labelled polypeptides the eluate was collected in 0.5-min fractions and counted in a
Packard Tri-Carb liquid scintillation counter (Model 460 C) after the addition of 4 ml
Optiphase “HiSafe” (LKB).

Resolution

The resolution (R,) was calculated as 2 - (¢, —1;)/wy +w,), where ¢, and ¢, are
the retention times of two adjacent peaks, and w, and w, their base widths. A baseline
separation results in Ry = 1, a 12.5%-overlap in R, = 0.5 assuming Gaussian peaks.

Recovery

The recoveries of microgram amounts of polypeptides were calculated from UV
areas (rat insulin I and II), nanogram amounts from [*H]leucine counts (rat proinsu-
lin I and II), and picogram amounts from [*2°T]counts (A 14-monoiodoinsulin) after
the HPLC separations in comparison with identical samples either injected into a
loop (10 m X 0.2 mm I.D.) or counted directly.

Dose-response curves were determined for all three mass ranges on a silica-
based (Nucleosil 300-5C,), and a polymer-based column (Asahipak C4P-50).

RESULTS

Resolution

The separation of rat insulins (I and II), C-peptides (I and IT), and proinsulins (I
and II) from islets biosynthetically labelled with {*H]leucine and [**S]methionine (this
amino acid being present in insulin IT and proinsulin 11, only) for 60 min [1] was
attempted on several silica- and polymer-based RP columns. As can be seen from
Table I the resolution (R,) obtained for the two C-peptides and the two insulins were
satisfactory (> 0.5) for all columns eluted with TEAP-acetonitrile, whereas the two
proinsulins in most cases would not be resolved. Only two polymeric columns, Asahi-
pak Cg and C,, were able to separate the proinsulins satisfactorily.

When the same columns were eluted with shallow acetonitrile gradients in TFA
at room temperature (Table II), all the columns were able to separate the C-peptides,
the silica-based C, and C; columns as well as all the polymer-based columns separat-
ed the insulins satisfactorily, but none of the silica-based columns, and only one of the
polymer-based columns (Asahipak C,), were able to separate the two proinsulins.

Temperature effect ,

The RP-HPLC separation of rat islet polypeptides in TFA-acetonitrile was
furthermore performed at 45°C (see Table II).

Chromatograms of two optimized separations on the silica-based Nucleosil C,
and the polymer-based, Asahipak C, column performed at room temperature and at
45°C are shown in Fig. 1. The identity of the individual peaks was based upon amino
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Fig. 1. RP-HPLC separation of a 3 M acetic acid extract of 50 rat islets labelled for 60 min with 2.5
uCi[*H]leucine and 2.5 uCi[*>*Simethionine, using a Nucleosil 300-5C ,column, eluted at 1.0 ml/min with a
linear acetonitrile gradient (27-33%) in 0.1% TFA during 60 min (left panels); and an Asahipak C4P-50
column eluted at 0.8 ml/min with a linear acetonitrile gradient (26-32%) in 0.1% TFA during 60 min (right
panels). Fractions at 0.5-min intervals were collected and counted for [*H]- and [**SJradioactivity. The
separations shown in the upper panels were performed at ambient temperature (25°C), the separations in
the lower panels at 45°C. The solid line represents [*H]-radioactivity, the dotted line [**S]radioactivity. The
peaks are C, (C-peptide I), C, (C-peptide II), 1, (insulin I), 1, (insulin II), P, (proinsulin I} and P,
(proinsulin II).

acid analysis and amino acid sequencing as described in ref. 1. The effect of temper-
ature on the retention times of several pancreatic islet polypeptides was further exam-
ined on the same two columns and are depicted in Fig. 2.

Recovery

Load-response curves of pancreatic islet polypeptides were determined for
three mass ranges using either the areas of the UV curves (microgram amounts of
insulin) or radioactivity [*H]leucine proinsulin for the nanogram range, ['**I}insulin
for the picogram range), as shown in Fig. 3.
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Fig. 2. The retention times of individual pancreatic polypeptides were measured after RP-HPLC of 1 g of
each polypeptide (except for the rat proinsulins, where only nanogram amounts were available) on a
Nucleosil 300-5C, column (upper panel) and on an Asahipak C4P-50 (lower panel). The separations were
performed at 25 and 45°C on both columns. The Nucleosil column was eluted at 1.0 ml/min, the Asahipak
column at 0.5 ml/min. The gradients were the same as described in the legend to Fig. 1. The peak identities
are, besides those described in the legend to Fig. 1, PP (rat pancreatic polypeptide), HI (human insulin), G
(glucagon) and HPI (human proinsulin).

The ratios between individual rat islet polypeptides in identical samples (ex-
tracts of 50 rat islets) eluted from the silica-based Nucleosil C, column and the
polymer-based Asahipak C, column are compared in Table III.

All major individual rat islet polypeptides were isolated after a preparative
RP-HPLC separation of 500 biosynthetically labelled rat islets. After speed-vac con-
centration of the individual compounds, these samples were used for the measure-
ment of the absolute recoveries (as described in Materials and Methods) The results
are summarized in Table IV.

TABLE III

RATIOS BETWEEN INDIVIDUAL RAT ISLET POLYPEPTIDES AFTER RP-HPLC CALCULAT-
ED FROM [*HJLEUCINE COUNTS

Nucleosil 300-5C,  Asahipak C4P-50

C-peptide I/C-peptide 11 1.83£0.06° 1.57+£0.20
Insulin I/insulin 1T 2.22+0.07 2.20+0.07
Proinsulin I/proinsulin IT 0.884+0.03 1.25+0.11
C-peptides/insulins 0.75+0.01 0.80+0.03
C-peptides/proinsulins 1.05+0.01 1.08 +£0.03
Insulins/proinsulins 1.39+£0.02 1.34+0.05

4 Mean + S.D., n= 5.
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TABLE IV

ABSOLUTE RECOVERY (%) OF INDIVIDUAL PANCREATIC ISLET POLYPEPTIDES AFTER
RP-HPLC

Polypeptides® . Mass range Nucleosil 300-5C, Asahipak C4P-50
Rat C-peptide 1 ug—ng 88.5+1.8° 942+82

Rat C-peptide II ug—ng 99.2+3.7 122.8+6.2

Rat insulin I ug-ng 97.8+23 100.7+2.5

Rat insulin IT ug-ng 88.7+4.1 90.9+7.6

Rat proinsulins ng 105.3+£2.5 109.9£4.6
Porcine insulin © pg 98.8+2.3 99.2+£23

Mean recovery 96.4 102.9

¢ The polypeptide samples-are descnbed in the legend to Fig. 3.
* Mean + 8.D., n= 5.

DISCUSSION

RP-HPLC is the obvious method to use for the study of insulin biosynthesis
due to its extremely high resolving power of closely related insulins and insulin-
related polypeptides {3]. Optimization of the separation of the pairs of rat insulins I
and II, C-peptides I and II, and proinsulins I and II resulted in the satisfactory
separation of all these polypeptides which are involved in insulin biosynthesis in the
rat [1,2].

The use of a silica-based C, g column (LiChrosorb RP-18) in combination with
TFA-acetonitrile as mobile phase (room temperature) was the preferred system in
our initial studies [1] until certain batch-to-batch variations (resulting in irreversible
binding of insulins and proinsulins) necessitated further investigations. These binding
phenomena were also observed for other C,5 and Cg columns in combination with
TFA-acetonitrile, but were absent for C4 and C; silica-based columns [2].

However, the selectivities for these columns were reduced-to a level where no
separation of rat proinsulin I and II was possible, in accordance with the finding that
C,s and Cg columns are more resolutive than C4 columns [4].

Since no irreversible binding was ever observed when all these columns were

Fig. 3. Load-response curves for rat insulin I and II (upper curve), rat proinsulin I and II (middle curve)
and Al4 monoiodoinsulin (lower curve) after RP-HPLC on a Nucleosil 300-5C, column (O), and on an
Asahipak C4P-50 column (A) eluted at 45 and 25°C, respectively, as described in the legend to Fig. 1. The
samples were dilutions in 3 M acetic acid, 0.1% human serum albumin of medium from cuitured newborn
rat islet cells containig from 0.3 ug to 6.3 ug insulin [+1I (upper curve), of rat islets biosynthetically
labelled as described in the legend to Fig. 1; containing from 2.5 ng to 12.4 ng of proinsulin I+ I (middle
curve) and of carrier-free mono-['25[](Tyr A14)-porcine.insulin containing from 100-500 pg of mono-
iodoinsulin. The column eluates were registrated at 210 nm, and the peak areas integrated (Waters 730 data
module) in the case of insulin or counted in the collected 0.5-min fractions for [*H]leucine radioactivity
(specific radioactivity approximately 1500 cpm/ng of proinsulin) or for [!2*IJradioactivity (specific radio-
activity approximately 400 cpm/pg of monoiodoinsulin).
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eluted with TEAP-acetonitrile, the observations were ascribed to the presence of
silanol groups, not being effectively masked by poor ion-pairing reagents (such as
TFA) [2]. : .

The logical conclusion of these observations was an evaluation of the use of
polymer-based RP-columns and in contrast to the silica-based C;s- and Cg columns,
no irreversible binding was observed for the polymer-based C; g-, Cg- and C4 columns
eluted with TFA-acetonitrile, probably due to the absence of silanol groups in the
polyvinylalcohol skeleton [5].

The two different types of stationary phases were further evaluated after elution
with TEAP-acetonitrile, another popular mobile phase for the separation of insulin
and insulin-like compounds [3,4]. None of the silica-based columns were able to
resolve the two rat proinsulins (Table I), whereas this separation could be performed
at room temperature on the polymer-based C4 column in both mobile phases (Table I
and II) and on the polymer Cg column in TEAP-acetonitrile (Table I).

Increasing the separation temperature to 45°C, (previously noticed to improve
the proinsulin separation under similar experimental conditions [2]) resulted in in-
creased R, values for the proinsulins on the silica-based C3- and C,- columns as well
as on all polymer-based columns eluted with TFA~acetonitrile (Table IT). The resolu-
tion of the two insulins was increased as well, whereas that of the two C-peptides was
decreased. A similar temperature effect was also noticed for the LiChrosorb RP-18—
TEAP-acetonitrile system (Table I), but with this stationary-mobile phase the im-
provement was not sufficient to obtain a satisfactory proinsulin separation.

In order to extend the examination of the influence of temperature on the
retention times after RP-HPLC, several pancreatic islet polypeptides were analyzed at
25 and 45°C using the silica-based and polymer-based C,4 column, as shown in Fig. 2.
Interestingly, the retention times of individual islet polypeptides were affected differ-
ently on the silica- and polymer-based columns. On the silica C4 columns polypep-
tides with mol. wt. <5000 (C-peptides, pancreatic polypeptide, glucagon) eluted ear-
lier when the temperature was increased to 45°C, whereas polypeptides with mol. wt.
> 5000 (insulins, proinsulins) eluted later. Especially, the retention time of glucagon
was influenced by temperature. On the polymer C, column the retention times for
both glucagon and pancreatic polypeptides were markedly lowered by increasing the
temperature, in fact all the polypeptides, except insulin 11, were eluted earlier at 45°C
indicating that the selectivities of the two columns are different. These results suggest
that the effect of the temperature can not apparently be described as a general effect,
but depends upon several chromatographic parameters (the actual stationary and
mobile phase) and the nature of the sample polypeptide. It is therefore not surprising
that literature reports have described major [6-10] as well as minor improvements [11]
and even negative effects [12] of the separation temperature upon the resolution of
polypeptides after RP-HPLC.

Precise and quantitative calculations of the insulin biosynthesis (based on the
measurement of the [*H]leucine radioactivity of the individual polypeptides eluted
from the RP-HPLC column) can only be performed if the recoveries of the individual
components are known for all potential mass ranges.

Load-response curves for insulins and proinsulins (mass ranges from micro-
gram to picogram amounts) are shown in Fig. 3. For microgram amounts of insulins
the UV area is an accurate measure of the mass, but it should be noticed that due to
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differences in the elution rate the areas were not comparable. In the nanogram and
picogram range the UV areas could not be used for quantitation. [*H]Leucine radio-
activity was used for nanogram amounts and ['?°Tjradioactivity for picogram
amounts, the measured radioactivity being unaffected by the elution rate. In all three
mass ranges, a linear relation between the amount of polypeptide applied and that
recovered after RP-HPLC was obtained . (correlation coefficients from 0.9983 to
0.9996). Further, these relations were comparable for the two types of columns,
suggesting identical recoveries over the whole mass range.

Further elucidation of the recoveries may be gained from the ratios between the
individual rat islet polypeptides after RP-HPLC (Table III). These ratios were com-
parable for the silica- and the polymer-based C4 columns examined, except for that of
the two proinsulins. An additional peak eluting between rat proinsulin I and II was
observed after separation on the Asahipak C, column at 45°C (Fig. 1, lower panel
right). This peak coeluted with proinsulin I at 25°C (Fig. 1, upper panel right). On the
Nucleosil C4 column we have observed a similar peak between the two proinsulins,
when using a more shallow acetonitrile gradient (data not shown). In this case the
peak coeluted with proinsulin I under the conditions shown in Fig. 1. This might
explain the discrepancy of the ratios between the proinsulins after separation on the
two column types. This component was not identified, but consists presumably of an
intermediate form of proinsulin, as also is the case for the later eluting minor peaks
seen in the chromatograms in Fig. 1. It has been shown that on the Nucleosil C,
column the human proinsulin intermediates cleaved at the B—C junction elute earlier
than human proinsulin, whereas the proinsulin intermediates cleaved at the A-C
junction eluate later [13].

Furthermore, the ratios between the individual rat islet polypeptides after RP-
HPLC on an Asahipak ODP-50 column (TFA-acetonitrile) were not changed when
compared to a separation performed on two identical columns in series (data not
shown) another demonstration of identical recoveries of the individual polypeptides.

In order to determine the absolute recoveries of the individual polypeptides, it
was attempted to collect all the polypeptides from a separation of biosynthetically
labelled rat islets on Nucleosil C4 (60 min ca. 60 ml eluate), speed-vac concentrate and
reinject the sample, but the resulting chromatogram was obscured by the occurrence
of oxidized forms of the methionine containing insulin II and proinsulin II partly
overlapping insulin I and proinsulin I, réspectively (data not shown). This oxidation
has been shown to occur during the sample concentration [14].

The absolute recoveries were therefore measured for the individually isolated
polypeptides injected on the HPLC column and compared to injections bypassing the
RP-HPLC column with a loop (or counting the sample before analysis), as shown in
Table IV. The methionine sulphoxide forms of rat insulin.IT and proinsulin II (orig-
inated during speed-vac concentration) were added to the respective native forms.
The recoveries were comparably high on both types of C, columns, with a slight

tendency to higher recoveries from the polymer-based C, column (only 51gn1ﬁcant for
the C-peptide II). .

From the literature it is well-known that the recoveries of polypeptides are not
always quantitative, especially if small amounts are applied [15,16]. Reduced recov-
eries of larger polypeptides, e.g: greater than 20-30 amino acid residues have been
described, even after injection of microgram amounts [17], but quantitative recoveries
have been reported as well [12,18,19], even down to femtogram amounts [20].
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It has been reported that insulin recovery from a silica-based C, s column eluted
with shallow acetonitrile gradients in TEAP or ammonium sulphate is close to 100%,
whereas the recovery of proinsulin (and related compounds) are substantially lower
(60-80%) [3]. The reason for the higher recovery of proinsulin found in our study
could be due to the use of the less hydrophobic C4 columns.

In conclusion, we have shown that polymeric C;g, Cg and C4 columns eluted
with shallow TFA-acetonitrile gradients were free of the irreversible binding of in-
sulins and proinsulins previously noticed for certain silica C,53- and Cg columns,
probably due to the absence of silanol groups in the polymeric skeleton. At ambient
temperature (25°C) only ‘'one polymeric: RP column (C,) was able to separate all
polypeptides involved in the rat insulin biosynthesis whereas at 45°C all the polymeric
RP columns (C, g, Cg and C,) and several silica RP columns (C4 and C;) were able to
perform this separation satisfactorily. The recoveries were comparably high, and the
ratios between the individual polypeptides recovered after RP-HPLC on the two C,
columns were virtually identical, as was the case after separation on one compared to
two columns connected in series (polymer C,g column). These results are a prereq-
uisite for the quantitative calculations of the rat insulin biosynthesis.
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ABSTRACT

A novel type of ion exchanger was prepared by multipoint covalent binding of polystyrene chains
onto the surface of porous silica followed by polymer-analogous modification of the bonded layer. Both'
anion and cation exchangers were synthesized and examined in the separation of nucleotides and proteins.
Rapid and efficient separation of basic polypeptides on strong anion exchangers and that of acidic poly-
peptides on strong cation exchangers could be achieved. For the separation of complete mixtures of
polypeptides the application of zwitter-ionic ion exchangers can be recommended.

INTRODUCTION

Ion-exchange high-performance liquid chromatography (HPLC) proved to be a
powerful chromatographic method for separating ionic inorganic and organic com-
pounds. This method was found to be especially useful for the separation of biolog-
ically active materials and several review papers on this topic have been published
[1,2]. In this kind of separation, various types of polymer-based ion exchangers are
commonly used as adsorbents, whereas the application of silica-based exchangers is
limited by the hydrolytic stability of the latter. Many attempts have been made to
overcome this disadvantage of the silica packing.: One of the most promising ap-
proaches was-introduced by Alpert and Regnier [3], who first adsorbed polyethylene
imine on the surface of macroporous silicas and then cross-linked the polymer by
various cross-linking agents. In this manner, a fully insoluble and hydrolytically sta-
ble polymeric layer was formed on the surface of the silica. Another type of silica-
based ion exchanger with a polymeric modifying layer was introduced by Schomburg
and co-workers [4,5]. Using chemical modification of polybutadiene which was cross-
linked on the surface of silica they succeeded in preparing both anion and cation
exchangers. In this article, we report on the synthesis and use of new ion exchangers

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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which are based on polystyrene-coated silica. We were the first to describe the chem-
ical binding of polystyrene chains onto the surface of silica as the initial step in the
preparation of chiral polymeric bonded ligand-exchanging phases [6]. Other types of
chemical transformations of the bonded polystyrene-coated silica easily produce cat-
ion or anion exchanging phases which are of excellent chromatographic performance
and enhanced hydrolytic stability when compared to monomeric phases.

EXPERIMENTAL

Materials

Base silicas, Zorbax PSM-500 and PSM-1000, both of particle diameter (d,) =
5 um, were purchased from Du Pont de Nemours (Wilmington, DE, USA). All
solvents used in the chromatographic experiments were of HPLC grade and were a
gift of E. Merck (Darmstadt, Germany). Other materials were laboratory grade and
were used as purchased.

The proteins used in the chromatographic experiments included ribonuclease A
from bovine pancrease, myoglobin from horse skeletal muscle, hen egg albumin,
chicken egg white lysozyme and human transferrin, (all from Serva, Heidelberg, Ger-
many), trypsin inhibitor from soy-beans, conalbumim, ferritin, and cytochrome c (all
from Boehringer, Mannheim, Germany). Nucleotides were purchased from Sigma
Chemie, Deisenhofen, Germany.

Equipment

The chromatograph employed consisted of two LKB 2150 pumps, the LKB
controller 2152, the variable-wavelength detector BT 3030 (Biotronik, Maintal, Ger-
many) operated at 220 nm and a potentiometic recorder 2210 (LK B, Bromma, Swe-
den)®. Columns were 125 x 4.6 mm I.D. (Hyperchrom, Bischoff, Leonberg, Germa-
ny).

Preparation of ion exchangers

The coating procedure for polystyrene-vinylsilane copolymers onto silica was
described elsewhere in detail [7]. The characteristic data of the polymer-modified
silicas were as follows: carbon content: PSM-500 2.4% (w/w), PSM-1000 1.4% (w/w).
On the basis of the specific surface area of the native silica (PSM-500 25 m?/g,
PSM-1000 15 m?/g), the ligand density of the average polymer unit was estimated to
be 9.4 ymol/m? for PSM-500 and 9.8 umol/m? for PSM-1000. Such high values of
ligand density are rather common for polymer-modified macroporous silicas [7].

The subsequent chemical modification of polystyrene-coated silicas was per-
formed by a method quite similar to that known for pure polystyrene. An aliquot of
the modified PSM-500 was sulphonated by using chlorosulphonic acid in dichlo-
roethane at room temperature yielding a cation exchanger with a capacity of 0.21
mmol SO;H groups per gram based on the sulphur content. Another aliquot of
polymer-coated PSM-500 was chloromethylated by monochlioromethyl ether in di-
chloromethane in the presence of SnCl, and then aminated by the action of an alco-

¢ The sensivity of the detector was 0.1 a.u.fs.
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holic solution of trimethylamine thus producing an anion exchanger with a capacity
of 0.17 mmol N(CH3); groups per gram.

On the bases of polymer-coated PSM-1000, a zwitter-ionic exchanger was syn-
thesized. For this purpose, the chloromethylated product was sulphonated and then
aminated. Because of the low surface area of this silica, it was not possible to deter-
mine analytical capacities. The content of sulphur and nitrogen were < 0.2% and
thus below the limit of determination. However, the chromatographic experiments
clearly demonstrated their anion and cation exchange capabilities.

RESULTS AND DISCUSSION

The method for the synthesis of anion exchangers suggested by Alpert and
Regnier [3] appeared to be very attractive because of its chemical background: The
adsorption of the polymer (polyethylene imine) on the surface of silica. This kind of
polymer-surface interaction results from the electrostatic attraction between the de-
protonated silanol groups of silica and the protonated positively charged amino
groups of the poly-ethylene amine. This prevents the formation of a thick, polymolec-
ular adsorption layer and, at the same time, allows a dense coating of the surface. It is
difficult to achieve this type of interaction for a broader series of polymers. In the
method postulated by Schomburg [5], the nature of the polymer is not that critical,
because it is placed on the silica surface by means of the evaporation of the polymer
solution. In this particular case, however, problems arise with regard to the homoge-
neity of the polymer layer on the surface, which may affect the pore structure of the
silica and the reproducibilty of the coating process.

In our procedure, the adsorption of the polymer is the result of the chemical
reaction of silanol groups at the silica surface with the ethoxysilane units of the
styrene—vinylsilane copolymer. Vinylsilane copolymers can be synthesized with differ-
ent vinylic monomers. Styrene is the most attractive one since styrene-based packings
are very common in classical ion-exchange chromatography and many kinds of well-
known ion exchangers can currently be produced on polystyrene-coated silicas. Since
the aim of this work was to separate biological substances, macroporous silicas with
average pore diameters of 50 and 100 nm were chosen as base silicas. The specific
surface area of the macroporous silicas was low, corresponding to the large pore size.
However, the polymeric coating approximately exhibited a doubled ligand density,
calculated on the basis of monomer units, as is the usual observation for silicas with
bonded monomeric silanes. This meant that the polymeric-bonded ion exchangers
exhibited a higher capacity than those obtained from the modification of monomeric
bonded silicas. The polymeric layer did not impair the mass-transfer kinetics and
hence the performance of the ion exchanger and also provided an improved shielding
of the silica surface. As demonstrated in Fig. 1 a fast and complete separation of 11
nucleotides on an anion exchanger could be achieved in 10 min in a neutral phosphate
buffer with a linear salt gradient. Two nucelotides co-elute in peak 9. Anion-exchange
chromatography of proteins of the same exchanger is shown in Fig. 2. In this case, a
double gradient is used: a linear salt gradient and an exponential proton gradient.
Again, an excellent peak shape is observed for the proteins resolved under these
conditions.

Fig. 3a shows a separation of a more complex mixture, and, as it often happens
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Fig. 1. Separation of a synthetic mixture of nucleotides on a strong anion exchanger made from polysty-
rene-coated PSM-500. Column: 125 x 4.6 mm; flow-rate 1 ml/min; gradient elution: from 0 to 14% Bin [
min, from 14 to 20% B in 5 min, from 20 to 50% B in 5 min A: 10 mM phosphate buffer, pH 7.0; B: 10 mM
phosphate buffer, pH 7.0, 0.1 M KCl. Components: 1 = uridine monophosphate, 2 = cytidine mono-
phosphate, 3 = adenosine monophosphate, 4 = guanosine monophosphate, 5 = uridine disphosphate, 6
= citidine diphosphate, 7 = adenosine diphosphate, 8 = guanosine diphosphate, 9 = uridine triphos-
phate + cytidine triphosphate, 10 = adenosine triphosphate, 11 = guanosine triphosphate.
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Fig. 2. Separation of a protein mixture on a strong anion exchanger made from polystyrene-coated Zorbax
PSM-500. Column: 125 x 4.6 mm; flow-rate: 1 ml/min; gradient elution: from 0 to 50% B in 10 min. A: 10
mM phosphate buffer, pH 8.5; B: 10 mM phosphate buffer, pH 5.5, 1| mM KCl. Components;: 1 =
myoglobin, 2 = transferrin, 3 = ovalbumin, 4 = trypsin inhibitor.

in the separation of proteins, the general shape of the chromatogram depends on the
gradient time. At a gradient time of 40 min (Fig. 3b) the peak of ferritin splits into
three, one of which co-elutes with the conalbumin. The changes are well-reproduc-
ible, and on a second run of the gradient in 10 min; the shape of the chromatogram
fully recovers (compare Fig.-3a and ¢).

The cation-exchange chromatography of protems of the synthesized cation ex-
changer is illustrated in Fig. 4. As above mentioned, a double gradient was applied to
achieve a better separation and to improve the peak shape. As is quite common with
ion-exchange chromatography, only the appropriate species of a sample mixture can
be resolved on a given type of exchanger: acidic proteins on cation exchanger and
basic proteins on anion exchangers. For example, strongly basic proteins such as
lysozyme elute with the void volume from the anion-exchange column, but are ex-
tremely strongly retained on the cation-exchange column. This unfavourable situa-
tion initiated the synthesis of a zwitter-ionic packing which has both sulphonic and
quarternary ammonium groups. The silica packing was PSM-1000. The results shown



212 A. A. KURGANOYVY, V. A. DAVANKOYV, K. K. UNGER

(a) ) | (c)

I T T T 1 T | - T T T T T T } T T T L T
2 4 6 8 10 6 12 18 24 30 36 2 4 6 8 10 min

Fig. 3. Separation of a protein mixture on a strong anion exchanger made from polystyrene-coated Zorbax
PSM-500. Column: 125 x 4.6 mm; gradient elution: from 5 to 50% B. Eluents A and B are described in the
caption to Fig. 2. Gradient time and flow-rate: (2) 10 min, 1 ml/min; (b) 40 min, 0.25 ml/min; (c) 10 min, 1
ml/min. Components: I = myoglobin, 2 = ferritin, 3 = conalbumin, 4 = ovalbumin, 5 = albumin, 6 =
trypsin inhibitor.

in Fig. 5 clearly show the ion-exchange properties of the packing. Myoglobin is seen
to be eluted later than ovalbumin. Myoglobin is not retained on anion exchangers,
ovalbumin is not retained on cation exchangers. The peak of lysozyme (last eluting
peak) is relatively broad, even at the high flow-rate used for elution. It seems that this
broadening is due to the mixed-mode interactions between lysozyme and the ex-
changer.

The results also reveal that the ion exchanger contains cationic groups in excess
of anionic groups. In spite of this fact, the zwitter-ionic exchanger is well-suited to
resolve different types of peptides and proteins and even lysozyme residues in about
10 min.
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Fig. 4. Separation of a protein mixture on a strong cation exchanger made from polystyrene-coated Zorbax
PSM-500. Column: 125 x 4.6 mm,; flow-rate: 1 ml/min; gradient elution: from 30 to 100% B in 10 min. A:
10 mM phosphate buffer, pH 5.0; B: 10 mM phosphate buffer, pH 8.5, | M KCl. Components: 1 =
ovalbumin, 2 = ribonuclease, 3 = conalbumin, 4 = cytochrome c.

Fig. 5. Separation of a protein mixture on a zwitter-ionic exchanger made from Zorbax PSM-1000. Col-
umn: 125 x 4.6 mm; gradient elution: from 16 to 50% B in 4 min at 2 ml/min, from 50 to 100% B in I min
at 4 ml/min. A: 10 mM phosphate buffer, pH 5.0; B: 10 mM phosphate buffer, pH 8.0, 1 M KCl. Compo-
nents: 1 = ovalbumin, 2 = myoglobin, 3 = transferrin, 4 = ribonuclease, 5 = cytochrome ¢, 6 =
lysozyme. )
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CONCLUSIONS

A simple method for the preparation of both cation and anion exchangers as
well as zwitter-ionic bonded phases was developed for ion-exchange HPLC of pro-
teins and nucleotides. The synthesis is based on polymer-analogous transformations
of polystyrene-coated macroporous silicas. The polymer coating permits the attain-
ment of a dense shielding of the silica surface and a higher capacity compared to ion
exchangers modified with monomeric silanes. The ion exchanger columns showed
excellent performance for proteins and nucleotides. Especially interesting was the
application of the zwitter-ionic exchanger which allowed us to resolve both acidic and
basic proteins in one run with one buffered mobile phase.
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ABSTRACT

A coated ultrafiltration membrane was developed which allows the highly selective extraction of
lactalbumin from a whey protein mixture. A permeate containing only lactalbumin was obtained using
inorganic membranes coated with polyvinylimidazole derivatives containing both ionic and hydrophobic
groups. The phenomena involved were analysed with high-performance liquid chromatographic supports
bearing similar coatings. With the hydrophobic layer, the selectivity enhancement can be explained
through mixed interactions with whey proteins; increasing fouling is due to both lactoglobulin and lactal-
bumin contributions to the build-up of the boundary layer at the wall of the derivatized membrane.

INTRODUCTION

Ultrafiltration is a pressure-driven membrane process by which macromolec-
ular solutes may be separated or concentrated. A decline in membrane permeability is
usually observed; many phenomena are involved (for reviews, see refs. 1-3). In the
first few seconds of the run, concentration polarization at the membrane interface is
apparent, owing to solute accumulation. The chief result is fouling, which is almost or
completely irreversible and which occurs in less than 1 h (sometimes in a few min-
utes). Owing to protein-membrane interactions, solute adsorption modifies the per-
formance of all membranes with regard to both retention and permeation [4-10]. In
fact, the retention of a given protein by an ultrafiltration membrane is dramatically
increased if other components of the mixture are so retained, resulting in poor selec-
tivity [4,11-14]. Contrary to common opinion, the selectivity or retention of an ultra-
filtration membrane is not based chiefly on its pore size but on the physico-chemical
environment of the solute and the chemical nature of the membrane.

The objective here was a highly selective extraction of the smallest component
from a concentrated whey protein mixture. To improve the selective extraction of
lactalbumin (LA, MW 15 500) versus the other main protein, lactoglobulin (LG, MW
35 600), inorganic ultrafiltration membranes of high molecular weight cut-off
(100 000) were coated with polyvinylimidazole (PVI) derivatives in order to induce
strong interactions between the membrane and the proteins to be concentrated.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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To elucidate the protein-membrane interactions involved, high-performance
liquid chromatography (HPLC) of the mixture was performed using supports with
the same coatings as the membranes. Both ionic and hydrophobic interactions were
studied, using standard and whey proteins, The results were compared with those
obtained with unmodified and modified membranes. ’

EXPERIMENTAL

Products

Standard proteins used in HPLC were o-lactalbumin (LA), f-lactoglobulin
(LG) and lysozyme (LYS) and were purchased from Sigma (La Verpilliere, France).
Bovine serum albumin (BSA, fraction V) was obtained from Fluka (Interchim, Mont-
lugon, France). A concentrated whey protein mixture (90%, w/w; Eurial, Herbignac,
France) was produced by ultrafiltration concentration and spray drying. This com-
mercially available product contained 46% (w/w) LG and 14% (w/w) LA.

Reagents

PVI was synthesized by radical polymerization of N-vinylimidazole (Poly-
sciences, Saint Goar, Germany) using azobisisobutyronitrile (AIBN) as initiator [15].
The molecular weight, determined by viscosimetry, was 13 300 [16]. Quaternization
and cross-linking of the coated polymer were then performed with agents such as
epichlorohydrin (ECI; Prolabo, Paris, France) or the diglycidyl ether of bisphenol A
(DGEBA,; Epikote 828) kindly provided by Shell (Rueil-Malmaison, France). All
organic compounds were of reagent grade and used as received.

Potassium phosphate and chloride were of analytical-reagent grade. Aceto-
nitrile (ACN) of spectroscopic grade was used for HPLC experiments.

Water was deionized and filtered with a 0.2-um filter (Eau et Industrie, Le
Perreux, France) for ultrafiltration runs. All HPLC eluents were filtered with a
0.45-um filter (Sartorius, Palaiseau, France).-

Inorganic porous materials
In order to compare HPLC and ultrafiltration experiments, we developed a
similar reaction scheme for preparing coatings of PVI derivatives.

Preparation of HPLC materials

Vydac 101TP and Nucleosil 300-10 silica (10 um; 300 A pore diameter) were
used as stationary phases. Silica was coated with a PVI solution in methanol (4%,
w/v) [17,18]. Cross-linking of vinylimidazole was achieved through a tertiary amine
group or adjacent carbon [19,20]. Quaternization and cross-linking of the coated
polymer were then performed with agents such as ECl or DGEBA. With ECl, a
second quaternization step was effected by the use of methyl iodide [18]. The route is
similar to that in previous work described by Régnier and co-workers [21,22] for
polyethyleneimine-coated silica.

CAll characterlstlcs of the columns are listed in Table L

Preparation of modified inorganic membranes
- Ultrafiltration membranes (Carbosep, Tech-Sep, Miribel, France) of molecular
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TABLE I
ADSORPTION OF PVI AND IONIC CAPACITY ON POROUS SILICA

For abbreviations see text and List of Symbols.

Silica A, PVI Cross- Capacity Ref. Column
(m?/g)* (mmol/g)® linker (mmol/g)
I.D. Length
(mm) (cm)
Vydac 101TP 90 0.56 ECI 0.45¢ QPVI 4.6 7.5
Nucleosil 300-10 100 0.66 DGEBA  0.16 KPVI 46 15

¢ Manufacturer’s data.

b From nitrogen analysis.
¢ Jonic capacity (see text).
4 From ref. 18.

weight cut-off 100 000 (M, type) were used. The separation layer was mainly com-
posed of zirconium oxide, deposited on the internal wall of a tube of porous carbon
(O.D. and [.D. 1.0 and 0.6 cm, respectively, length 60 cm). Membranes were modified
with PVI by the same process as described above. One-step quaternization and cross-
linking of the polymer coating were achieved with the difunctional reagents ECl or
DGEBA. The ammonium content was determined by argentimetric back-titration; a
potassium iodide solution (2 - 10~% M) was recirculated against the membrane with-
out any pressure so that mainly membrane surface charges were involved. The ionic
capacity was found to be in the range 10-20 mmol m~? membrane area.

HPLC apparatus

All HPLC runs performed with PVI silica derivatives (see Table I) included a
pump (Waters Model 6000 A), a valve (Rheodyne Model 7125), a UV detector (Var-
ian Model VUV 10, 280 nm) and a potentiometric recorder (Séfram, PE type). The
flow-rate was adjusted to 1 ml/min and 50-ul samples were injected.

Size-exclusion chromatography with a TSK 3000 SW column (30 cm X 0.72 cm
1.D.) was used for analysis of UF samples. An automatic sample injector (Gilson
Model 231-401, 50 ul) and an integrator (Shimadzu Model CR3A) were added to the
HPLC line. The flow-rate was 0.7 ml/min.

Ultrafiltration module

The ultrafiltration module was developed at the Centre de I’Energie Atomique
(CEA-Cadarache, St. Paul-Lez-Durance, France). The principles and operating con-
ditions have been described elsewhere [23,24]. Accurate measurements of the pressure
drop over the membrane length allowed the determination of z,, the wall shear stress.

Experimental procedures

Standard proteins (1 g 17!) or whey proteins (5 g17') were dlssolved in phos-
phate buffer or triethanolamine (TEA) buffer (0.05 M). The pH was adjusted to the
appropriate value with either dilute KOH or HClL. For the sake of clarity, ionic
strength is expressed as KCl content, the relevant variable here.



218 B. CHAUFER, M. ROLLIN, B. SEBILLE

HPLC procedure. Between two buffers (isocratic mode), each column was equil-
ibrated with at least five column volumes. Sample injections were repeated until a 2%
reproducibility of the capacity factors (k') was obtained. Each reported value is the
average of at least three runs. A protein was considered to be not eluted (N.E.) if
elution required over 30 column volumes.

Ultrafiltration procedure. Prior to ultrafiltration runs, water and buffer permea-
tion (J, and J,, respectively) were determined as reference fluxes.

A whey protein solution (5 g 17*) was then ultrafiltered for 3 h under pressure
(4P = 2 - 10° Pa) and with a tangential flow-rate (¥, = 4.4 m s~') and a wall shear
stress (t, = 75 Pa) resulting in a hydrodynamically turbulent regime to minimize
fouling [23,24]. For all experiments, the concentration of the feed solution was kept
constant by permeate remixing in the feed tank. The experimental temperature of the
solution was controlled (20°C). Permeate was sampled during the run.

At the end of each run, the membrane was rinsed with water and the water
permeation flux was then measured (J,). The following membrane-cleaning proce-
dure was applied: NaOH (0.1 M, 40°C, 40 min) with a final addition of NaOCl (300
ppm of active chlorine) for 3 min; rinsing with tap water (20 min); HNO; (0.05 M,
30°C, 10 min); rinsing with tap water until the permeate pH was neutral; and water
permeation flux measurement (J;); the cleaning procedure was repeated if the ratio
Ji/J, was lower than 0.95.

RESULTS AND DISCUSSION

HPLC results
Capacity factor determination. The capacity factor (k') was obtained from the
equation

k= Ve = Vo)V (1)

where V, and V,, are, respectively, the elution volume of the solute and the mobile
phase volume, which was determined by injection of water. In fact, water injection
resulted in a positive UV peak followed by a negative peak. For V,, determination, we
selected the positive peak which results from phosphate displacement by water, as this
peak was little affected by the eluent conditions (pH, ionic strength).

The k' value of a protein should be negative from eqn. 1 if the protein elution is
based on a size-exclusion mode; the more negative k' is, the more excluded from the
pores the protein is. Moreover, this definition allows the comparison of the elution
volumes of proteins which are of different size without using the theoretical SEC
volume of each protein.

Strong anion-exchange chromatography with QPVI silica. Supports based on
silica coated with epichlorohydrin PVI derivative (QPVI) have been evaluated as
protein sorbents by HPLC [18]. The results obtained with a QPVT silica in TEA buffer
(50 mM, pH 7) are shown in Table IL. The £’ of LYS is negative owing to its positive
net charge (pI = 11) at pH 7, at low ionic strength, negatively charged LG (pl =
5.1-5.3) and BSA (pI = 4.9) were not eluted. At high ionic strength, all negatively
charged proteins display k' values close to zero but not reaching the theoretical
negative SEC k' values. Hence, the elution of BSA and LG with QPVI support in
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TABLE II

INFLUENCE OF IONIC STRENGTH ON CAPACITY FACTORS (k") OF PROTEINS WITH QPVI
SILICA UNDER ISOCRATIC CONDITIONS: TEA BUFFER (0.05 M), [KCI] AS 1

pH 1 k'
LA LG BSA LYS
7 0.1 5.92 -N.E* N.E. —0.11
1 0.03 0.08 —-0.03 0.02

“ N.E. = Not eluted.

TEA buffer is governed by ionic interactions. On the other hand, increasing ionic
strength induced a higher retention of LYS owing to enhanced hydrophobic interac-
tions. .

As phosphate occurs naturally in milk and whey, the influence of phosphate
ions on the mechanism of fouling in whey ultrafiltration has been explored [25-27].
Therefore, in chromatographic runs we used phosphate buffer instead of TEA buffer
as the eluent. The influence of the pH, at fixed ionic strength (0.1 M), on the elution of
whey proteins (LA, LG) is shown in Fig. 1. The elution volumes decrease as the pH is
close to the protein isoelectric point. The retention and the band width of the LA (pI
= 4.8) peak decrease with increase in pH, as is predictable from the protein charge.
On the other hand, a higher retention of LG is observed in this pH range (7-5); no
elution is observed from pH 7 until a separation in two subunits appears at pH 5.

For the sake of comparison, Fig. 2 shows the chromatograms of LYS and BSA
eluted with QPVTI silica under isocratic conditions in phosphate buffer at pH 7 and at
low ionic strength (0.1 M). A broad peak of BSA (pI = 4.9) is observed owing to its
negative net charge at pH 7. On the other hand, LYS is not retained (negative k).

LA LG
g
i pH5 |}
2
< | 31 &1
@ pH6 ‘O
| L
o NE.
P
|
P L L 1 1 N
0 Vp, 2ml 0 Vg 2ml Ve

Fig. 1. Influence of pH on chromatograms of LA and LG with QPVI silica under isocratic conditions.
Phosphate buffer (0.05 M), KCI (0.1 M); flow-rate, 1 ml/min; V,_., 50 pl. : :

inj®
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Fig. 2. Chromatograms of LYS and BSA with QPVI silica under isocratic conditions. Phosphate buffer
(0.05 M, pH 7), KCI (0.1 M); flow-rate, 1 ml/min; ¥,_., 50 ul.

inj?

The k' values of all proteins versus pH at low and high ionic strength are given
in Table III. At high ionic strength, all ¥’ values became negatieve or close to zero.
Phosphate buffer is a better displacer than TEA (Table II), as a pure size-exclusion
mode is never reached with this latter buffer at pH 7. Particular attention must be
paid to the k" values at pH 5, where enhanced hydrophobic interactions arise at high
salt content. It has been reported previously that ion-exchange packings with PEI
coatings exhibit significant hydrophobic interactions, resulting in mixed-mode chro-
matography for protein separations [28-31]. On the other hand, the increase in k' for

lysozyme in the SEC mode at high salt content is in agreement with previous studies
[32-35].

TABLE I11

INFLUENCE OF pH AND IONIC STRENGTH (/) ON CAPACITY FACTORS (k") OF PROTEINS
WITH QPVI SILICA

Phosphate buffer (0.05 M), [KCI] as 1.

pH I K
LA LG BSA LYS
7 0.1 126 NE=® 1.78 -0.08
6 0.1 072 18.8 1.29 ~0.10
5 01 . 018 0.88° 0.5 -0.15
3426

7 1 ~0.01  —0.01 —0.04 -0.08
6 1 -0.08  —0.10 -0.10 -0.10
5 1 003  —0.03 0.00 -0.01

“ N.E. = Not eluted.
® Two subunits.
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Mixed-mode chromatography with KPVI silica. In order to obtain a mixed-
mode material, another coated silica was developed by using PVI and a hydrophobic
cross-linking agent (DGEBA) (hereafter called KPVI silica).

Experimental results versus ionic strength, at fixed pH (pH 7), are given in Table
IV. These results are different from the QPVI results. At low ionic strength, any
protein is adsorbed on the KPVI coating except LYS, which is strongly retained. The
hydrophobic character of the polymer coating is indicated by the high &’ value (about
26) of LYS, for which no ionic interactions can be invoked, as both stationary phase
and LYS are positively charged. Similar results were obtained with TEA buffer (not
shown).

A weakly polar organic solvent (acetonitrile) was added to the mobile phase
buffer to suppress hydrophobic interactions. The acetonitrile content lies in the range
0-30% (v/v) because of the poor solubility of proteins in this buffered eluent at high
salt concentration.

Fig. 3 shows LA and LG peak profiles in a mobile phase including 30% aceto-
nitrile, phosphate buffer and a high ionic strength. LG appears as a double peak of 2
subunits, not well resolved; LA, which is a more hydrophobic protein than LG, is not
entirely displaced from the KPVI phase by this eluent. Table IV gives the capacity
factors of all proteins, depending on acetonitrile content, ionic strength and pH. For
clarity, Table IV does not include &’ values corresponding to 10 and 20% acetonitrile
contents; elution, if any, is indicated in the text. The ionic part of the retention
mechanism of these proteins is clearly shown as these proteins are not eluted at low
ionic strength in acetonitrile-containing eluents. Nevertheless, mixed (ionic and hy-
drophobic) interactions between negatively charged proteins and the KPVI support
still remained (X" > 2) at high ionic strength in acetonitrile media. On the other hand,
BSA is eluted according to a size-exclusion mode with the KPVI column, at high ionic
strength only, revealing that ionic BSA—support interactions are involved in the ad-
sorption of this protein in a low-salt medium. From Table IV, it appears that the

TABLE IV

INFLUENCE OF ACN CONTENT AND IONIC STRENGTH ON PROTEIN CAPACITY FAC-
TORS (k') WITH KPVI SILICA

Phosphate buffer (0.05 M, pH 7), [KCl] as 1.

ACN (%) I Phase k'
LA LG BSA LYS
0 0.1 KPVI N.E.* N.E. N.E. 26.4
1 N.E. N.E. N.E. N.E.
12 N.E. N.E. - -
30 0.1 KPVI N.E. N.E. N.E. -0.13 ¢
1 2.54 2.02° ~0.26 —-0.12
2.96° S
1? 2.95 2.33 -0.26 —0.14

% N.E. = Not eluted.
> pH 6.
¢ Two subunits.
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Fig. 3. Chromatograms of LA and LG with KPV1 silica under isocratic conditions. Phosphate buffer (0.05
M, pH 7), KCl (1 M), ACN 30% (v/v); flow-rate, 1 ml/min; Viai 50 ul.

behaviour of BSA is less hydrophobic than that of whey protein towards the KPVI
phase. Finally, the LYS capacity factor becomes negative whatever the ionic strength
if the eluting buffer includes acetonitrile.

Ultrafiltration results
Ultrafiltration performances. The permeation flux of pure solvent passing
through the membrane can be related to the applied pressure (4P) by Darcy’s law:

J = AP/uRy (2)

where p is the solvent viscosity (Pa s) and Ry is the hydraulic resistance (m ~?) of the
membrane before use.

Fouling could be introduced as an apparent serial of hydraulic resistances op-
posite to the mass transfer, so that Darcy’s law becomes

J = AP[u(Rm + RpL) 3)

where g, is the feed solution viscosity (Pa s) and Ry, the hydraulic resistance of the
boundary layer (m™1).

During ultrafiltration runs, the permeation flux decline (J;) can be analysed
through hydraulic resistance ratios with the following relationship:

Ryr/Ry = (pu/)(Jo/) — 1 4

where J, and J, are the buffer flux and the permeation flux during ultrafiltration at
time ¢, respectively (1 h™' m~2). Eqn. 4 is a convenient way to define an overall
fouling index without any assumption as to cause.
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Retention ratios are defined by the following relationship:
R(%) = 100(1 — ¢p/c,) ®)

where ¢ is the concentration and subscripts p and o refer to permeate and feed solu-
tion, respectively.

Permeate concentrations were determined by SEC (1% accuracy; see Experi-
mental).

Ultrafiltration with M -Q PVI and unmodified membranes. Three inorganic Car-
bosep membranes were tested: an unmodified M;-type membrane and two function-
alized membranes, hereafter called M-QPVI and M;-KPVI, where the PVI coating
was cross-linked with ECl or DGEBA, respectively.

In a first step, we compared the ultrafiltration performances of unmodified M,
and M;-QPVI membranes. Ultrafiltration of L'YS and BSA solutions by these mem-
branes has been reported previously [13,36]. The physico-chemical conditions (pH 7;
0.2 M KCl) were derived from Table IIT in order to suppress ionic interactions be-
tween LA and QPVI and to achieve a sclective extraction of LA from the whey
protein mixture. Retention ratios and fouling indexes (Rg/Rw) versus time are shown
in Fig. 4. The LG retention ratio is higher with the M{-QPVI than with the un-
modified M; membrane, but complete retention of LG was expected in 0.2 M medi-
um based on HPLC data. Moreover, ionic interactions between LG and the M;-
QPVI membrane also induce an increase in the LA retention ratio (from 52.5 to
66.2%). On the other hand, the fouling index, Rpy /Ry, is reduced with the M;-QPVI
membrane.

100 [=—=—m—mmrm e mceceee

Reteation %
3
5

M
40 4 L
L i
0.5 i M; - QPVI .
Z 04 1
% 03 T M;
% 02 A
01 T
L 1
0 100 200

Time (min)

Fig. 4. LA and LG retention ratios (top) and fouling indexes (bottom) with an unmodified M, membrane
and with an M;-QPVI membrane. Phosphate buffer (0.05 M, pH 7); KC1 (0.2 M). AP = 2. 10° Pa; V| =
44ms Y1, = 75Pa; T = 20°C.
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Table V shows the influence of the ionic strength and pH on the properties of
UF membranes. Retention ratios of whey proteins with an unmodified membrane are
not sensitive to ionic strength. It should be noted that ZrO; has a pH of zero electric
charge of about 5.7 [37], so that the membrane interface is negative at pH 7. In
contrast to the chromatographic results, the LA and LG retention ratios with a
functionalized M,;-QPVI membrane were only slightly dependent on ionic strength.
This emphasizes the minor effect of ionic strength on the retention properties of this
type of inorganic membrane; nevertheless, the fouling index was significantly de-
creased when the ionic strength was raised to 1 M.

At lower pH and ionic strength (0.1 M), the retention ratios of LA and LG
increase by over 80% and 90%, respectively. A marked rise in the fouling index
(RpL/Ry = 1.0) of the M;-QPVI membrane is noted at pH 5, very close to the p/
values of whey proteins. This result agrees with other work [6,10,38,39] which corre-
lates an increase in fouling with the amount of adsorbed protein, which is maximum
at a pH close to the pZ. This long-term fouling can be related to hydrophobic interac-
tions, which are predominant under these pH conditions.

The whey protein retention ratios are enhanced at pH close to protein p/ where-
as HPLC k&’ data (Table III) suggest only weak ionic interactions. Ultrafiltration, with
various hydrodynamic conditions not discussed here, is based on a more complicated
retention mechanism than HPLC zonal elution.

Ultrafiltration with M -KPVI membrane. A functionalized M; membrane with
enhanced hydrophobic character (Bisphenol A moiety) was then developed in order
to obtain complete retention of LG and to improve the selectivity. Fig. 5 shows that
the LG retention ratio is 100% during the entire run at low ionic strength (0.2 M) and
pH 7. There is a time lag of nearly 30 min before LA appears in the permeate, owing
to an adsorption step. The LA retention ratio at the steady state (87%) depends on
the complete retention of LG. The hydrophobic moieties of KPVI induce complete
retention of LG, an increasing fouling index (1.19) and an increase in LA retention.
Table V reports M;-KPVI membrane performances versus pH and ionic strength. A

TABLE V

INFLUENCE OF pH AND IONIC STRENGTH ON THE ULTRAFILTRATION OF WHEY PRO-
TEINS WITH AN UNMODIFIED M, AND TWO FUNCTIONALIZED M, MEMBRANES

Phosphate buffer (0.05 M), [KCI] as 1.

pH 1 Membrane R, R Ry /Ry
7 02 M, 525 195 0.61
1 52.8 78.9 0.42
7 0.2 M,-QPVI 66.2 86.7 0.45
0.4 63.4 86.7 0.37
1 59.0 84.5 0.33
6 0.1 80.6 92.4 0.67
5 0.1 83.7 93.2 1.0
7 0.2 M,-KPVI 87.0 100.0 1.19
1 83.4 97.2 0.84

5 0.2 93.6 >98 1.24
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Fig. 5. LA and LG retention ratios (top) and fouling index with an M,-KPVI membrane (bottom).
Phosphate buffer (0.05 M); KC1(0.2 M); pH7. AP = 2.10°Pa; ¥, = 44ms~ Yt = 75Pa; T = 20°C.

high ionic strength decreases the fouling index again but is not a basic parameter for
retention properties. When the pH is close to the pl, the LA retention ratio is in-
creased owing to its increased hydrophobic character and consequently the fouling
index increases; the contribution of LA to the build-up of the boundary layer is thus
demonstrated.

This new type of membrane involving mixed interactions appears to be promis-
ing for the separation of protein mixtures in the most difficult case, i.e., to separate
proteins of the same charge.

CONCLUSIONS

The chromatographic experiments with a quaternized hydrophilic polymer
coating (QPVI) show that lactalbumin is not retained at pH 7 and at low salt content
(0.1 M) whereas lactoglobulin is not eluted. Ultrafiltration of these proteins- from
concentrated whey proteins with this functionalized membrane demonstrates en-
hanced retention compared with an unmodified membrane. However, the separation
selectivity is not improved. The main difference between these two types of experi-
ments is due to the large excess of protein with respect to the membrane sites com-
pared with the low protein/ionic sites ratio in zonal chromatographic elution [40].
Further, in UF, the LA retention is dependent on the LG retention, which agrees with
previous conclusions regarding the selectivity of protein separations [4,11-14]. The
separation properties of an ultrafiltration membrane are dependent on both protein—
membrane and protein—protein interactions. An M{-QPVI membrane had previously .
achieved a highly selective extraction of lysozyme with a complete retention of oval-
bumin [13,41]. A highly selective extraction can be achieved with strong ionic interac-
tions between the membrane and the proteins to be concentrated, but in the case of
the whey protein mixture the difference in interactions is too weak to obtain a highly
selective separation.

With a more hydrophobic coating (KPVI), a mixed mode governs the chroma-
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tography of LA and LG, as high acetonitrile and salt contents are necessary for
eluting these proteins. Ultrafiltration results with this membrane, using aqueous
media, show the complete retention of LG and a permeate containing only lactalbu-
min. Hence, no correlation can be established between UF retention and HPLC
capacity factors. Nevertheless, these UF results are more comprehensive judging
from the HPLC data. Strong ionic and hydrophobic interactions between proteins
(LA and LG) and a modified KPVI membrane are involved in such a way that LA
contributes both to complete LG retention and to fouling; the build-up of the bound-
ary layer, composed of protein multilayers, depends on interactions between mem-
brane sites and proteins and/or on the salt used. The boundary layer at the wall of the
functionalized membrane is composed of completely retained LG and partially re-
tained LA. The reason for the difference in protein retention is not clear, but perhaps
is due to differences in mixed interactions with the KPVI membrane. It should be
remembered that the hydrodynamic conditions (not developed here) of the UF
process are optimized for this highly selective extraction [23-24]. More detailed
HPLC studies with overloaded conditions must be made in order to obtain a better
correlation between HPLC and UF runs.
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ABBREVIATIONS AND SYMBOLS

ACN Acetonitrile

BSA Bovine serum albumin

c Concentration

DGEBA Diglycidyl ether of bisphenol A
ECl Epichlorohydrin

I Tonic strength

J " Flux 1h™'m~?)

A water flux before use

k' Capacity factor

KPVI1 Quaternized PVI with DGEBA
LA Lactalbumin

LG Lactoglobulin

LYS Lysozyme

QPVI Quaternized PVI with ECI

pl Isoelectric point

PVI Polyvinylimidazole

R Membrane hydraulic resistance (m~?)
R (%) Retention ratio

TEA Triethanolamine

Ve Tangential velocity of the feed solution (m s™1)
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Greek letters

4P Applied pressure (Pa)
U Viscosity (Pa s)
T Shear stress (Pa)
Subscripts
a After ultrafiltration
b Buffer
BL Boundary layer
f After the cleaning procedure
M Membrane
0 Feed solution
p Permeate
t Time
w Wall
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ABSTRACT

Basic allergens of Phleum pratense pollen extract have been purified by either sequence gel filtration—
ion-exchange high-performance liquid chromatography (HPIEX) and size-exclusion HPLC or sequence
gel filtration-immunoaffinity chromatography and HPIEX. The second procedure seems to be suitable for
preparative purposes.

INTRODUCTION

Phleum pratense (Graminaceae) pollen allergenic extracts are used in the immu-
notherapy of allergic diseases. Since these extracts are constituted by a mixture of
heterogenous proteins, studies aimed at improving their standardisation and knowl-
edge of their chemical composition are needed. An early attempt to characterise
phleum allergens was performed using combinations of electrophoretic and immu-
noelectrophoretic methods [1] and 28 antigens were thus shown to be present, some of
them being allergens.

A preparative approach was performed in a sequence of conventional anion-
exchange chromatography followed by conventional cation-exchange chromatogra-
phy [2] and four allergens were isolated. They were the acidic antigens 3 (molecular
weight, MW = 10 000; isoelectric point, p/ = 3.9), 19 (MW = 15000; pI = 4.9) and
25 (MW = 15 000; p/ = 4.5) and the basic antigen 30 (MW = 34 000; pI = 9.4).

Other purification sequences were gel chromatography—ion-exchange chroma-
tography [3,4] and, more recently, gel filtration-high-performance ion-exchange high-

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.
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performance liquid chromatography (HPIEX) and high-performance size-exclusion
chromatography (HPSEC) [5]. Some immunochemical characterisation of the basic
allergen [6] and analyses of its carbohydrates content [7,8] were also performed.

The uncertainty in the comparison of phleum allergens obtained with different
procedures stimulated a recent attempt of better definition of Phleum pratense pollen
extract composition [9]. However, a preparative-scale multi-step procedure for the
separation of phleum components was needed. The preparative work experienced in
our laboratory in the purification of Parietaria judaica allergens [10-15] using multi-
step procedures based essentially on high-performance liquid chromatography
(HPLC) stimulated us to use a similar approach for Phleum pratense pollen extracts.

EXPERIMENTAL

Phleum pollen extract and gel filtration

A 10-g sample of dry pollen obtained from Allergon (Engelholm, Sweden) was
extracted with 200 ml of 0.15 M phosphate buffer (pH 7.2) for 24 h at 4°C. The
supernatant obtained after centrifugation at 43 000 g for 40 min was gel-filtered on
Sephadex G-25, and phosphate buffer 20 mM pH 6.8, was used as eluent. The exclu-
sion peak corresponding to blue dextran was collected and lyophilised.

HPLC analyses

. HPSEC was performed by dissolving lyophilised pollen extracts in 0.15 M
~phosphate buffer, pH 6.8, 0.5 M potassium chloride and injecting the sample through
a Rheodyne 50-ul loop. The instrument was a Varian 5500 HPLC gradient (Varian
Palo Alto, CA, USA), equipped with a Synchropack 100 (30 x 10 mm O.D. x 8 mm
1.D.) SEC column, eluted with 0.15 M phosphate buffer, pH 6.8, 0.5 M potassium
chloride, at a flow-rate of 1 ml/min. The detectors were a Varian UV 50 instrument at
280 nm and a Hewlett-Packard 1040 diode array detector (Hewlett-Packard, Palo
Alto, CA, USA). '

HPIEX with an ionic strength gradient was performed by dissolving the materi-
al in 10 mM Tris—acetic acid buffer, pH 7.0, 20 mM sodium acetate, and injecting the
sample through a Rheodyne 5-ml loop. A Waters Delta Prep 3000 HPLC instrument
equipped with a TSK DEAE-5 PW ion-exchange column (15 cm x 21.5 mm 1.D.)
was used, eluting with a 40-min gradient of A to B (A: 10 mM Tris-acetic acid buffer,
pH 7.0, sodium acetate of the required molarity; B: 10 mM Tris—acetic acid buffer, pH
7.0, containing 500 mM sodium acetate). The flow-rate was 6 ml/min. The fraction
was then analysed by.radio allergosorbent test (RAST) and RAST-Inhibition
(RAST-I).

Immunoabsorbent preparation for affinity chromatography

Purified immunoglobulin fraction from serum of rabbit -1mmun1sed against
Phleum pratense pollen extract was coupled to Minileak medium gel (Kem Entek,
Copenhagen, Denmark). The mixture constituted 1 g of gel in 10 ml of water contain-
ing I mg of antibodies and 3 ml of a 3% PEG solution and was left at room temper-
ature for one night. The gel was then transferred into a Pharmacia column and
washed with 0.1 M phosphate buffer, pH 7.0 and 0.5 M NaCl.
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Affinity chromatography
The immunoabsorbent column was loaded with 10 ml of gelfiltered Phleum
pratense with protein content 1.2 mg/ml. After 24 h of recycling, specific fractions
were eluted with glycine-HCI buffer, pH 2.5, and collected into two samples (A and
B) which were neutralised with 0.1 M phosphate buffer pH 6.8, containing 0.5 M
KCl, dialysed against water and lyophilised.

Radioallergo sorbent test

The fractions were bound to cyanogen bromide-activated paper discs, and di-
rect RAST or RAST-I was performed according to the method of Yman et al. [16]
using a pool of sera from 95 patients with high sensitivity to Phleum pratense pollen.

Isoelectric focusing (IEF)

A 5% polyacrylamide gel (18 X 9 cm) containing 2 M urea, 0.5 mm thick, was
used. Ampholine (LKB, Bromma, Sweden), pH 3-10, was used. The anodic solution
was 1 M phosphoric acid and the cathodic solution was 1 M sodium hydroxide. The
samples were allowed to migrate at 15°C for 1.5 h at 2500 V and 7 W. Detection was
performed by silver staining [17-18].

Fused rocket immunoelectrophoresis (FRIE)

A 1% (w/v) agarose gel (10 cm X 1.5 mm) containing 11 pl/cm?® Lofarma
anti-phleum rabbit antibody (Lofarma Allergeni, Milano, Italy), was used. The buffer
was Tris-tricine (pH 8.6, ionic strength 0.1 M). Electrophoresis was performed at 2
V/em for 18 h at 15°C [19]. Detection was performed by the Coomassie brilliant blue
R-250 method (0.5% in water—ethanol-acetic acid, 45:45:10).

Crossed immunoelectrophoresis (CIE)

A 1% (w/v) agarose gel (10 cm x 10 cm x 1.5 mm) was used. The buffer was
Tris—tricine (pH 8.6, ionic strength 0.1 M). Electrophoresis in the first dimension was
performed at 10 V/cm for 25 min and in the second dimension using 3.75 ml of a 1%
agarose gel containing 14 ul/cm? Lofarma anti-phleum rabbit antibody and oper-
ating at 15°C and 2 V/em for 18 h [20]. Detection was performed by the Coomassie
brilliant blue R-250 method (0.5% in water—ethanol-acetic acid, 45:45:10).

RESULTS AND DISCUSSION

The first purification procedure tested was performed with the gel-filtered ex-
tract in a preparative HPIEX experiment at pH 7.0 using an ionic strength gradient
with an anion-exchange column. The result is shown in Fig. 1. Most basic and neutral
protein components were eluted first in the basic exchanger used. Direct RAST of the
fractions showed that the biological activity was spread over the whole chroma-
togram, and that much activity was present in the first chromatographic fractions, i.e.
the basic and neutral part of the chromatogram This was confirmed by RAST-I
experiments.

The individual fractions were analysed by electrophoretic and immunochemical
methods. Two families of antigens were apparent in FRIE analysis, the first occurring
in fractions 1-15 (i.e. in the region containing basic and neutral components) and the
other in fractions 20-30 (i.e. in the region containig acidic components).
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Fig. 1. HPIEX separation of Phleum pratense pollen extract and RAST analysis of the fractions.

IEF analysis of the chromatographic fractions showed that most fractions con-
tained complex mixtures of components. Fraction 3 essentially constituted a single
component, having an pl value of ca. 9.0. The HPSEC analysis of this fraction
showed a peak at 11 min retention time which was positive to RAST.

The amount of allergenic material recovered was very low, and this sequence of
HPIEX-HPSEC seemed to be unsuitable for preparative purposes.

As an alternative procedure we chose affinity chromatography followed by
HPIEX. Polyclonal immunoglobulins were used in order to purify all the antigenic
material. The gel-filtered extract was loaded into the affinity column where it was
recycled for 24 h to maximise specific interaction. The antigens were then eluted using
a pH 2.5 buffer. Two peaks (A and B) were eluted (Fig. 2) and were positive to RAST.
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Fig. 2. Immunoaffinity separation of Phleum pratense pollen extract.
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Fig. 3. HPIEX separation of fraction B of Phleum pratense pollen extract puritied by immunoaflinity
chromatography and RAST analysis of the fractions. .

The HPIEX analysis of the major fraction (fraction B) using the same anion-ex-
change column is shown in Fig. 3. Three peaks constituted the fraction, and RAST
and RAST-I analysis showed that the two peaks eluted first were allergens. HPIEX
showed that these two peaks were the sole components of fraction B. "

IEF analysis showed that peak A contained basic proteins and peak B con-
tained both basic and acidic proteins. This is in accord with the elution time of the
peaks in the HPIEX column. CIE showed that peak A gave only one precipitation
arch and peak B showed two.

The conclusion is that, providing that the antibodies used have affinity against
all the antigens in the extract, affinity chromatography of Phleum pratense pollen
extract is a tool for the first purification step of its allergenic content. HPTEX may be
the final purification step of the allergens.
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ABSTRACT

The interaction between an antibody molecule and a protein antigen is an example of “natural”
protein modelling. Amino acids of the antigen-binding site consisting of three hypervariable segments (LI,
L2, L3) of the light (L) and three (H1, H2, H3) of the heavy (H) chain of an antibody molecule interact with
amino acids present in an epitope of a protein. A ten-residue peptide was synthesized with an amino acid
sequence analogous to the hypervariable L3 segment of a monoclonal antibody directed against lysozyme.
The-peptide was immobilized on CH-Sepharose 4B and the affinity adsorbent was used to purify lysozyme
added to a detergent extract of insect cells infected with a recombinant baculovirus. This methodology may
also be applicable to other antigen—antibody combinations, in immunoaffinity chromatography for selec-
tive purification of a protein or in an immunosensor for detection of a protein.

INTRODUCTION

Multiple non-covalent forces, hydrogen bonding, electrostatic; hydrophobic
and van der Waals forces play a role in the binding between a protein antigen and an
antibody directed against this protein. The antigen is bound by the antigen-binding
site of an antibody, which consists of three hypervariable segments of the light chain
(L1, L2, L3) and three of the heavy chain (H1, H2, H3) (Fig. 1).

Antibodies can be raised against a fragment of a protein (a peptide) and these
antibodies may react with the intact protein [1]. Apparently, the conformation of the
peptide is, at least partly, similar to that of the intact protein. Recently, the tertiary
structure of a complex of a nineteen-residue peptide and a monoclonal antibody

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Schematic representation of an immunoglobulin G molecule. One antigen-binding site (indicated in
black) is composed of three hypervariable polypeptide segments of the light chain (L) and three of the
heavy chain (H). Inset, spatial location of hypervariable segments (L1, L2, L3) in the L chain.

directed against this peptide was determined [2]. The interaction between the peptide
and, in this instance, five of the hypervariable segments is governed by the above-
mentioned non-covalent forces. We assume that selected fragments of an antibody
may bind a protein antigen by the same forces. In an earlier study [3], it was shown
that a synthetic thirteen-residue peptide with an amino acid sequence analogous to
that of the H2 segment of a monoclonal antibody (Gloop2) raised against loop pep-
tide (residues 57-83) of lysozyme [4-6] was able to bind lysozyme. In this study, the
binding properties of a synthetic ten-residue peptide from the L3 segment of this
anti-lysozyme monoclonal antibody were investigated.

EXPERIMENTAL

Peptide selection, synthesis and characterization

Using the modelling studies of complexes of monoclonal antibodies and lyso-
zyme [5,6], a ten-residue peptide of the L3 segment was selected for synthesis, viz.,
Tyr—Leu-Ser—Tyr-Pro-Leu-Thr—Phe-Gly-Ala. The peptide was synthesized by the
semi-automatic solid-phase method with a-amino groups protected with the 9-fluore-
nylmethyloxycarbonyl (Fmoc) group [7,8].

The purity of the peptide was verified by reversed-phase (RP)-high-perform-
ance liquid chromatography (HPLC), by amino acid analysis and by determination
of thg N-terminal amino acid by dansylation [9)].

Affinity chromatography

The immunoaffinity adsorbent was prepared by coupling of the synthetic L3
peptide (2 mg) to 0.5 g of activated CH-Sepharose 4B obtained from Pharmacia—
LKB (Uppsala, Sweden) in 0.1 M NaHCO3;-Na,CO; (pH 8.2) containing 0.5 M
sodium chloride according to the instructions of the manufacturer. The percentage
coupling was determined by RP-HPLC of the peptide solution before coupling and
the eluate after coupling. More than 99% of the peptide was coupled to the activated
column material, resulting in 1.8 umo! of peptide per gram of dry gel. Excess active
groups were blocked by washing with 0.1 M Tris-HCI (pH 8.0). A control column
was prepared by blocking active groups with 0.1 M Tris=HCI (pH 8.0). Affinity
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chromatography was carried out at room temperature at a flow-rate of 10 ml/h
during application of samples and 20 ml/h during chromatography. Columns were
eluted with 0.05 M sodium thiocyanate in 20 mM Tris—HCI1 (pH 7.4), followed by 1 M
sodium thiocyanate in the same buffer. The absorbance was measured at 280 nm.

Complex mixture of proteins ‘

Insect cells (sf21) were infected with recombinant baculovirus (AcgD) express-
ing glycoprotein D of herpes simplex virus. Cells were harvested 50 h after infection
and washed twice with Hanks balanced salt solution. After resuspending the cell
pellet (107 cells per ml) in 10 mM Tris-HCI (pH 7.4), containing 2 mM phenyl-
methylsulphonyl fluoride (PMSF) and 1 mM No-p-tosyl-L-lysine chloromethyl ke-
tone (TLCK), the same volume of a buffer consisting of 4% decyl polyethylene glycol
300 (Kwant-Hoog Vacolie Recycling and Synthese, Bedum, Netherlands), 10 mM
Tris—HCI (pH 7.4), 2 mM PMSF and 1 mM TLCK was added and the mixture
incubated for 30 min at 0°C. Cell debris was removed by low-speed centrifugation,
followed by ultracentrifugation at 100 000 g for 1 h. The supernatant containing the
extracted proteins was stored in aliquots at —80°C until used. Prior to immunoaffin-
ity chromatography, lysozyme (250 ug in 100 ul of water) was added to 500 ul of an
extract of insect cells containing 1.2 mg protein per ml.

RP-HPLC

RP-HPLC was performed with a Pharmacia-LK B system consisting of a Model
2150 HPLC pump, Model 2152 LC controller, Model 11300 Ultrograd mixer driver,
a Rheodyne Model 7125 injector, Model 2151 variable-wavelength monitor and a
Model 2210 recorder. The column (25 x 4.6 mm 1.D.) contained Nucleosil 10 C;g
(Macherey, Nagel, & Co., Diiren, Germany). Proteins and peptides were eluted with
a gradient from 10% acetonitrile in 0.1% trifluoroacetic acid (TFA) to 40% aceto-
nitrile in 0.09% TFA (30 min) and then 66% acetonitrile in 0 09% TFA (5 min). The
absorbance was monitored at 214 nm.

Sodium dodecy! sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)
Samples of 50 ul of the eluate fractions were analysed on 13.5% SDS polyacryl
amide gels [10]. Polypeptide bands were revealed with a silver-staining method [11].

RESULTS AND DISCUSSION

It was shown previously [3] that an immobilized synthetic thirteen-residue pep-
tide from the antigen-binding H2 region of a monoclonal antibody (raised against
lysozyme loop peptide residues 57-83 and also reactive with intact lyzozyme) could be
used to purify lysozyme from a mixture of proteins. Three other unrelated synthetic
peptides with charges ranging — 6 to +2 did not bind lysozyme [3]. In the present
study, another, smaller part of the antigen-binding site of the same monoclonal anti-
body was investigated. A ten-residue peptide with an amino ac1d sequence analogous
to that of the L3 segment was synthesized. : :

In Fig. 2a a space-filling model of the antigen binding site is shown in which the
surface residues present in the thirteen-residue H2 peptide and the ten-residue L3
peptide are indicated [6]. In addition, the residues of the epitope on lysozyme with
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Fig. 2. (a) All-atom space-filling representation of the antigen-binding site perpendicular to the view in Fig.
1 of monoclonal antibody Gloop2 directed against hen egg-white lysozyme. Only the surface amino acid
residues present in the synthetic versions of H2 and L3 are indicated by the one-letter code for amino acids.
From ref. 6, by permission of Oxford University Press. (b) Space-filling model of lysozyme in which the
epitope interaction with Gloop2 is indicated. (A) Residues interacting with H2; (@) residues interacting
with L3. From ref. 5, by permission of Oxford University Press.

which H2 and L3 interact are shown [5] (Fig. 2b). As the L3 peptide does not contain
a lysine it could be attached to activated gels via its N-terminal amino acid. However,
initial experiments showed that coupling of this peptide to tresyl-activated Sepharose
resulted in material that could not bind lysozyme. One of the reasons might be the
lack of spatial freedom owing to the close proximity of the gel matrix. This might
limit the number of conformations of the peptide and hence the possibility that the
peptide may exist in the optimum conformation to interact with the relatively large
protein antigen. Therefore, the peptide was coupled to activated CH-Sepharose 4B
which contains a six-carbon atom spacer between the activated group and the gel
matrix. This material was used for affinity chromatography.

Fig. 3 shows that lysozyme was bound to the column material with the ten-
residue peptide as ligand whereas it was not bound by a control column deactivated

A280
0.1

-— 1M NaSCN

......

10 20m

Fig. 3. Affinity chromatography of lysozyme. A ten-residue peptide from the L3 segment of a monoclonal
antibody against lysozyme was coupled to activated CH Sepharose 4B. A control adsorbent was prepared
by washing with 0.1 M Tris-HCI (pH 8.0). Lysozyme (1.6 mg) was applied to each adsorbent. The columns
were eluted with 0.05 M sodium thiocyanate in 20 mM Tris-HCI (pH 7.4). The arrow indicates the start of
elution with | M sodium thiocyanate in the same buffer. The flow-rate was 10 ml/h during application of
the sample and 20 ml/h during chromatography. The absorbance was measured at 280 nm. Solid line,
anti-lysozyme column,; dashed line, control column.
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Fig. 4. (a) Affinity chromatography with the anti-lysozyme adsorbent. A 600-xl volume of a detergent
extract of insect cells infected with a recombinant baculovirus (1.2 mg protein per ml) containing 250 ug of
lysozyme was applied to the column. Elution conditions as in Fig. 3. Aliquots of the indicated fractions
were analysed by (b) RP-HPLC (300-and 100-ul of fractions 1 and 4, respectively); the large peaks at 4 min
contain sodium thiocyanate and the small peak in front of the lysozyme peak is also present in a reference
sample; Ly, lysozyme; (c) SDS-PAGE (50-ul of fractions 1-4); rL, reference solution of lysozyme. The
molecular weights of reference proteins are indicated in kilodaltons.

with Tris—HCI. Binding constants were not determined but further affinity chroma-
tographic experiments showed that lysozyme was eluted slowly from the anti-lyso-
zyme column between 0.1 and 0.2 M sodium thiocyanate.

It was then investigated whether the binding was sufficiently selective to purify
lysozyme from a complex mixture of proteins. Lysozyme (250 ug) was added to a
detergent extract of insect cells infected with a recombinant baculovirus. This extract
contains 1.2 mg protein per ml, 1.7% of the non-ionic detergent decyl polyethylene
glycol and protease inhibitors. This mixture was applied to the anti-lysozyme column
and the elution pattern is shown in Fig. 4a. Fractions were analysed by RP-HPLC
and SDS-PAGE (Fig. 4b and c). This showed that the proteins present in the original
cell extract were almost exclusively present in fractions 1 and 2 whereas lysozyme was
absent and that a minor amount of these proteins (molecular weights of 40-70 kilo-
dalton) and lysozyme were present in the peak eluted by 1 M sodium thiocyanate.
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The response of the immune system on contact with a foreign compound, e.g., a
protein, is the production of antibodies. The interaction between an antibody mole-
cule and a protein antigen is an example of ‘natural’ protein modelling. Binding
constants are often high and in immunoaffinity chromatography severe conditions
are often required for elution of proteins. As a consequence, the native structure of
both antibody and protein may be affected. By reducing the immunoligand to its
smallest possible size, binding constants will be considerably lower and thus elution
of proteins may occur under relatively mild conditions. In general, elution may prob-
ably be achieved at concentrations less than in 1 M sodium isothiocyanate used in our
study, but under such conditions the peak will be broader. Although peptides are
more temperature stable than proteins, they are generally more susceptible to proteo-
lytic degradation. Therefore, depending on the sample, the addition of protease inhib-
itors or a lower temperature (4°C) would be advisable during immunoaffinity chro-
matography.

So far only anti-lysozyme peptides have been studied and the selection of pep-
tides was facilitated by the availability of a predicted model of the tertiary structure of
an anti-lysozyme monoclonal antibody [6]. We suggest that mini-antibodies (antigen-
binding fragments of an antibody) may be constructed either by organic synthesis or
by recombinant DNA techniques [12-14]. Tailor-made mini-antibodies might be pro-
duced, i.e., against a particular protein according to the following scenario. In hybrid-
oma cells the concentration of immunoglobulin mRNA is relatively high. After hy-
bridization the the RNA of the L or H chain with an oligonucleotide complementary
to the constant region, elongation will be possible in the direction of the variable
region, ie., synthesis of cDNA, which then can be sequenced. The amino acid se-
quence can be deduced from the DNA sequence and the hypervariable segments can
be located. In the absence of tertiary structure information, it is then necessary to
investigate the binding properties of all six antigen-binding segments. The optimum
fragment or combination of fragments can then be used in immunoaffinity chromato-
graphy for selective purification of a protein or in immunosensors for detection of a
protein.
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ABSTRACT

The antigen binding capacities for purified polyclonal antibodies immobilized onto a silica-based
high-performance liquid chromatographic (HPLC) affinity support are described for three serum proteins
over a range of antibody ligand densities. The rate of decline in the specific activity of the immobilized
antibodies with respect to increasing ligand density was found to increase with the molecular weights of the
antigens. The antibodies used were purified from whole antiserum using high-performance affinity chroma-
tography and were examined using HPLC on an SCX stationary phase. Conditions are also described for
efficient coupling of the ligand to the support.

INTRODUCTION

The binding capacity of an immunoaffinity support is related to the amount of
antibody immobilized per gram or milliliter of support. Increasing the specific surface
area of the support (area per gram) while maintaining a constant antibody ligand
density can result in an increased antigen binding capacity. However, for highly
porous particles an increase in surface area is often accompanied by smaller pore
diameter. As the pore diameter decreases below certain limits, access to the surface
becomes restricted for large molecules. Consequently, maximizing the capacity of a
support through an increase in specific surface area must be balanced against the
selection of a pore size large enough to permit both sufficient immobilization of
antibody and reception of the antigen [1,2]. For a particular immunoaffinity support
of defined particle dimensions, optimization of the binding capacity depends consid-
erably on access of the antigen to the binding regions of the immobilized antibodies.
Access to the binding sites is influenced by such factors as the molecular orientation
of the immobilized antibody molecules and the antibody ligand density in relation to
antigen size and pore diameter [3,4]. Also of fundamental importance are the associ-
ation constants intrinsic to the native antibodies and conditions encountered by the
antibodies that can lead to denaturation and loss of binding integrity. These factors
arise during the initial purification of the antibody and in the procedures under which
the antibody is immobilized onto the support. Denaturation can also result from
conditions under which the affinity column is used and stored over time.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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It has been shown that the specific activity of immobilized antibodies, expressed
as the mole ratio of bound antigen to theoretical antibody binding sites, decreases
with increasing ligand density. Eveleigh and Levy [4] found that the mole to mole
ratio of bound albumin to antibody decreased with increases in the ligand density of
polyclonal anti-human albumin antibody immobilized on cyanogen bromide-activa-
ted Sépharose 4B. In a study using a monoclonal antibody for lysozyme, Hearn and
Davies [3] reported finding no difference in the specific activities for two antibody
ligand densities on cyanogen bromide-activated Sepharose 4B. However, they did
observe significant differences for the same antigen—antibody pair on two other po-
rous polymeric supports.

In this study, the effects of increasing ligand density and antigen size on binding
capacity were examined for three serum proteins: human IgG immunoglobulin, albu-
min and ay-acid glycoprotein. The binding capacities were measured for polyclonal
antibodies immobilized onto Hydropore-EP, a silica-based HPLC affinity support.
Conditions are also described for the efficient immobilization of proteins and for the
examination of purified antibodies by HPLC on an SCX stationary phase.

EXPERIMENTAL

Materials

Proteins and antisera were obtained from Sigma (St. Louis, MO, USA) and
serine methyl ester from Aldrich (Milwaukee, WI, USA). Hydropore-EP (12 um,
300 A) and Hydropore-5-SCX (5 um, 300 A) are products of Rainin Instrument Co.
(Woburn, MA, USA).

Apparatus

Chromatographic and affinity purifications were done using Rainin Rabbit
HPLC pumps and Knaur Model 7t and 87 UV detectors from Rainin Instrument Co.
Control of pumps, HPLC methods, data acquisition and treatment were accom-
plished with the Macintosh-based Dynamax HPLC Method Manager from Rainin
Instrument C. Spectrophotometric measurements were made on a Hitachi (San Jose,
CA, USA) Model U-2000 scanning spectrophotometer.

Preparation of antigen columns

The antibodies used were purified from whole goat antiserum using high-per-
formance affinity chromatography. Antigen columns were prepared for this purpose
by immobilizing the protein, either human IgG immunoglobulin, albumin or «,-acid
glycoprotein, onto the Hydropore-EP affinity support packed into a 50 x 4.6 mm
I.D. stainless-steel column. This was achieved by recirculating 5-10 mg of protein
dissolved at about 1 mg/ml in an ammonium sulfate solution buffered in 0.020 M
potassium phosphate (pH 7.0). The solutions were recirculated through the columns
at 0.2 ml/min for 16-20 h. Coupling of human IgG and albumin was carried out in
0.75 M ammonium sulfate whereas «;-acid glycoprotein was coupled in 2.0 M ammo-
nium sulfate.

Hydropore-EP is derived from porous, spherical silica possessing an average
particle diameter of 12 um and an average pore diameter of 300 A. The surface of the
silica is chemically modified to produce a covalently bound hydrophilic monolayer
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possessing epoxide functional groups. The epoxide reacts with nucleophilic groups
found in proteins, resulting in covalent immobilization of the protein onto the surface
of the support.

Purification of antibodies ,

The antiserum, diluted 50% in loading buffer, was applied at 0.5 ml/min to the
antigen column, which had been pre-equilibrated in 0.15 M sodium chloride in 0.010
M potassium phosphate (pH 7.0) (loading buffer). The loaded column was washed
with loading buffer at 2.0 ml/min until the detector output (at 280 nm) returned to a
steady baseline near zero absorbance. The column was then washed at 2.0 ml/min
with about 20 column volumes of 0.020 M potassium phosphate (pH 7.0). This step,
which was performed in order to remove most of the salt, was required for exam-
ination of the product by cation-exchange HPLC. After the desalting step, the bound
antibodies were eluted with 0.050 M potassium phosphate (pH 2.5) at 0.5 ml/min.
The product was collected in three fractions, with the middle, concentrated fraction
consisting of eluate collected at an absorbance > 1.0 at 280 nm. The pH of the eluate
fractions was measured and a sample of the middle fraction was injected onto the
cation-exchange column. The pH of the eluate fractions was then adjusted to 6.9-7.2
with 5% sodium hydroxide.

After storage for at least several hours the eluate was centrifuged to remove the
small amount of precipitate that invariably appeared. A sample of the middle fraction
was then injected onto the antigen column and the concentrations of the eluate frac-
tions were determined from the absorbance at 280 or 230 nm. The middle fraction,
typically containing 85% of the eluate protein, was used for binding capacity determi-
nations in all three antigen—antibody systems. The pH of this fraction prior to neu-
tralization ranged from 5.3-5.7 and the protein concentration was between 5 and 10
mg/ml. In Fig. 1 a chromatogram is shown for the injection of goat anti-human
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Fig. I. Goat anti-human albumin antiserum on albumin antigen column. Albumin-specific antibodies are
found in the retained band. Column: human albumin immobilized on Rainin Hydropore-EP, 50 X 4.6 mm
I.D. Conditions as described in text. :
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Fig. 2. Purified goat anti-human albumin antibodies injected onto albumin antigen column. Conditions as
in Fig. 1.

albumin onto the albumin antigen column. The small retained peak corresponds to
antibodies specific for albumin. In Fig. 2 a chromatogram is shown for the injection
of the middle fraction of eluate onto the same column, indicating the near absence of
the unretained components found in the chromatogram for the whole antiserum.

Measurement of binding capacities and calculations

Purified antibodies were coupled to Hydropore-EP in 0.75 M ammonium sul-
fate buffered in 0.020 M potassium phosphate, pH (7.0) according to the following
procedure. The antibodies (250-2800 pg) were diluted in 0.020 M potassium phos-
phate; 3.0 M ammonium sulfate in 0.020 M potassium phosphate was then added to
give a concentration of 0.75 M. A weighed amount of Hydropore-EP was added to
the solution and the mixture was mixed overnight by orbital rotation at room temper-
ature. Most mixtures contained 25 mg of support in a volume of 400 ul. For some
samples possessing higher levels of immobilized antibody, the coupling mixture con-
tained either 10 or 25 mg of support in volumes up to 2.5 ml

The derivatized support was thoroughly washed in phosphate-buffered saline
(PBS) (pH 7.0) and mixed overnight in 0.20 M serine methyl ester (pH 8.5) to deacti-
vate any unreacted epoxide groups. After thoroughly washing with PBS (pH 7.0), the
support was then mixed with an excess of the appropriate antigen for 2 h in PBS (pH
7.0), washed thoroughly with PBS and eluted with 0.10 M glycine (pH 2.5). In sep-
arate experiments, highly derivatized support was washed in 0.10 M sodium acetate
containing 0.40 M sodium chloride (pH 4.8). Examination of this wash and the serine
methyl ester solution following deactivation revealed the presence of only insignif-
icant amounts of IgG. :

The amount of antibody bound to the support in the coupling step was deter-
mined from the difference between the amount of antibody initially added and that
recovered in the post-coupling wash. This and the antigen in the eluate were calculat-
ed from their absorbance at either 280 or 230 nm. Absorptivities for 280 nm were
taken from the literature, and those for 230 nm were calculated from Aj30/A4230
ratios. Molar amounts for antigens and antibodies were based on reported molecular
weight values.
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The fraction of the theoretical capacity was calculated according to the equa-
tion

S.A. = mol Ag/2(mol Ab)

where S.A. is the specific activity and Ag and Ab refer to antigen bound and antibody
immobilized, respectively. If each antibody molecule is assumed to possess two bind-
ing sites, a specific activity of 1.0 would indicate that all binding sites are occupied.
The purified antibodies used in this study were assumed to be exclusively IgG for the
purposes of the study. In point of fact they may have contained small amounts of
other immunoglobulin classes.

RESULTS

Immobilization of proteins onto the support

In Fig. 3, the plot of percentage protein coupling versus ammonium sulfate
concentration determined under static conditions for goat IgG and human o-acid
glycoprotein shows that the percentage coupling increases with increasing salt con-
centration. Virtually complete immobilization was achieved for both proteins, occur-
ring at 0.8 M for goat IgG and at 2.0 M for «;-acid glycoprotein. In the preparation
of the human IgG and «;-acid glycoprotein antigen columns, which was carried out
by recirculating the protein in salt concentrations of 0.75 and 2.0 M, respectively,
>95% immobilization of protein occurred. The coupling efficiency for the albumin
immobilization was found to be 42% at 0.75 M ammonium sulfate. Based on the
trend seen in Fig. 3, the efficiency of albumin immobilization would probably have
benefitted from the use of a higher concentration.

Immobilization of purified goat anti-human serum protem antibodies in 0.75-
0.85 M ammonium sulfate routinely resulted in coupling efficiencies >90% for anti-
body ligand densities up to ca. 50-60 mg/g support. At higher densities the coupling
efficiency decreased. For the most highly derivatized support (114 mg/g), 71% cou-
pling was found (data not shown).
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Fig. 3. Percentage protein coupling to Hydropore-EP vs. ammonium sulfate concentration. O = Goat
1gG; © = human «a,-acid glycoprotein.
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Examination of purified antibody on the SCX stationary phase

In Fig. 4 a chromatogram is shown for the injection of whole goat anti-human
albumin antiserum onto the sulfopropyl cation-exchange column, using conditions
under which IgG is retained and most proteins show early elution. Fig. 5 shows a
chromatogram for the injection of goat IgG and in Fig. 6 a chromatogram is shown
for the injection of eluate obtained from the purification of anti-albumin antibodies
from the antiserum. The chromatogram for the purified eluate indicates a near ab-
sence of the early eluting bands seen in the whole antiserum. Although the possibility
cannot be excluded that some serum components could be co-eluting in the retained
(antibody) band, the absence of early eluting bands and the minimal presence of
unretained components in the chromatogram for the injection of the purified eluate
onto the antigen column (Fig. 3) suggest that the eluate consists of antigen-specific
antibodies. The chromatograms included here are typical of those obtained for other
purifications.

Antibody binding capacities and specific activity

The binding capacities for albumin and «;-acid glycoprotein, expressed as mil-
ligrams of antigen bound per milligram of immobilized antibody per gram of support,
are shown in Fig. 7 and those for IgG in Fig. 8. The antigen binding capacity is linear
for all three proteins at low ligand densities. However, as the ligand density increases,
the increases in capacity fall off for albumin and IgG. The capacity for o,-acid gly-
coprotein appears to be linear through the highest ligand density examined in this
study. The increases in capacity for albumin fall off gradually, and the IgG binding
capacity appears to change suddenly, from a linear increase to an actual decline in
capacity. :

Fig. 9 shows the antigen binding capacities for the three proteins, expressed as
micromoles of antigen bound per micromole of immobilized antibody per gram of
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Fig. 4. Goat anti-human albumin antiserum on SCX. The retained peak corresponds to goat IgG as seen in
Fig. 5. Column: Hydropore-5-SCX, 100 x 4.6 mm 1.D. Conditions: 0-3 min, 0% B, 1 ml/min; 3—6 min,
0-100% B, 2 ml/min; A = 0.02 M potassium phosphate (pH 5.9) and B = 1.0 M sodium chloride in A;
detection at 254 nm, 0.4 a.u.fs.
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Fig. 5. Goat 1gG on SCX. Column and conditions as in Fig. 4.

support, and provides a comparison of antigen binding efficiencies with increasing
antibody ligand density. The three antigens show comparable binding efficiencies at
low ligand densities. The efficiencies appear to remain fairly linear for both albumin
and «,-acid glycoprotein throughout the range of ligand densities examined. IgG
reflects the trend seen in the previous figures, with the efficiency falling off relatively
early and suddenly.

Fig. 10 is derived from the data in Fig. 9 and provides a more sensitive in-
dication of individual and comparative efficiencies. In this graph binding of antigen is
expressed as a fraction of the theoretical maximum, where 1.0 would indicate that all
antibody binding sites are occupied. The efficiency of a;-acid glycoprotein appears to
be steady at ca. 27% of the theoretical value; for albumin it decreases from about

0.2 AU]
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Fig. 6. Purified anti-human albumin antibodies on SCX. The retained band corresponds to goat IgG as
seen in Fig. 5. The refractive index peak seen at the void volume is due to differences in the salt content
between the sample and mobile phase. Column and conditions as in Fig. 4.
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Fig. 7. Binding capacity of albumin and «,-acid glycoprotein vs. immobilized antibody density in mg per
gram of support. O = Human albumin; @ = human «,-acid glycoprotein.
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Fig. 9. Binding capacity vs. immobilized antibody density in pmol per gram of support. O = Human
albumin; O] = human IgG; @ = human «,-acid glycoprotein.
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Fig. 10. Fraction of theoretical binding capacity vs. antibody ligand density. © = Human albumin; {J =
human IgG; © = human «,-acid glycoprotein.

33% to 25% and for IgG it falls from 25% to only 7% at high ligand densities.
Overall, albumin appears to experience the highest efficiency, but it can be seen to
decrease, beginning about half-way along the ligand density range. Binding of «;-acid
glycoprotein shows a lower efficiency than that of albumin, but it remains steady
throughout the range. The IgG binding efficiency appears to be no greater than that
of a;-acid glycoprotein at any ligand density, and rapidly falls to low levels.

DISCUSSION

It was found that the efficiency with which antibodies, and proteins in general,
couple with the epoxide groups of Hydropore-EP is favored at relatively high salt
concentrations. This has been observed both with ammonium sulfate and potassium
phosphate and probably results from an improved proximity of the reactive groups
due to salt-induced association between the protein and support surface. This effect is
similar to that seen for hydrophobic interaction chromatography (HIC) [5-8]. It has
been shown [9] that for injections of human albumin and human 7-globulin onto a
polyether stationary phase under HIC conditions y-globulin is strongly retained
whereas albumin exhibits early elution. This indicates that y-globulin is more suscep-
tible to salt-induced surface associations, which is consistent with the coupling results
obtained here for human IgG and albumin, in which immobilization of IgG was
nearly complete at 0.75 M whereas only 42% of albumin was immobilized. The salt
concentration required for efficient immobilization of albumin would probably be
similar to that needed for «;-acid glycoprotein, which required about 1.9 M ammoni-
um sulfate for 95% coupling (Fig. 3). Although it has been reported that epoxide-type
affinity supports exhibit low reactivity at neutral pH [10], the measurements described
in this study and performed in other contexts indicate that the utilization of a suffi-
ciently high salt concentration will result in highly efficient immobilization of proteins
to this support.

The increased coupling efficiency found at high salt concentrations could result
from several factors. Salt-induced partitioning of the protein along the surface of the
support would lead to localized concentration of the protein near epoxide groups,



252 J. B. WHEATLEY

possibly resulting in an increased reaction rate between nucleophilic residues and the
epoxide. A downward shift in the pK of nucleophilic side-chains, resulting from a
salt-induced hydrophobic association between the protein and support surface,
would also increase the reaction rate by increasing the concentration of the unpro-
tonated, reactive form of the nucleophile. Shifts in dissociation constants, thought to
result from effects of the local environment of the side-chains, have been reported to
occur in some proteins [11,12]. In one study a pK of 5.9 was assigned to a lysine
residue in acetoacetate decarboxylase [11], representing a downward shift of more
than four units from the value usually associated with the e-amino group. Finally,
proteins localized on the surface could provide a proton source for general acid
catalysis of the epoxide.

The gradual decrease in specific activity observed for binding of albumin
{mol.wt. 69 000) and the absence of any change for a;-acid glycoprotein (mol.wt.
44 000) can be compared with the stronger decline seen for IgG (mol.wt. 153 000).
The relative rates of decline in specific activity with molecular weight suggest that the
approach to ligand binding sites is more restricted for larger antigens. This is further
supported by the observation that the specific activity first begins to decline at a lower
ligand density for IgG than for albumin. These results suggest that as the molecular
weight (size) of the antigen is increased, the ligand density at which the initial drop in
specific activity is observed should decrease. An increase in the pore size would be
expected to shift this threshold to a higher ligand density. However, as increasing
pore size is accompanied by reductions in specific surface area, the absolute capacity
could be expected to fall. This kind of trade-off was discussed by Narayanan et al. [1]
for the immobilization of proteins on silica-based supports of increasing pore diame-
ter. It would be interesting to measure the threshold and rate of decline in specific
activity for the binding of a wider (molecular weight) range of antigens in order to
examine the correlation of these factors. Although it is tempting to contrast the
binding efficiencies for IgG and albumin at the lower ligand densities (25% versus
33%, respectively), the fact that the antibodies for the two systems were derived from
different sources precludes comparisons, as has been pointed out by Eveleigh and
Levy [4].

The most dramatic effect of antibody ligand density on capacity was seen for
IgG, which showed not only early changes in linearity but also significant declines in
absolute capacity for the higher ligand densities. The capacity per gram of support
dropped from a maximum of about 15 mg for 34 mg of immobilized antibody to 9 mg
for 62 mg of ligand, a decline of 40%. Similar observations have been reported by
other investigators for an immobilized monoclonal antibody to tissue plasminogen
activator [13]. In this study, actual declines in capacity were not observed for «;-acid
glycoprotein. At the highest ligand density examined for albumin a slight drop in
capacity was seen, but more data are required for confirmation. The question arises of
whether decreases would occur for albumin and «;-acid glycoprotein capacities at
ligand densities beyond those examined in this study and how steeply such declines
might be in comparison with that seen for IgG. Although the maximum ligand densi-
ty for IgG on Hydropore-EP was not measured, the moderate decline in coupling
efficiency observed at the highest density examined (71% for 116 mg/g) suggests that
a limit is being approached.

In conclusion, these findings suggest that in optimizing conditions for immu-
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noaffinity applications, the size of the antigen should be considered in selecting the
ligand density. The protocol used for the preparation of an immunoaffinity support
for one kind of application may not be appropriate for another. Whereas in some
instances ligand densities resulting in less than maximum binding efficiency might be
acceptable in order to increase absolute capacities, in no event should the ligand
densities exceed values that result in a decrease in capacity.
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ABSTRACT

The pancreas contains two very analogues enzymes: trypsin and chymotrypsin. These two enzymes
are very similar in their physicochemical characteristics and are therefore quite difficult to separate by
classical purification procedures. They constitute a good model for affinity chromatography. It was previ-
ously demonstrated that amidine derivatives are able to interact strongly and specifically with these serine
proteases and are often used as ligand in affinity chromatography. To understand the trypsin interaction
mechanism, we synthesized different amidines and immobilised them with or without spacer arm on silica
beads previously coated by dextran substituted with a calculated amount of positively charged diethylami-
noethyl functions, in order to minimize the non-specific interactions of silanol groups of the silica material.
First the affinity constant and the adsorption capacity of these supports for trypsin were determined in
batch procedures, then they were used in affinity chromatography. The effects of ionic strength, pH and
competitive inhibitors on proteins desorption were also studied. Last, to demonstrate the importance of
passivation, the chromatographic performances of dextran-coated silica phases and a commercial support
grafted with the same amidine were compared.

INTRODUCTION

The purification of biomolecules and proteins of therapeutic or commercial
interest generally involves a combination of different steps, in particular, precip-
itation steps using solvents, saits or pH and chromatographic procedures. Each step
has a relatively low specificity. Affinity chromatography could be used on a large scale
in order to remove the remaining impurities. As well as its technological interest, it is
also a good tool for a better understanding of the interaction mechanism between
proteins and the active phase.

Benzamidine derivatives are strong and specific serine protease inhibitors [1,2].
It is claimed that the amidine group mimics the cationic side-chain of arginine and
lysine binding sites of the protein substrates. Previously, Hixon and Nishikawa [2]
used m-aminobenzamidine linked via a monosuccinylated-1,6-diaminohexane spacer
to cyanogen bromide (CNBr)-Sepharose to purify bovine trypsin. Jameson and El-
more [3] prepared affinity adsorbents for bovine trypsin by covalently coupling p-(p’-
aminophenoxypropoxy)benzamidine to cellulose and agarose and used these sup-
ports to separate a- and f-trypsins. The trypsin interaction mechanism with these
amidine derivatives is still unknown. Trypsin is obtained in crystalline form from beef

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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pancreas by the method of Northrop and Kunitz [4]. Further work [5] has improved
methods of preparation and has established that the transformation of trypsinogen
into trypsin is a proteolytic process and may be accomplished either by autocatalysis
or by enterokinase, or by the kinase from a mould of the genus Penicillium. The
primary structure of bovine trypsin has not yet been completely established [6]. It is a
single-chain structure of 226 amino acid residues, cross-linked by six disulphide
bridges [7]. Many studies [8,9] have demonstrated that Ser 195, His 57 and Asp 102
residues are important in the trypsin catalytic site and represent a charge relay system
in which the serine hydroxyl is acylated by the substrate. The binding site is presum-
ably in the form of a crevice which binds the carbon side-chains or rings of substrates
and inhibitors by hydrophobic interactions. The bottom of this crevice contains a
negatively charged aspartic acid (Asp 189) which binds electrostatically to the posi-
tively charged groups of substrates or inhibitors [6,10].

In this paper, we describe the preparation of coated silica supports bearing
differents types of trypsin inhibitors. First, affinity constants and binding capacities
from adsorption isotherms of these supports for trypsin were determined using batch
procedures. Then, the active supports were used in affinity chromatography to study
the specific interactions between the amidine function and the trypsin in solution.
Finally, in order to demonstrate the importance of passivation, the chromatographic
performances of a dextran-coated silica phase and of a commercial support grafted
with the same amidine were compared.

EXPERIMENTAL

Reagents

Silica beads provided by IBF Bio-technics (Villeneuve la Garenne, France) were
in the range of 40-100 um and the pore diameter was about 1250 A. p-Aminobenz-
amidine (pABA) and L-arginine monohydrochloride were provided by Fluka (Buchs,
Switzerland). Guanidium carbonate was purchased from Prolabo (Paris, France).
1,1"-Carbonyldiimidazole (CDI) used as coupling agent, was provided by Sigma (St.
Louis, MO, USA). 1,4-Butanediol diglycidyl ether (BDGE) was provided by Po-
lysciences (Warrington, PA, USA). Dextran T40 [weight-average molecular weight
(M,,) 42 000; number-average molecular weight M, 24 700; I = M,,/M, = 1.70] was
obtained from Pharmacia-France (Bois d’Arcy, France).

The commercial support was Nugel Benzamidine (Si-pABA) obtained from
Separation Industries Diagnostic Specialties (Metuchen, NJ, USA). The particle size
was in the range 40-60 ym and the porosity of the support was 500 A. The pABA was
coupled to the activated support Nugel-polyhydroxyl via an hydrophic spacer arm of
eight carbons [2].

N-Benzoyl-L-arginine-4-nitroanilid hydrochloride (L-BAPA) as trypsin sub-
strate was purchased from Merck-Clevenot (Nogent-sur-Marne, France).

Bovine trypsin (type I), with a specific activity of 13.8 U BAEE per mg of
protein [one unit of BAEE producing a 44,53 of 0.001 per min at pH 7.6 at 25°C
using N-benzoyl-L-arginine ethyl ester (BAEE) as substrate, reaction volume 3.2 ml]
was obtained from Sigma.
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Preparation of affinity supports

Passivated silica beads (SiD). Silica beads were coated with dextran polymers
substituted with a calculated amount of DEAE to minimize the non-specific interac-
tions due to silanol groups of the silica surface as previously described [11].

The percentage of dextran units substituted by diethylaminoethyl (DEAE)
functions is 4%. Passivated silica beads were coupled with different types of amidine
or guanidine as follows.

Coated silica functionalized by L-arginine (SiD-Arg) (Fig. 1). SiD (2 g) was
suspended in 20 ml of 1,4-dioxane and mixed with 1 g of CDI. The gel suspension was
gently shaked at room temperature for 3 h. The activated support was then washed
successively with 200 ml of 1,4-dioxane and 200 ml of 0.1 M carbonate buffer (pH
10.5), and then resuspended in 20 ml of carbonate buffer containing 500 mg of L-
arginine monohydrochloride. The mixture was gently stirred at room temperature for
48 h and the support obtained was filtered and washed successively with 200 ml of 0.1
M carbonate buffer, 0.1 M NaCl (pH 10.5) and 200 ml of 0.05 M phosphate buffer
(pH 7.5). The excess of activated groups was neutralized by suspending the support in
0.1 M ethanolamine solution for 3 h. The final support was washed with 200 ml of
phosphate buffer (pH 7.5), filtered and dried under vacuum at 40°C.

Coated silica functionalized by pABA (SiD-pABA) (Fig. 1). The coupling pro-
cedure was realised in conditions similar to SiD-Arg: 500 mg of pABA were left to
react with the activated support. v

Coated silica functionalized by pABA using a spacer arm (SiD-B-pABA) (Fig.
1). The synthesis of this support was described previously [12]. Briefly, 2 g of SiD
were suspended in 20 ml of diethyl ether and 2 ml of BDGE were added. The suspen-
sion was gently stirred for 15 h at room temperature and the activated support was
washed successively with 200 ml of diethyl ether, and 200 ml of 0.1 M carbonate
buffer (pH 10.5). After filtration, it was suspended in 20 ml of 0.1 M carbonate buffer
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Fig. 1. Structures of the active supports.
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(pH 10.5) containing 256 mg of pABA in solution. The mixture was stirred at room
temperature for 48 h and the final support was washed and filtered according to the
method used for the activated support SiD-Arg.

Coated silica functionalized by guanidine (SiD-B-Gua) (Fig. 1). The coupling
reaction of guanidine to the SiD support was described previously [12]. The step of
support activation was similar to that already described for the SiD-Arg support.
The activated support was then suspended in 20 ml of 0.1 M carbonate buffer solution
(pH 10.5) containing 1.5 g of hexamethyldiamine (HMD). The mixture was gently
stirred at room temperature for 48 h and then, the support was washed successively
with carbonate buffer and 1,4-dioxane. The amine functions of HMD fixed on the
support were activated by CDI (1 g of CDI per 2 g of support) and the activated
support was then suspended with 1 g of guanidinium carbonate dissolved in 20 ml of
0.1 M carbonate buffer (pH 10.5). The mixture was stirred at room temperature for 48
h. Finally, the support was washed with 0.05 M phosphate buffer and dried under
vacuum at 60°C.

Characterization of the functionalized coated silica beads. For each support, the
substitution rate of amidine derivatives was determined by acidimetric titration and
by elemental analysis (Service Central d’Analyse, CNRS, Vernaison, France). The
preparation technique of these derivatisable supports is easy in comparison with the
coupling reactions previously reported [2,13] and provides silica supports with a mini-
mum non-specific adsorption of proteins in high-performance liquid affinity chroma-
tography (HPLAC). The passivation of the silica phases is observed by the determi-
nation of elution conditions of several proteins with different p7 values at low ionic
strength (phosphate buffer 0.05 M, pH 7.5, NaCl 0.15 M) in high-performance size-
exclusion chromatography [14].

Adsorption isotherms procedure of trypsin

Adsorption experiments were performed at room temperature, Isotherms are
generated from measurements of trypsin adsorption after 20 min incubation with the
active support using the following procedure.

The trypsin concentration varied from 5 to 60 ug/ml; 100 ul of support suspen-
sion (20-100 mg/ml) were incubated with 500 ul of bovine trypsin solution at various
concentrations in a polystyrene tube for 20 min. After decantating, the amount of
residual trypsin in the supernatant was determined by taking 100 ul of this super-
natant and adding 700 ul of 0.05 M phosphate buffer containing 0.1 M NaCl (pH 7.5)
and 100 ul of the trypsin chromogenic substrate L-BAPA. After adding trypsin, the
reaction was stopped after 10 min at 37°C by addition of 100 ul of pure acetic acid.
The difference between the control and the remaining concentration of active trypsin
in the supernatant corresponds to the amount of trypsin adsorbed. Concentrations of
trypsin were determined by reading the absorbance at 405 nm. Isotherms were estab-
lished and affinity constants were determined using a computer program on the basis
of the Langmuir and Tempkin equations [15].

In order to determine the adsorption enthalpy of trypsin on these supports, we
established adsorption isotherms at two supplementary temperatures, 37 and 4°C.

Chromatographic assay.
Chromatographic assays were performed on the two supports, SiD-pABA and
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the commercial Si-pABA support grafted with the same amidine. These two supports
were used in HPLAC according to the following procedure.

The column (12.5 cm x 0.4 cm 1.D) was packed using a slurry method with a
suspension of 1 g of resin in the eluent. The liquid chromatographic apparatus con-
sists of a three-head (120°C) chromatographic pump (Merck LC 21B), connected to a
Rheodyne 7126 injection valve (sample loop 100 ul). A Merck-IC 313 variable-wave-
length UV-visible detector and the gradient system are connected to a Epson QX-10
computer. The chromatographic signal details are monitored, integrated and stored
by the computer. All the equipment was provided by Merck-Clevenot. (Nogent-sur-
Marne, France).

All eluents were prepared from high-purity water (ELGA, Villeurbanne,
France), degassed and filtered through a Millipore HA 0.22-ym membrane (Velizy,
France).

Trypsin (2 mg) was dissolved in 1 ml of 0.05 M phosphate buffer containing 0.1
M sodium chloride (pH 7.5) (buffer 1) and 100 gl of this solution were applied to a
column of immobilized pABA support equilibrated with buffer 1. The column was
washed with buffer 1 and adsorbed trypsin was eluted with 0.05 M phosphate buffer
containing 0.1 M sodium chloride (pH 2) (buffer 2) or using buffer 1 containing
arginine or guanidine as competitive inhibitors at varying concentrations. Assays
were also performed using buffer 1 containing various concentrations of NaCl (buffer
3). The amount of trypsin desorbed was determined from the surface area of the peak
given by the computer.

RESULTS AND DISCUSSION

Trypsin adsorption isotherms

In preliminary experiments it was ascertained that steady-state trypsin adsorp-
tion was achieved in about 10 min at room temperature. Therefore a time of 20 min
was chosen for the determination of the isotherms, which are presented in Figs. 2 and
3. The affinity of these supports was studied by determining the affinity constants
from Langmuir or Tempkin adsorption isotherms. The affinity constants of these
supports are about 10 A~ (Table I). These values demonstrate a strong affinity of
all these supports for bovine trypsin. SiD-pABA and SiD-B-pABA supports exhibit
affinity constants in the same range. This indicates that the spacer arm has no real
influence on the bovine trypsin adsorption process. SiD-Arg and SiD-B-Gua sup-
ports also show a similar affinity for trypsin. All the supports functionalized with
amidine or guanidine groups possess similar affinity constant values. Among syn-
thesized supports, SiD-pABA demonstrates the highest binding capacity, which is
probably due to the suitable coupling reaction. The binding capacity of the commer-
cial support is higher than that observed for the SiD-pABA support. This may be
explained by the presence of non-specific trypsin adsorption on this commercial sup-
port or by a lower availability of the ligand on the SiD-pABA support. This demon-
strates the importance of passivation of the inorganic material by the polysaccharide
coating, which minimizes the non-specific adsorption of proteins. The other supports,
SiD-B-pABA, SiD-Arg and SiD-B-Gua, show a lower binding capacity. This could
be due to the lower amount of ligand coupled on these supports or to the fact that
ligands fixed on these supports are not really available for interaction with the enzyme
in solution.
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Fig. 2. Adsorption isotherms of bovine trypsin on SiD-pABA (+) and commercial support Si-pABA (A).

The affinity constants decrease with temperature (Table IT). If we assume that
trypsin does not present any structural changes which affect adsorption in the temper-
ature range 4-37°C, we can estimate the trypsin adsorption enthalpy using the rela-
tion dIn Kaer/dT = AH®,4/RT? where K, is the affinity constant, 4H°,, is the
enthalpy of adsorption and T 'is the temperature. The overall binding process for each
support is endothermic with 4H°,4, around 4.5 kcal/mol for all the supports except
SiD-B-pABA, which presents a higher 4H®,4, value. This higher 4H,q4, value may be
explained by the presence of a spacer arm which facilitates the access of the ligand to
the binding site of the enzyme.
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TABLE I

AFFINITY CONSTANTS AND BINDING CAPACITIES OF PASSIVATED SILICA BEADS
FUNCTIONALIZED BY AMIDINE DERIVATIVES TO BOVINE TRYPSIN

T=Tempkin isotherm; L= Langmuir isotherm.

Material Isotherm Affinity constant Binding capacity

(MY

188 mol/g

Si-p-ABA T 1.5- 108 810 35-107°
SiD-pABA T 3.7 108 550 23-107°
SiD-B-pABA T 2.6 - 108 73 31-107°
SiD-Arg T 1.1-108 65 2.8-107°
SiD-B-Gua L 1.2 - 108 40 25-107°
HPLAC

The SiD-pABA support presents a high binding capacity for trypsin and can
casily be used in affinity chromatography to study the trypsin adsorption process. The
chromatographic performances of this support were compared to those of the com-
mercial one. In order to understand the trypsin interaction mechanism with these
supports, the enzyme was eluted with solutions of different physicochemical charac-
teristics, and the influence of ionic strength, competitive effects and pH was studied.

Influence of arginine and guanidine. The elution of trypsin with arginine and
guanidine in solution at different molarities is presented in Fig. 4. Trypsin desorption
from the stationary phase is allowed by the competition between arginine or guani-
dine and the coupled amidine derivatives. As shown in this figure all the trypsin
adsorbed on SiD-pABA is eluted with a 0.5 M arginine or guanidine solution. The
same profile is obtained with these two substances. This indicates that probably the
same type of interactions occur between trypsin and the two competing substances.

TABLE II

ENTHALPY OF ADSORPTION FOR TRYPSIN BINDING TO AMIDINE DERIVATIVES COU-
PLED ON PASSIVATED SILICA BEADS DETERMINED FROM ADSORPTION ISOTHERMS AT
4,21 AND 37°C

Material Temperature Affinity constant Enthalpy of adsorption
C) MY (kcal/mol)
Si-pABA 37 1.7 - 108 4.5
21 1.5- 108
4 0.7 - 10®
SiD-pABA 37 41108 4.7
21 3.7 108
4 1.8 - 108
SiD-B-pABA 37 4.1 -10¢ 1.7
©21 2.6 -108
4 1-108
SiD-Arg 37 1.5-10° 4.2
21 1.1- 108

4 0.5-10°
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Fig. 4. Elution of bovine trypsin on SiD-pABA support by arginine (+) and guanidine (A) in HPLAC.
Elution conditions: column, 12.5 x 0.4 cm; 0.05 M phosphate buffer, 0.1 M NaCl (pH 7.5) containing the
competing substance at various concentrations; flow-rate, 1 m}/min.

Influence of ionic strength. Elutions of trypsin adsorbed on SiD-pABA and
Si-pABA supports with solutions of sodium chloride at different molarities are pre-
sented in Fig. 5. Trypsin is adsorbed at low ionic strength and cannot be desorbed by
increasing the ionic strength of the eluent. This observation is valid for these two
supports. This result demonstrates that the interactions between trypsin and the sup-
ports functionalized with pABA are complex and are not only due to the ionic inter-
actions taking place between the positively charged amidine function fixed on the
support and the negatively charged carboxylic function of the aspartic acid 189 resid-
ue of the trypsin primary binding site. We must suppose the existence of different
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Fig. 5. HPLAC elution of bovine trypsin adsorbed on SiD-pABA (+) and Si-pABA (A) supports by
sodium chloride. Elution conditions: column, 12.5 x 0.4 cm; 0.05 M phosphate buffer containing NACI at
various concentrations (pH 7.5); flow-rate, 1 ml/min.
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Fig. 6. Elution of bovine trypsin on SiD-pABA (+) and Si-pABA (A ) supports by pH at 21°C in HPLAC.
Elution conditions: column, 12.5 x 0.4 cm; 0.05 M phosphate buffer, 0.1 M NaCl; pH, from 7.5 to 2;
flow-rate, 1 ml/min.

types of interactions, in particular hydrophobic interactions between the aromatic
ring of pABA and the enzyme. At low salt concentrations on the commercial Si—
PABA support, the amount of trypsin adsorbed is higher than in the case of SiD—
PABA support. This may be due to the presence of non-specific interactions between
the commercial support and the enzyme. Higher salt concentrations allowed the des-
orption of trypsin adsorbed in a non-specific manner. This result again demonstrates
the importance of the passivation of the native silica obtained by coating with mod-
ified polysaccharides.

Influence of pH. The results of the chromatographic elution of trypsin with
solutions at different pH values are presented in Fig. 6. The maximum adsorption of
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Fig. 7. HPLAC elution of bovine trypsin adsorbed on SiD-pABA (+) and Si-pABA (A) supports by
arginine. The elution conditions are the same as in Fig. 4.
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the enzyme is observed in the pH range 7-8. Desorption of the enzyme occurs when
the pH of the eluent decreases. The breakdown of the interaction between trypsin and
the support can be explained by the fact that at acidic pH the carboxylic function of
the aspartic acid of the primary binding site, which possesses a pK, of 2.3, is protonat-
ed and cannot interact with the amidine function. Desorption is obtained between pH
6 and 3 in the case of SiD-pABA support and between pH 4 and 3 in the commercial
support. This result seems to indicate that the commercial support has a better resolu-
tion than SiD-pABA, probably related to the smaller granules and the better-defined
porosity of the starting silica phase used for the commercial support.

Fig. 7 shows the trypsin elution by arginine in solution at different concentra-
tions on the two supports. On the SiD-pABA support, trypsin elution is obtained by
eluting the column with a 0.5 M arginine solution, but on the commercial Si-pABA
support, this elution is obtained at higher arginine concentration (1.1 M). This in-
dicates that the interactions taking place between trypsin and the ligand fixed on these
two supports are stronger in the case of the commercial support but this result is
inconsistent with the affinity constant values (Table I), which are the same for these
two supports. The trypsin desorption differences on these two supports may be ex-
plained by the fact that the adsorbed trypsin is rapidly eluted by arginine according to
a complex mechanism in the case of SiD-pABA and is slowly eluted from the com-
mercial support. This observation demonstrates the improvement due to the better
passivation obtained by polysaccharide coating of the silica beads. On this support,
because of the passivation, the adsorption process is essentially the complex forma-
tion between the amidine residue and the binding site of the enzyme.

CONCLUSIONS

Amidine derivatives display a selective affinity for serine proteases, in particular
for trypsin. These amidine derivatives are easily coupled on silica beads passivated
with DEAE-dextran using conventional coupling reagents. Because of their mechani-
cal properties, these phases are excellent supports for high-performance affinity chro-
matography. These active supports exhibit minimum non-specific ionic interactions
with proteins in solution but a strong affinity for bovine trypsin. Affinity constant
values are similar for all these supports. Among the synthesized supports, SID-pABA
presents a higher binding capacity in batch procedures and constitutes a good station-
ary phase in HPLAC for studying the interactions between trypsin and the specific
site of the solid support. On this support, trypsin elutions obtained by competition
with arginine and guanidine are similar, indicating that the same interactions prob-
ably occur between trypsin and these two competing substances. Comparison of the
elution profiles of trypsin adsorbed on SiD-pABA or on the commercial Si-pABA
support shows that in all cases the profiles are different, demonstrating that the
trypsin interactions with pABA fixed on these two supports are different, complex,
and depend on the nature of the support. On these two supports, the increase in ionic
strength is unable to desorb the trypsin, indicating that the ionic interactions between
trypsin and amidine do not prevail in this affinity reaction. The excellent resistance to
hydrostatic pressure and high resolution of these two supports means that they can be
used in HPLAC to separate and understand the serine protease interaction mecha-
nism. Finally, the decrease in non-specific interactions obtained by coating the silica
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beads with the modified polysaccharide enhances the importance of the specific affin-
ity of amidine residues in the affinity process.
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ABSTRACT

Preparative reversed-phase sample displacement chromatography (SDC) of peptides was examined
utilizing a multi-column approach. The effects of various SDC run parameters (flow-rate, run time and
sample load) on the distribution of a single purified peptide and a mixture of three synthetic peptides was
examined. The peptides in the mixture were closely related in hydrophobicity and mixed in a 1:4:1 ratio
designed to mimic a typical preparative separation problem frequently encountered in crude synthetic
peptide mixtures, that is, where there exist both hydrophobic and hydrophilic synthetic impurities close to
the product of interest.

Based on the results of these model systems, a SDC protocol was applied to the preparative puri-
fication of a crude synthetic peptide. The multi-column SDC approach provides rapid separations that are
easy to employ because isocratic elution is utilized both in the separation process and in elution of the
column segments. There is minimal fraction analysis, minimal use of organic solvents and increased uti-
lization of the stationary phase such that the method involves considerably lower costs than traditional
gradient-elution chromatography.

INTRODUCTION

The most common analytical method employed for reversed-phase chromato-
graphy (RPC) of peptides involves linear gradient elution (gradient-rate of 1% eluent
B/min at a flow-rate of 1 ml/min), where eluent A is 0.05-0.1% (v/v) aqueous trifluo-
roacetic acid (TFA) and eluent B is 0.05-0.1% (v/v) TFA in acetonitrile [1,2]. The
elution mode of RPC, however, is handicapped by relatively poor utilization of the
stationary and mobile phases [3]. Thus, in order to obtain satisfactory yields and
purities of peptides which are closely related in hydrophobicity, large-scale gradient-
elution separations of peptides often require large, costly columns.

With the growing use of synthetic peptides in biochemistry, immunology and in
the pharmaceutical and biotechnology industries, there is a need for easier and more
reliable methods for purification of peptides. We report here a novel preparative
method for preparative-scale reversed-phase purification of peptides on analytical
columns termed sample displacement chromatography (SDC), which is characterized
by the major separation process taking place in the absence of an organic modifier.
SDC separations use the well-established general principles of displacement chroma-
tography [3,4] without using a displacer [5-7].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. 1. Schematic representation of multi-column SDC. Step A4 (separation process): small reversed-phase
column segments (ten in this case, numbered 1-10) have been connected in series. Column [ is closest to the
detector and column 10 closest to the injector. The sample mixture, containing the desired peptide product
(P) as well as hydrophilic and hydrophobic impurities (/) is introduced by isocratic elution in the starting
eluent. Isocratic elution in this eluent is then continued at a specified flow-rate and run time to complete the
separation. Step A shows a representation of sample loading and the subsequent isocratic elution of a
typical distribution of peptide components through the total column length following SDC. Purified pep-
tide product (P) can be found in columns 2-9; hydrophobic impurities remain in column 10 and hydrophil-
ic impurities in column 1. Hydrophilic impurities may also be displaced from the column into the break-
through fraction 0. Step B (stepwise elution of column segments). each individual column segment is eluted
to remove retained solute(s). This may be achieved either by isolating each column segment via a valve
system (as shown) or by disconnecting all column segments prior to individual elution. The retained
peptide components are removed from each column segment by an isocratic wash with an aqueous solution
of organic modifier. The left schematic in step B represents the situation where only column 10 has been
eluted to produce fraction 10; the right schematic represents the situation where all the columns have been
individually eluted to produce fractions 1-10. Each column represents a fraction. Thus, for 10 column
segments, there is a maximum of 11 fractions (10 columns plus the breakthrough fraction 0). Step C
(fraction analysis): each tube number (1-10) corresponds to a fraction eluted from each column segment.
Fraction 0 represents the breakthrough fraction containing only hydrophilic impurities displaced from the
columns during SDC. The amounts of hydrophilic impurities/product (fraction 1), pure product (fractions
2-9) and hydrophobic impurities/product (fraction 10), represent the peptide components eluted from
columns 1-10 (schematic in step A).
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This paper aims to develop our understanding of the sample displacement
process by examining the effect of various run parameters (flow-rate, sample load, run
time) on the retention behaviour of peptides during SDC, and to introduce a multi-
column approach to SDC, which promises to increase further the ease and efficiency
of an already promising preparative approach to the separation of peptides (Fig. 1).

Principles of SDC utilizing a multi-column approach.

(1) The reversed-phase column consists of small column segments connected in
series.

(2) The sample mixture containing the desired peptide product as well as hydro-
phobic and hydrophilic impurities is dissolved in the starting eluent (in this case, a
100% aqueous mobile phase, 0.05-0.1% aq. TFA), injected onto the column, and
eluted isocratically at a specific flow-rate and run time to complete the separation. At
high sample load, there is competition by the sample components for the adsorption
sites on the hydrophobic stationary phase. The sample components act as their own
displacers, with the more hydrophobic peptide components displacing the more hy-
drophilic components. Thus, the separation process can take place in the absence of
organic modifier. _

(3) At the end of the separation, the components are distributed on the column
according to their relative hydrophobicities: the most hydrophilic near the column
outlet and the most hydrophobic near the column inlet. The retained peptide compo-
nents are removed quickly and efficiently from each column segment by an isocratic
wash with an aqueous solution of organic modifier. The concentration of organic
modifier need only be just above that required to elute the component of interest
(gauged from an analytical gradient-elution run of the original sample mixture).

(4) This methodology is very simplistic, since no gradient elution is involved
and the number of fractions for analysis is minimized, since each column represents a
fraction. The method, unlike traditional gradient elution, maximizes sample load by
making very efficient use of column capacity. In addition, the sample displacement
process has high resolving power, leading to increased yields.

EXPERIMENTAL

Materials

High-performance liquid chromatographic (HPLC)-grade water and acetoni-
trile were obtained from J. T. Baker (Phillipsburg, NJ, USA). HPLC-grade TFA was
obtained from Pierce (Rockford, IL, USA).

Peptides were synthesized either on an"Applied Biosystems (Foster City, CA,
USA) Model 430A peptide synthesizer, using the general procedure for solid-phase
peptide synthesis described by Parker and Hodges [8] and Hodges et al. [9]. All three
peptides used in this study were based on the sequence Ac-Arg-Gly-X-Y-Gly-Leu—
Gly-Leu-Gly-Lys-amide, where positions X-Y were substituted with Ala-Gly (pep-
tide S3), Val-Gly (peptide S4) or Val-Val (peptide S5). All peptides contained an
N®-acetylated N-terminal and a C-terminal amide.

Apparatus
The HPLC instrument consisted of a Varian Vista Series 5000 liquid chroma-
tograph (Varian, Walnut Creek, CA, USA) coupled to an Hewlett-Packard (Avon-
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dale, PA, USA) HP1040A detection system, HP9000 Series 300 computer, HP9133
disc drive, HP2225A Thinkjet printer and HP7440A plotter.

Column packings

Separations were carried out on two reversed-phase column packings: either
(A) Rainin Cg (11-12 pum particle size, 330 A pore size; Rainin Instrument Company,
Berkeley, CA, USA); or (B) Aquapore RP-300 Cg (7 um, 300 A; Brownlee Labs.,
Santa Clara, CA, USA).

Run conditions

Preparative separations were carried out with 0.1% (v/v) aq. TFA as the mobile
phase eluent.

Analytical separations were carried out by linear AB gradient elution, where
eluent A was 0.1% (v/v) aq. TFA and eluent B was 0.1% TFA (v/v) in acetonitrile.

The absorbance of the peptides was detected at 210 nm.

RESULTS AND DISCUSSION

Unless stated otherwise, all of the preparative data presented here were pro-
duced on a multi-column setup, consisting of six 3 cm x 4.6 mm I.D. Rainin Cq
column segments (columns 1-6) in series. The numbering of the columns (or frac-
tions) starts at the column segment closest to the detector. Thus, column 1 (fraction 1)
is at the multi-column outlet, while column 6 (fraction 6) is at the inlet. The fraction
marked 0 is the breakthrough fraction, consisting of components not retained by, or
displaced from, the column.

Column equilibration, sample loading and the SDC runs were all carried out in
0.1% (v/v) aq. TFA.

Following each run, the individual column segments were eluted with 25% (v/v)
aq. acetonitrile containing 0.1% (v/v) TFA and the resulting peptide solutions sub-
jected to analysis using standard gradient elution (1% B/min at 1 ml/min) on the
multi-column setup. It should be stressed that each column segment is a fraction, i.e.,
for this six column setup, there is a maximum of seven fractions (six column segments
plus the breakthrough fraction).

Multi-column SDC of a single peptide component

Before applying the multi-column SDC approach to peptide mixtures, the re-
tention behaviour of a single peptide component under varying run parameters was
investigated. SDC was applied under various flow-rates, sample loads and run times
to a single synthetic decapeptide (S5).

As the flow-rate was increased, the peptide moved further down the total col-
umn length (Table 1) indicating that flow-rate affects column capacity. A ten-fold
decrease in flow-rate increased the sample capacity of the total column packing by
about a third [six column segments at 2 ml/min (columns 1-6) to four column seg-
ments at 0.2 ml/min (columns 3-6)].

As run time was increased, there was a slight increase in the distance that the
peptide moved down the total column length (Table I) [a four-fold increase in run
time (36 min to 144 min) resulted in the peptide moving by one further column
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TABLE 1

EFFECT OF VARYING RUN PARAMETERS ON MULTI-COLUMN SDC OF A SINGLE DECA-
PEPTIDE

Results are presented as amount of peptide (mg) recovered from each fraction following SDC. Column: six
3cm X 4.6 mm LD. Rainin C; column segments (columns 1-6) in series. The numbering of the columns
(or fractions) starts at the column segment closest to the detector. Thus, column 1 (fraction 1) is at the
multi-column outlet, while column 6 (fraction 6) is at the inlet. The fraction marked 0 is the breakthrough
fraction. Conditions: column equilibration, sample loading and the SDC runs were all carried out in 0.1%
(v/v) aq. TFA. Fraction analysis: individual column segments were eluted with 25% (v/v) aq. acetonitrile
containing 0.1% (v/v) TFA and samples of the resulting peptide solutions were subjected to linear AB
gradient elution (1% B/min at 1 ml/min) on the multi-column setup. Absorbance at 210 nm. Effect of
flow-rate: run time and sample load were 36 min and 25 mg, respectively. Effect of run time: flow-rate and
sample load were 0.2 mi/min and 25 mg, respectively. Effect of sample load: flow-rate and run time were 0.2
mi/min and 36 min, respectively. The sequence of the synthetic peptide (S5) is shown in Experimental.

Fraction Effect of flow-rate Effect of run time Effect of load
number (ml/min) (min) (mg)

2 0.5 0.2 36 72 144 50 25 10
0 0 0 0 0 0 0 32 0 0
1 1.8 0 0 0 0 0 7.0 0 0
2 53 1.7 0 0 38 7.3 7.5 0 0
3 5.1 6.0 3.7 3.7 5.7 6.4 7.3 3.7 0
4 5.0 6.4 7.6 7.6 5.3 47 7.9 7.6 0
5 4.4 59 7.6 7.6 6.3 43 8.0 7.6 5.0
6 33 5.1 6.1 6.1 4.0 2.3 9.1 6.1 5.0

segment (column 3 to column 2)]. Thus, run time did not substantially affect column
capacity.

The total column capacity was between 25 mg and 50 mg (Table I), since 25 mg
did not exceed column capacity; whereas with a 50-ing load, there was peptide in the
breakthrough fraction (3.2 mg in fraction 0 with the 50-mg load).

Multi-column SDC of a multiple-component mixture :

An examination was carried out on the distribution of three peptide compo-
nents through the length of the column packing, following multi-column SDC under
varying run parameters of flow-rate, sample load and run time.

Fig. 2 shows an analytical run of the model three-decapeptide mixture (S3, S4
and S5) on the six-column Cg setup.

The ratio of the peaks is approximately 1:4:1 (S3:54:S5). The main component
(S4) represents the desired product from a peptide synthesis. The smaller peaks repre-
sent more hydrophilic (earlier eluted, S3) and hydrophobic (later eluted, S5) peptide
impurities. The peptide mixture was subjected to SDC as shown in Figs. 3-5 and
Table IL. .

Effect of flow-rate. All three peptides moved further down the total column
length with increasing flow-rate. At 2 ml/min (Table II), all of S3 has been displaced
into the breakthrough fraction (fraction 0) and a significant portion (x~40%) of $4, in
addition to S3, has also been displaced from the column. Thus, at 2 ml/min, a sample
load of 24 mg overloaded the column.
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Fig. 2. Analytical RPC of a model three-decapeptide mixture. Column: six 3 cm x 4.6 mm L.D. Rainin C,
column segments in series. Conditions: linear AB gradient (1% B/min) at a flow-rate of 1 ml/min, where
eluent A is 0.1% aq. TFA and eluent B is 0.1% TFA in acetonitrile. The ratio of the peaks is approximately
1:4:1 (83:54:S5). The main component (S4) represents the desired product. The smaller peaks represent
more hydrophilic ($3) and hydrophobic (S5) peptide impurities. Multi-column SDC of this mixture provid-
ed the preparative data presented in Figs. 3-6. The sequences of synthetic peptides S3, S4 and S5 are shown
in Experimental.
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Fig. 3. Effect of sample load on distribution of peptide product, S4, from a three-decapeptide mixture (see
Fig. 2) following multi-column SDC. These data are derived from results presented in Table II, with an
additional sample load of 6 mg. (A) Relation between product (S4) concentration (mg/cm column) on the
first column segment containing product only and the sample load; (B) relation between product (S4)
concentration (mg/cm column) on each column segment containing product only and sample load. The
first column to contain product only is nearest to the multi-column outlet; the fourth column is closest to
the multi-column inlet. Symbols in (B): @ = 48, O = 24; @ = 12; 0 = 6 mg.
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S4 was separated from S3 and S5 in four fractions at either flow-rate. The
amount of pure S4 recovered in each of fractions 1-4 at 2 ml/min was less than that
recovered from each of fractions 2--5 at 0.2 ml/min, i.e., there was a dilution effect at
the higher flow-rate, resulting in less product bound per individual column segment.
The total pure S4 recovered at 2 ml/min was 8.6 mg; in contrast, at 0.2 ml/min, the
total pure S4 recovered was 13.8 mg.

Effect of sample load. The 24-mg sample load was found to be optimal (Table
II), with four fractions (2-5) containing pure S4 (a total of 13.8 mg). Although the
48-mg sample load also resulted in four pure fractions (1-4) of $4 (a total of 14.8 mg),
about 50% of this peptide (16 mg) has been displaced into the breakthrough fraction,
i.e., the column was overloaded.

From Fig. 3A, the concentration (mg/cm of column) of peptide in the first
column containing pure S4 increased with increasing sample load. From a rapid rise
between sample loads of 6 mg and 24 mg, there was a levelling off of product concen-
tration between 24 mg and 48 mg as the maximum column capacity was reached and
exceeded.

From Fig. 3B, the concentration (mg/cm of column) of peptide in columns
containing only S4 decreased with increasing column (fraction) number, i.e., there
was a general decreasing gradient of pure S4 in the direction of the column inlet
(compare first and fourth column). Only one and two columns (out of six) contained
pure S4 in the 6-mg and 12-mg sample loads, respectively; four out of six columns
contained pure S4 in the 24-mg and 48-mg sample loads.

SAMPLE FLOW- RUN
LOAD RATE TIME
(mg) (mimin) (min)

A 28 02 3
B 48 02 3
c 24 02 18
D 24 02 144
15 E 24 20 36

PRODUCT CONCENTRATION
(mg/em)
/
[ ]
(1]

0.5 —_ 1 1 1
13t 2nd 3rd 4th
COLUMN CONTAINING
PURE PRODUCT

Fig. 4. Summary of effect of run parameters on distribution of pure peptide product, $4, following multi-
column SDC of a three-decapeptide mixture (see Fig. 2). These data are derived from results presented in
Table I and Fig. 3. The first column segment containing pure 4 is closest to the multi-column outlet; the
fourth column is closest to the multi-column inlet.
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Effect of run time. There was a general shift of peptide components down the
total column length as run time increased (Table II). In addition, there was a dilution
effect on the amount of $4 peptide recovered from each fraction containing pure S4 as
run time increased.
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Fig. 5. Effect of varying run parameters on yield of pure peptide product, S4, following multi-column SDC
of a three-decapeptide mixture (see Fig. 2). (A) Effect of flow-rate on yield of pure S4; (B) effect of run time
on yield of pure S4; (C) effect of sample load on yield of pure S4. Overload conditions are defined as run
conditions resulting in the desired peptide product being displaced from the column into the breakthrough
fraction. (D) Amount of pure S4 recovered with increasing sample load.
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TABLE II

EFFECT OF VARYING RUN PARAMETERS ON MULTI-COLUMN SDC OF A THREE-DECA-
PEPTIDE MIXTURE

Results are presented as amount of each peptide recovered (mg) from each fraction following SDC of the
peptide mixture. An analytical profile of the mixture is shown in Fig. 2. Column, conditions and fraction
analysis: see Table I. Effect of flow-rate: sample load and run time were 24 mg and 36 min, respectively.
Effect of sample load: flow-rate and run time were 0.2 ml/min and 36 min, respectively. Effect of run time:
flow-rate and sample load were 0.2 ml/min and 24 mg, respectively. The sequences of synthetic decapep-
tides S3, S4 and S5 are shown in Experimental.

Fraction Effect of flow-rate Effect of load Effect of run time
number
S3 S4 S5 S3 S4 SS S3 S4 S5
0.2 mijmin 12 mg 18 min
0 2.3 0 0 0 0 0 0 0 0
1 1.7 1.8 0 0 0 0 4.0 0 0
2 0 3.8 0 0 0 0 0 4.1 0
3 0 3.5 0 2.0 0.3 0 0 4.1 0
4 0 34 0 0 34 0 0 3.8 0
S 0 3.1 0 0 3.1 0 0 3.5 0
6 0 0.3 4.0 0 1.2 2.0 0 0.5 4.0
2 mijmin 24 mg 36 min
0 4.0 6.2 0 2.3 0 0 2.3 0 0
1 0 2.5 0 1.7 1.8 0 1.7 1.8 0
2 0 1.9 0 0 3.8 0 0 3.8 0
3 0 2.2 0 0 3.5 0 0 35 0
4 0 2.0 0 0 34 0 0 34 0
5 0 1.2 1.0 0 3.1 0 0 3.1 0
6 0 0 3.0 0 0.3 4.0 0 0.3 4.0
48 mg 144 min
0 - 8.0 16.0 0 4.0 34 0
1 - 0 4.0 0 0 34 0
2 - 0 3.9 0 0 2.8 0
3 -~ 0 3.7 0 0 2.4 0
4 - 0 32 0 0 23 0
5 - 0 1.1 3.6 0 1.7 04
6 - 0 0 44 0 0 3.6

The shortest run time (18 min) was most efficient, with >90% of S4 loaded
being recovered as pure peptide (a total of 15.5 mg from columns 2-5). The 144-min
run time was the least efficient. The column was overloaded under these conditions
with S4 in the breakthrough fraction (3.4 mg).

At each run time, four fractions contained S4 only. However, as shown in Table
II, there was a general decrease in the amount of peptide recovered from each fraction
containing pure S4 as run time increased (a total of 15.5 mg and 10.9 mg was recov-
ered from the 18-min and 144-min runs, respectively).

Fig. 4 is a summary of the effect of varying SDC run parameters on distribution
of pure peptide product, S4.

There was a general decrease in concentration (mg/cm column) of pure product
with each successive column from the column outlet containing pure S4. Thus, com-
paring runs A and B, there was an increase in product concentration with increasing
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sample load on each column containing pure S4; comparing runs A and C, there was
an increase in product concentration with decreasing run time on each column con-
taining pure S4; comparing runs A and D, there was a significant decrease in product
concentration with a large increase in run time (four-fold) on each column containing
pure S4; and, finally, comparing runs A and E, there was a significant decrease in
product concentration with a large increase in flow-rate (ten-fold) on each column
containing pure S4.

From Fig. 4, it is clear that SDC runs of low flow-rates and short run times at
appropriate sample loads provided the highest concentration of pure product.

Effect of varying SDC run parameters on peptide yield. Fig. 5 shows the effect of
various run parameters on yield of pure peptide product, S4, folowing multi-column
SDC.

From Fig. 5A, it can be seen that there was a significant decrease in overall yield
of pure S4 as the flow-rate was increased ten-fold (from 0.2 to 2 ml/min). This was due
mainly to the fact that, at the higher flow-rate, SDC was being run under overload
conditions (Table II).

From Fig. 5B, it is clear that there was a general decrease in yield of pure S4 as
run time was increased. This effect is most apparent at the 144-min run time, where
SDC capacity was exceeded (Table 11), with S4 being displaced into the breakthrough
fraction.

From Fig. 5C, it can be seen that there was an increase in yield of pure S4 as
sample load was increased up to 24 mg, reflecting more efficient use of total column
capacity with increasing peptide load. The sharp drop in yield of S4 at a sample load
of 48 mg was due to the SDC capacity being exceeded (Table II), with S4 being
displaced into the breakthrough fraction.

From Fig. 5D, it is apparent that there was an increase of pure S4 recovered
with increasing sample load, up to 24 mg. At higher loads, there was no further
increase in pure peptide recovered. From Table I1, it can be seen that the 24-mg load
was optimal in terms of both essentially saturating the individual columns and in the
number of columns containing pure product. As the sample load was raised to 48 mg,
all or most of the additional S4 loaded was lost to the breakthrough fraction (Table
IT). This result also reflected the flexibility of sample load during SDC. Thus, even
under overload conditions, the same amount of pure product was recovered as in an
ideal run, where sample load was just enough to reach total column capacity.

Based on the results presented in Figs. 3-5 and Table 11, Fig. 6 represents the
optimum SDC run for the three-decapeptide mixture (S3, S4 and S5), in terms of both
efficient use of total column capacity and yield of purified $4.

In Fig. 6, the top elution profile shows the analytical preparation of the peptide
mixture, carried out on the multi-column setup. Peptide S4 is the desired component.
Following SDC, column 1 contained S3 only, while column 6 contained all of the S5
and a small amount of S4. Columns 2-5 contained the vast majority of the desired
peptide component, S4, with no S3 or S5 present. It should be noted that, under these
run conditions, all of the peptide sample was retained by the multi-column setup, i.e.,
no peptide was found in the breakthrough peak.

Multi-column SDC of a synthetic peptide crude mixture
In order to examine the effectiveness of multi-column SDC in purifying a crude
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Fig. 6. Multi-column SDC of a model synthetic decapeptide mixture. Column, conditions and fraction
analysis: see Table I. Flow-rate = 0.2 ml/min; run time = 18 min; sample load = 24 mg. The top clution
profile shows the analytical separation of the mixture {linear AB gradient (1% B/min at 1 ml/min), where
eluent A is 0.1% aq. TFA and eluent B is 0.1% TFA in acetonitrile]. The analytical elution profiles at the
bottom show the peptide components retained on each individual column segment (columns 1-6) following
the SDC run in 0.1% aq. TFA. The peaks are all correctly proportioned. The sequences of synthetic
peptides S3, S4 (the desired product) and S5 are shown in Experimental.
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Fig. 7. Multi-column SDC of a synthetic decapeptide crude mixture. Column: ten 3 cm X 4.6 mm 1.D.
Agquapore RP300 C, column segments in series. Conditions and fraction analyses: as Fig. 6. Flow-rate =

0.5 ml/min; run time =

50 min; sample load =

100 mg. The top elution profile shows the analytical

separation of the peptide mixture [linear AB gradient (1% B/min and 1 ml/min), where eluent A is 0.1% aq.
TFA and eluent B is 0.1% TFA in acetonitrile]. The analytical elution profiles at the bottom show the
peptide components retained on each individual column segment (columns [-10) following the SDC run in
0.1% aq. TFA. The peaks are all correctly proportioned. P is the desired product; the other peaks are
hydrophilic (1,) and hydrophobic (/,~/,) impurities.
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peptide mixture, as opposed to a model system, this technique was applied to the
preparative separation of a synthetic decapeptide crude mixture.

In Fig. 7, 100 mg of a crude peptide sample has been applied to a multi-column
setup, consisting of ten 3 cm X 4.6 mm I.D. Aquapore RP-300 Cg column segments
(columns 1-10) in series. The increase in the number of column segments (ten) com-
pared to that employed previously (Figs. 3-6 and Table II) enabled the application of
this substantial sample load.

The top elution profile shows the analytical separation of the crude synthetic
peptide mixture. The large peak, P, is the desired peptide component; the smaller
peaks are hydrophilic (I;) and hydrophobic (15, I, I; and Is) impurities.

Following SDC, the distribution of sample components through the ten column
segments was determined. The breakthrough fraction (0) and column 1 contained
only hydrophilic impurities (/;). Column 10 contained only hydrophobic impurities
(I2~I5) while columns 8 and 9 contained a small amount of peptide product contam-
inated with hydrophobic impurity 7,.

Columns 2-7 contained essentially pure product, the great majority of which
was in columns 3-7. Of the total amount of desired peptide product loaded onto the
column, 90% was recovered, with 81% of the peptide product isolated as pure pep-
tide.

Very efficient use of the column capacity had been made during this SDC
separation, which demonstrated well both the resolving power of this preparative
process as well as the case of fraction analysis.

CONCLUSION

In summary, this work describes an extension of a novel procedure for prepara-
tive reversed-phase separation of peptide mixtures, first reported by our laboratory
[5-7]. Multi-column SDC enables the application of sample loads at least ten-fold
greater than in comparable gradient elution experiments. Other advantages include
minimal use of organic solvents and minimal fraction analyses. In addition, since the
sample components act as their own displacers, no added displacer is required, unlike
traditional displacement chromatography. Finally, rapid separations are achievable
with multi-column SDC at a much lower cost (in terms of solvents, packings and
machine use) than is typical for preparative gradient-elution separations. The poten-
tial of this technique is considerable (it is routinely used in the authors’ laboratory)
and should prove of great value to those involved in the purification of synthetic
peptides.
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ABSTRACT

The purification and analysis of restriction fragments play a very important role in molecular biology
but the traditional assay methods of DNA fragments, based on gel electrophoresis and caesium chloride
gradient centrifugation, are time-consuming and difficult to quantify. High-performance liquid chromato-
graphy provides an alternative method which allows the direct quantitation of picogram amounts of
eluents in short times. In the present work we report the separation of different restriction fragments, the
purification of'some fragments and the relationship between the length of double-stranded DNA fragments
and peak areas.

INTRODUCTION

DNA restriction fragments are the products of digestion of larger DNA with
restriction endonucleases that cleave phosphodiester bonds of specific nucleotide se-
quences. The analysis and purification of these fragments are very important in mo-
lecular biology and several conventional methods based on centrifugation and gel
electrophoresis are known [1]. However, in recent years high-performance liquid
chromatography (HPLC) has been shown to be a useful alternative [2-5]. In compari-
son with gel electrophoresis, HPLC provides shorter separation times (within 30
min), nearly quantitative recovery, detection in the picogram range, direct quantita-
tion of eluates and the possibility of automizing the overall procedure.

As a part of our interest in the application of HPLC in the study of a wide
variety of biological molecules, we extended the use of an anion-exchange column [6]
(Gen-Pak FAX) in resolving fragments obtained from double-stranded plasmid 11.3,
®dx174, after digestion with restriction endonucleases (Pstl, EcoR1 and Haelll), and a
1-kilobase (kb) ladder DNA.

In the course of the investigation a direct relationship between peak arcas and
molecular size of the fragments was established.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL
Materials '

Plasmid 11.3 [6.0 kilobase pairs (kbp)], coding for a poly A binding protein, its
fragments generated by digestion with PstI (f1 = 0.6 kb, f2 = 1.4kb and f3 = 4.0kb)
and with EcoRI (f4 = 2.9 kb and f5 = 3.1 kb) were obtained from P. Vezzoni
(Instituto Tecnologie Biomediche Avanzate, CNR, Milan, Italy).

@x174 DNA, digested with Haelll, and the 1-kb DNA ladder were supplied by
J. Malyszko (Farmitalia, Milan, Italy). T4 DNA ligase was from Boehringer Mann-
heim Biochemica (Mannheim, Germany).

Apparatus

The HPLC system consisted of an automated gradient controller, two Model
510 pumps, equipped with a Model U6K universal injector (Waters Assoc., Milford,
MA, USA). For detection of the peaks a Model Lambda Max 480 UV detector
(Waters) connected to a CR3A integrator (Shimadzu, Kyoto, Japan) or an HP 1040A
photodiode array detector (Hewlett-Packard, Waldbronn, Germany) was used. Peak
collection and reinjection was done by means of a Model 232 automatic sample
processor and injector with a Model 401 dilutor (Gilson Medical Electronics, Villiers
le Bel, France) equipped with a Rheodyne 7010 injector.

Chromatographic conditions

All HPLC runs were performed on Waters Gen-Pak FAX columns (100 X 4.6
mm L.D.). Eluent A was 25 mM sodium phosphate (pH 7.0) and eluent B was the
same buffer containing 1 M sodium chloride. Phosphate buffer was made using the
monobasic salt and the pH was adjusted using sodium hydroxide. Eluents were fil-
tered through a 0.45-um membrane. The gradient profile was 40 to 70% eluent B in
20 min (curve 5). Flow-rate was 0.8 ml/min. The peaks were detected at 260 nm or by
means a photodiode array detector.

Electrophoresis

Gel electrophoresis was carried out on 0.7% agarose [7] using 0.08 M Tris—
phosphate, pH 8.0, 2 mM EDTA. Capillary electrophoresis was performed using an
Applied Biosystems Model 270A and SepraGene 500 buffer in the laboratory of Dr.
G. Sabbatini (Applied Biosystems, Milan, Italy) according to the manufacturer’s
protocol.

Calibration graphs _
Fragments f1, f2 and f3 were collected by means of a Model 232 automatic
collector and increasing amounts of each fragment (0.1-2.5 ug) were injected.

RESULTS AND DISCUSSION

The Gen-Pak FAX column is a DEAE anion-exchange column on methacry-
late matrix of 2.5 um particle size optimized for DNA restriction fragment separa-
tion. Using this column it is possible to separate the 0.6-, 1.4- and 4.0-kb fragments
generated by digestion of the 11.3 plasmid with PstI endonuclease (Fig. 1). Baseline
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Fig. 1. Typical chromatogram of plasmid (1.3 (0.5 ug) digested with PstI endonuclease. See text for
chromatographic conditions.

resolution of these relatively small restriction fragments (1.2 and 2.6 kb difference)
was achieved. The purity of the collected fractions was checked by HPLC and gel
electrophoresis. As shown in Fig. 2, exact coincidence between the UV spectra of the
fragments was confirmed, as may be expected. Amounts of up to 15 ug of plasmid
were fractionated in a single run with 85% recovery. This means that the approach
has an important semi-preparative value. Moreover, the three fragments have been
recombined by means of T4 DNA ligase to yield the original plasmid, shown on gel
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Fig. 2. UV spectra of restriction fragments f1, f2 and f3.
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TABLE ]
COMPARISON BETWEEN GEL ELECTROPHORESIS AND HPLC KILOBASEPAIR VALUES

Fragment Electrophoresis (kbp) HPLC (kbp) Difference (%)
fl 0.6 0.62 + 33
2 1.4 1.41 + 0.9
f3 4.0 3.97 - 08

electrophoresis and HPLC analysis, thus indicating that the chromatographic proce-
dure is valuable for the preparation of intact fragments.

Rectilinear responses between peak areas and amounts injected were obtained
from four replicate injections of f1, f2 and {3 in the range 0.1-2.5 ug, as indicated by
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Fig. 3. Comparison between the number of actual (bp,) and HPLC calculated (bp,) basepairs for ®x174
DNA digested with Haelll (A) and the 1-kb DNA ladder previously isolated by HPLC (fragments from 75
to 517 bp) (B). (A) bp, = 1.03bp, + 4.3;r = 0.997. (B) bp, = 0.98 bp, + 3.2; r = 0.998.
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Fig. 4. Typical capillary electropherogram of ®x174 digested with Haelll endonuclease (fragments A-K);
detection, 260 nm.

the equation y = 1388 x + 11.2 (r = 0.995), where y represents the peak area and x
the amount injected. _

Since exhaustive restriction digestion of the 11.3 plasmid yielded equimolar
mixture of f1, f2 and 3, these were present in the same molar concentration. Thus, the
mass of the fragment in each peak was proportional to the length of the fragment in
that peak. This means that the size of each fragment can be obtained by the equation:
x + ax + bx = K; where x is the kb number of f1, a is (peak area of f2)/(peak area of

14007
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12207

800

6881

2 200 402 600, 802 1002 1200 1420
A

Fig. 5. Comparison between the number of actual and capillary electropherogram calculated basepairs for
Haelll restriction fragments of @x174 (fragments: A-K). bp, =-1.02 bp, + 2.1; r = 0.996.
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8 16 24  min

Fig. 6. Comparison of HPLC and slab gel electrophoresis (B) of restriction fragments f4 (2.9 kb) and f5 (3.1
kb) from plasmid 11.3 digested with EcoRI. In (A) the electrophoretic separation of restriction fragments
f1, £2 and 3 (see Fig. 1) is also shown. See text for HPLC and electrophoresis conditions.

f1); b is (peak area of f3)/(peak area of f1) and X is the length of plasmid 11.3 (6.0
kbp).

Chromatographic data yielded the values of @ and b that made it possible to
calculate the kilobases of fragments f1 (x), f2 (ax) and f3 (bx). The values of kilobase
pairs obtained by this procedure were compared with those from the conventional
electrophoretic approach, as shown in Table I. .

To verify the validity of this approach, $x174 DNA (5386 bp), after digestion
with Haelll, and the 1-kb DNA ladder were chromatographed and the lengths of the
fragments evaluated as above. The results shown in Fig. 3A and B indicate that the
discrepancy between the actual and the calculated basepair values is less than 3%.

Using this approach the length of restriction fragments can also be determined
from capillary electrophoresis data, as confirmed by the analysis of the fragments
from ®x174 digested with Haelll. In comparison with the described HPLC proce-
dure, capillary electrophoresis [8] yielded a better peak separation (Fig. 4). Moreover,
the difference between the calculated and actual number of bases is comparable to
that found by the HPLC method (Fig. 5).

Finally, as further evidence of the ability of the Gen-Pak FAX column in re-
solving DNA fragments, plasmid 11.3 was digested with EcoRI endonuclease to yield
two fragments (2.9 and 3.1 kb), which cannot be separated by electrophoresis (Fig. 6).
HPLC allowed their preparative separation, as well as the evaluation of their length
and purity. )

In conclusion, the described procedure allows the semipreparative isolation of
intact DNA fragments suitable for yielding the original plasmid and for eventual
automated DNA sequencing after a single dialysis step. Furthermore, the proposed
method for determination of the length of the restriction fragments represents an
innovative alternative that can be applied both to HPLC and capillary electrophore-
sis data.
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ABSTRACT

Neuramide (NMD), a tissue extract having antiviral action against influenza A virus, was analysed
by preparative size-exclusion high-performance liquid chromatography followed by solvent extraction and
reversed-phase high-performance liquid chromatography. Some small peptides responsible for the antiviral
action were isolated and their amino-acid content was determined.

INTRODUCTION

Neuramide (NMD) is a viral inhibitor that is present in crude preparations of
tissue extracts. It is active against herpes viruses [1]. Ultrafiltration experiments have
shown that the anti-influenza virus activity is concentrated in the material of molec-
ular weight below 500 dalton [2). _

In a previous paper [3] we reported the use of a sequence of chromatographic
steps for the enrichment of antiviral and immunostimulant components in NMD.
Here we report the preparative high-performance liquid chromatographic (HPLC)

- multi-step separation of the antiviral fraction in NMD.

EXPERIMENTAL

NMD preparations were obtained from Difa Cooper (Caronno Pertusella, Ita-
ly).

HPLC dnalyses
Preparative size-exclusion HPLC (HPSEC) and tests of antiviral activity were

performed as reported previously [3]. Analytical reversed-phase HPLC (RP-HPLC)
of the antiviral fraction from HPSEC was performed after methylene chloride extrac-

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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tion. Methanol solutions were injected through a 20-ul loop (50 ug per injection). The

instrument was a Varian (Palo Alto, CA, USA) Model 5000 system equipped with a

LichroCART 100 RP-18 (5 um) RP column (25 cm X 4.6 mm I.D.) (Merck, Darm-

stadt, Germany) eluted with methanol at a flow-rate of 1 ml/min. The detector was a

Hewlett-Packard (Palo Alto, CA, USA) Model 1040 diode array.

Preparative RP-HPLC purification. of the antiviral fraction from HPSEC was
performed after methylene chloride extraction. Solutions in water—acetonitrile (2:8)
were injected through a 100-u! loop. The Varian 5000 system was used, equipped with
a Waters Assoc. (Milford, MA, USA) uBondapak-NH, column (30 cm x 3.9 mm
I.D.) eluted with water-acetonitrile (2:8) at a flow-rate of 4 ml/min. The Hewlett-
Packard Model 1040 diode-array detector was used.

Extraction of antiviral components with methylene chloride p

An aliquot of 1.9 g of the mixture obtained by elution with 0.1 M sodium
chloride in eight runs of the sequence ultrafiltration-HPSEC and shown to have
antiviral activity was dissolved in 50 ml of water and extracted three times with 50-ml
portions of methylene chloride. The organic extracts were collected, dried over sodi-
um sulphate and the solvent was evaporated under reduced pressure to give 7.9 mg of
mixture. Antiviral activity was present in both the methylene chloride extract and the
aqueous phase.

RESULTS AND DISCUSSION

The HPSEC procedure reported in previously [3] was performed sixteen times,
in order to obtain sufficient material for further purification procedures. The antiviral
material was eluted with sodium chloride solution and further purification was re-
quired to separate the organic material from sodium chloride. This was performed by
methylene chloride extraction. Part of the antiviral activity was thus transferred into
the organic phase, and was freed from sodium chloride.

The organic extract was then analysed by C;3 RP-HPLC (RP-HPLC-C, 8),
eluting with methanol and monitoring at 220 nm (Fig. 1). Two peaks were obtained.

sa
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3081
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s 18 15 2@ 2s
Time (min )

Fig. 1. RP-HPLC-C ; analysis of NMD after HPSEC and solvent extraction.




HPLC PURIFICATION OF ANTIVIRAL COMPONENTS 291

180081
16001
14004
1200

1000

mAU

8001

600 !

4007
20087

2 4 5 8 . 10
Time (min )

Fig. 2. RP-HPLC-NH, analysis of NMD after HPSEC and solvent extraction.

This procedure is unsuitable for scaling-up of the purification as injection of a large
amount of material resulted in loss of resolution.

A second RP-HPLC procedure was then performed using an amino RP-HPLC
column (RP-HPLC-NH,) eluted with water—acetonitrile (2:8). An elution profile typ-
ical of very polar material was again obtained by monitoring at 220 nm. The result is
shown in Fig. 2. At least three components were present, and the separation efficiency
allowed the chromatography to be scaled up.

Four runs allowed sufficient material to be collected to perform the biological
test which confirmed the antiviral activity of this mixture of components.

The amino acidic nature of the antiviral mixture was demonstrated by the
analysis of its amino acid content. This analysis showed the presence of glycme
serine, threonine, glutamic acid and aspartic acid.
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ABSTRACT

Extracellular superoxide dismutase, EC-SOD, the main superoxide dismutase in biological fluids, is
known from its lectin binding to be a glycoprotein. We have characterized the glycosylation of recombi-
nant EC-SOD. A tryptic digest of the protein contained only one glycosylated peptide. This peptide was
specifically bound to lectins and stained by periodic acid—Schiff stain. Although appearing very large on
size-exclusion chromatography, it was shown to be glycosylated at only one site, asparagine-89, by specific
cleavage with glycanases followed by mass spectrometry of the resulting peptide. Based on the binding
properties of the peptide to concanavalin A and lentil lectin and the elution profile of N-glycanase-treated
glycopeptide on ion-exchange chromatography, the carbohydrate appears to be of the complex bianten-
nary type with a core fucose.

INTRODUCTION

Extracellular superoxide dismutase, EC-SOD (EC 1.15.1.1), is the major SOD
isoenzyme in extracellular fluid. The enzyme was first described by Marklund et al. [1]
and has been found to consist of four identical subunits and has an apparent molec-
ular weight of 135 000 [2]. The cDNA clone from human placenta coding for the
protein has been isolated and characterized [3]. According to this, the subunit consists
of 222 amino acids corresponding to a molecular weight of 24 200. The middle part of
the protein shows strong homologies with the C-terminal portion of CuZn-SOD. The
C-terminal portion of EC-SOD consists of a great number of charged amino acids
and is also responsible for its heparin affinity [3]. Each subunit of EC-SOD binds one
copper and one zink atom [4]. EC-SOD bound to concanavalin A, lentil lectin and
wheat germ lectin indicating that EC-SOD is glycosylated at least at the possible
asparagine site [4]. The difference between the apparent molecular weight and that
expected from the amino acid sequence indicates a large carbohydrate moiety.

In the present paper we have further characterized the glycosylation by isolat-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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ing the glycosylated, nineteen-amino acid-long, tryptic peptide followed by enzymatic
release of the carbohydrate portion. The resulting peptide was characterized by mass
spectrometry and the released carbohydrate was studied by high-performance anion-
exchange chromatography at high pH. From the results we conclude that each sub-
unit of recombinant human EC-SOD has one single carbohydrate moiety attached to
asparagine-89. Based on the binding to lectins and the elution profile on anion-
exchange chromatography we suggest that the carbohydrate moiety is of the complex
biantennary type having a core fucose.

EXPERIMENTAL

Protein purification

Human recombinant EC-SOD produced in Chinese hamster ovary cells was
purified to at least 98% purity [according to reversed-phase chromatography and
sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE)] by a three-
step purification scheme at Symbicom AB, (Umed, Sweden). The purified EC-SOD
was stored at —70°C in 50 mM sodium phosphate buffer, pH 7.4.

Carboxymethylation of EC-SOD

EC-SOD (5 mg) in 200 ul of sodium phosphate buffer, pH 7.4, was mixed with
1.5 ml of 0.5 mM ammonium acetate, 6 M guanidine hydrochloride, pH 8.0, and
flushed with nitrogen. The protein was thereafter reduced with 15 ul of 1 M dithio-
threitol, flushed with nitrogen, and incubated for 1 h at room temperature. lodoacetic
acid (30 ul) was added and the sample was flushed with nitrogen and incubated in the
dark for 2 h. Finally, the reaction was terminated by addition of 30 ul of 2-mercap-
toethanol and 525 ul of glacial acetic acid.

Trypsin cleavage

Carboxymethylated EC-SOD was dialysed against 0.1 M NH,HCOj3, pH 7.8,
and mixed with trypsin (EC 3.4.21.4, Boehringer-Mannheim) at a mass ratio of 50:1.
The mixture was then incubated overnight (16-20 h) at room temperature. Cleavage
was terminated by addition of 1 mM phenylmethylsulphonyl fluoride (PMSF).

Lectin chromatography
_ The tryptic digest of EC-SOD was applied to concanavalin A-Sepharose 4B or
lentil lectin-Sepharose 4B (Pharmacia, Uppsala) equilibrated with S mM sodium
acetate, pH 6.9, 1 M NaCl, 1 mM MnCl,, 1 mM CaCl, and 1 mM MgCl,. After the
column was thoroughly washed, it was eluted with the same buffer containing 0.5 M
a-methylmannoside. Bound and unbound material were collected as single fractions.
Both glycopeptide and undigested EC-SOD could be eluted at 0.15 M a-methylman-
noside but to keep the volume of the pooled, bound material low, the batch elution
was made at higher molarity.

Glycopeptide isolation

The glycopeptide was isolated by reversed-phase chromatography on a Beck-
man System Gold liquid chromatography system using an Ultrapore Cg (250 X 4.6
mm, Beckman Instruments). The glycopeptide was eluted at approximately 30%
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acetonitrile in 0.1% trifluoroacetic acid at 38°C. Prior to glycanase cleavage, it was
further purified by gel filtration on TSK-3000SW, 375 x 7.6 mm, equilibrated with
10 mM sodium phosphate, pH 7.4 and 0.25 M NaCl.

Enzymatic cleavage of glycopeptide :

For cleavage of asparagine-linked carbohydrate, 50 nmol of glycopeptide in
0.25 M sodium phosphate buffer were mixed with 2 U of N-glycanase [peptide-N*-
(N-acetyl-f-glucosaminyl)asparagine amidase; EC 3.5.1.52, Genzyme, Boston, MA,
USA] and incubated at 37°C. Samples were withdrawn at distinct times for reversed-
phase liquid chromatographic (RP-LC) analysis. The reaction was terminated by
immersing the samples in boiling water or by immediate RP-LC. For cleavage of
serine/threonine-linked carbohydrate the peptide was first subjected to hydrolysis of
sialic acid residues by incubation at 80°C for 1 h in 0.05 M sulphuric acid. The peptide
was thereafter cleaved with O-glycanase (endo-a-N-acetylgalactosaminidase, EC
3.2.1.97, Genzyme) at several enzyme/peptide ratios ranging well above the recom-
mended values in 20 mAf sodium cacodylate, 10 mM calcium acetate, pH 6.5. Sam-
ples were then analyzed by RP-LC.

Amino acid analysis

For the amino acid analysis we used the Waters (Bedford) Pico-Tag system.
Samples were hydrolyzed and derivatized with phenyl isothiocyanate according to the
instructions supplied. The following exceptions were made. The chromatographic
system was Beckman System Gold and instead of the supplied column we used a
Beckman Ultrasphere Cyg (150 X 4.6 mm) with an elution program starting at 3%
Pico-Tag eluent B, 3-15% B curve 4 (concave) in 6 min, 15-28% B in | min, 28-33%
Bin 5.5 min, 33-40% B in 1.5 min, 40-100% B 1 min, 100% B for 5.5 min and then
re-equilibration to 3% B in 1 min. The flow-rate started at 1 ml/min, increased to 1.5
ml/min in 0.5 min at 14 min and decreased to 1 ml/min in 0.5 min at 24 min. The cycle
of the program was 24.5 min and all amino acids were well separated and eluted
within 17 min. '

Periodic acid-Schiff (PAS) staining of blotting matrices

Immobilon-P, polyvinyl difluoride transfer membranes (Waters) were stained
with Schiffs reagent (Sigma, St. Louis, MO, USA) using a modification [5] of the
method of Glossmann and Neville [6].

Mass spectrometry

A ZAB HF 2F mass spectrometer connected to a VG Analytical 11/250 com-
puter system and equipped with a Xenon FAB gun was used for peptide analysis.
Samples were dissolved in distilled water and thioglycerol was used as matrix. The
instrument was scanned from high to low masses, m/z 2600-90, 15 s per decade.

Acceleration voltage was 8 kV and the target was bombarded with xenon at 8 keV. A
cesium iodide spectrum was used for calibration.

High-performance anion-exchange chromatography
The N-glycanase-cleaved glycopeptide was analyzed at high pH on a Dionex
(Sunnyvale, CA, USA) CarboPac PA-1 column (250 x 4.6 mm) using a Dionex Bio
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LC gradient pump and a Model PAD 2 detector [7]. A CarboPac PA guard column
(25 x 3 mm) was also used. The elution was done by 2 min of isocratic elution with
100 mM NaOH, followed by a linear gradient to 150 mAM sodium acetate in 100 mM
NaOH during 63 min, and a flow-rate of | ml/min. A 300 mAf solution of NaOH was
added to the column effluent via a mixing tee at a flow—-rate of 1 ml/min. Detection
was accomplished by triple-pulse amperometry on the PAD detector using a gold
working electrode as described [7].

RESULTS

To identify the glycosylation of EC-SOD, the lectin-binding properties of tryp-
tic peptides were studied. When a tryptic digest of EC-SOD was applied to concana-
valin A-Sepharose or lentil lectin-Sepharose the bound material contained one
heterogeneous main peak according to RP-LC (Fig. 1). The peptide was identified by
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Fig. 1. RP-LC of tryptic fragments of EC-SOD bound to (a) concanavalin-Sepharose 4B and (b) lentil
lectin—Sepharose 4B. Conditions as given under Experimental.
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TABLE I

THEORETICAL AND OBSERVED AMINO ACID COMPOSITION AND MOLECULAR MASSES
OF LECTIN-BOUND MATERIAL, PEPTIDES T8 AND T9, AND THE TWO PEAKS COLLECTED
FROM N-GLYCANASE-CLEAVED GLYCOPEPTIDE.

All amino acids not listed in the table had a concentration corresponding to <0.2.

Amino Peptide  Peptide  Peptide Lectin-bound N-glycanase
acid T8 T9 T8 + 9

LL? Con A? Peak 1 Peak 2
Asx 0 2 2 2.0 22 2.0 2.0
Glx 0 2 2 2.2 1.9 1.9 1.9
Ser 0 3 3 35 3.0 2.6 2.6
Gly 0 1 1 L.5 1.9 1.1 1.1
Arg 0 1 I 1.0 1.0 1.1 1.1
Thr 0 1 1 0.9 0.7 1.0 1.0
Ala 1 2 3 2.2 1.7 28 2.1
Pro 0 2 2 2.3 23 1.8 1.9
Leu 0 2 2 2.1 1.4 2.1 2.1
Phe 0 3 3 2.6 24 2.8 29
Lys 1 0 1 0.3 0.8 1.0 <0.2
Molecular mass 217 2085 2284 N.D.* N.D.* 2279 2084

“ LL = lentil lectin.
b Con A = concanavalin A.
¢ N.D. = not determined.

its mobility on RP-LC and by amino acid analysis (Table I) to be the nineteen-amino
acid-long peptide Leu-75-Arg-93 (T9). Small amounts of two other fragments also
bound but these were later found by amino acid analysis to be unspecifically cleaved
fragments both composed of the main part of T9.

The glycopeptide was purified by collecting peptide T9 from RP-LC of a tryptic
digest and by size-exclusion chromatography of the collected fraction (Fig. 2). The
carbohydrate-containing peptide was easily separated from its impurities as it migrat-
ed as if had a molecular weight between 15 000 and 20 000 (Fig. 2b). The peak was
slightly broader than protein peaks of approximately the same apparent molecular
weight (myoglobin) probably due to its heterogeneity in the glycosylation.

The peptides separated by RP-LC were also slot-blotted and stained by PAS.
Peptide T9 stained strongly and fractions containing the two smaller fragments that
bound to lectins also stained but weaker. No other peptides stained, showing that no
other parts of EC-SOD contained any carbohydrate stainable with PAS.

The high apparent molecular weight of both the native protein and the glyco-
peptide raised the question of whether the glycosylation really was restricted only to
the single N-glycosylation site of T9 or if some O-linked carbohydrate also existed.
To answer this question we tried to cleave the peptide with O-glycanase at serveral
enzyme-to-peptide ratios. However, RP-LC of the cleavage product showed no differ-
ence with that of an undigested stample. Secondly, we cleaved the peptide with N-
glycanase and separated the cleavage products by RP-LC. In this case the chromato-
graphy resulted in the appearance of one major and one minor new peak in the
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Fig. 2. Purification of the glycosylated peptide. (a) The tryptic peptides of EC-SOD separated on RP-LC.
The pooled material is indicated by the arrow. (b) Size-exclusion chromatography of the pooled fraction
from RP-LC. The collected fraction is indicated by the arrow.

chromatogram and at the same time the original peak decreased (Fig. 3). The two new
peaks were collected and subjected to further analysis. First the amino acid composi-
tion was determined and then the molecular weight was established by mass spec-
trometry.

The results proved that the new peaks were the result of a complete deglycosyla-
tion of the peptide. Amino acid analysis showed that the composition of the main
peak was the expected for the glycopeptide (Table I). It was very pure, which was not
surprising as it now had a completely different mobility from its contaminants. The
minor peak was a result of an incomplete tryptic cleavage of EC-SOD by trypsin. It
contained, in addition to the amino acids of T9, one alanine and one lysine corre-
sponding to the composition of tryptic fragment T8 (Table I). Apparently T9 and T8
+ T9 was not separated by RP-LC when glycosylated due to the dominant carbo-
hydrate portion, but when deglycosylated the difference in hydrophobicity resulted in
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Fig. 3. RP-LC of the N-glycanase-cleaved glycopeptide. The glycopeptide was cleaved as described under
Experimental. Samples were withdrawn from the reaction mixture at (A) 0 h, (B) 1 h, (C) 8 h and (D) 18 h.

a separation of the two peptides. The increase in hydrophobicity upon deglycosyla-
tion of the two fragments is in accordance with what is expected when the hydrophilic
carbohydrate moiety is removed. Mass spectrometry supported these results and gave
molecular weights of 2084 and 2279 for the two peaks respectively (Table I).

After N-glycanase cleavage, the glycopeptide was analyzed by anion-exchange
chromatography at high pH. As seen in Fig. 4, several peaks were detected. The most
retarded peak has a retention time very similar to the reference compound (indicated
by an arrow in Fig. 4), the disialylated biantennary structure from human serotrans-
ferrin (Fig. 5). Other peaks most probably correspond to peptide and carbohydrate
with missing terminal sialic acids. Variations in the grade of sialylation is also sup-
ported by inhomogeneity of recombinant EC-SOD upon isoelectric focusing.

.08
.08
04

o2 |

[ T T T T
0 10 20 30 40 S0

Min

Fig. 4. lon-exchange chromatography of N-glycanase-cleaved glycopeptide. Conditions as given under
Experimental. Retention of the biantennary carbohydrate standard (Fig. 5) is indicated by the arrow.
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NeuSAc(«2-6)Gal(f1-4)GlcNAc(B1-2)Man(« 1-6)
:Man( B1-4)GlcNAc($1-4)GlcNAc
NeuSAc(a2-6)Gal( #1-4)GlcNAc(B1-2)Man(a1-3)

Fig. 5. Biantennary carbohydrate standard (from human serotransferrin) used for comparison of retention
on ion-exchange chromatography (Fig. 4).

DISCUSSION

The glycosylation of EC-SOD is interesting both from the scientific and the
clinical point of view. As defence against oxygen radicals EC-SOD is highly interest-
ing for medical use. EC-SOD is, compared to CuZn-SOD, in many ways more in-
teresting for clinical purposes as it has a much longer half-life in the vasculature [8].
The explanation for that is probably the size of the protein. Marklund [2] reported the
molecular weight to be 135000 on gel filtration and we have observed somewhat
higher values on a TSK 3000SW size exclusion column. According to the amino acid
sequence [3], EC-SOD should have a molecular weight of about 97 000. This large
difference indicates the presence of a large carbohydrate portion on the protein.
SDS-PAGE of EC-SOD also resulted in a higher molecular weight than expected. We
have found the subunit to have a molecular weight up to 32 000 (due to the in-
complete glycosylation by the CHO cells several bands could be seen). However, with
glycoproteins, SDS binding is not strictly proportional to molecular weight and there-
fore interpretation of the results is not straight forward.

Deduced from the primary structure, EC-SOD has one potential site for N-
linked sugar. It seemed unlikely that this single site was responsible for the observed
large difference between the theoretical and the observed molecular weight. Therefore
we isolated the carbohydrate-containing material from a tryptic digest. We found
that the only carbohydrate containing part of the protein was the nineteen-amino
acid-long peptide containing the N-glycosylation site. The peptide gave an apparently
high molecular weight upon gel filtration. Its mobility indicated a molecular weight
considerably higher than insulin (6000) and close to that of myoglobin (17 600). As
this peptide also contained several serines and one threonine, we had to find out
whether some of these were also glycosylated. To achieve this we cleaved the peptide
with different glycosidases. We found that N-glycanase cleaved the peptide whereas
O-glycanase did not. After N-glycanase cleavage, the deglycosylated peptide bound
more strongly to a reversed-phase column and could therefore be isolated and studied
separately. The amino acid content was not changed and the peptide could not be
stained with PAS. Finally, to prove that this peptide was free from carbohydrate we
determined its molecular weight by mass spectrometry and the results clearly showed
that the peptide was completely free from carbohydrate (Table I).

The data on the lectin-binding properties of the glycopeptide give us some
information concerning the structure of the carbohydrate moeity. Binding to conca-
navalin A—Sepharose indicates either a high mannose or a biantennary type of N-
linked sugar. Since it elutes from the column at 0.15 M a-methylmannoside, known to
leave high-mannose type sugars bound to the column, it is reasonable to assume that
it is of the biantennary type [9]. Binding of the glycopeptide to lentil lectin suggests
the presence of a core fucose residue [9]. Analysis of the N-glycanase-released carbo-
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hydrate moiety by anion-exchange chromatography also supported this proposed
structure as the fully glycosylated carbohydrate moiety had a retention time very
similar to the disialylated biantennary reference compound from human serotrans-
ferrin.

A mutant of the protein with asparagine-89 exchanged to glutamine has a
mobility on size-exclusion chromatography that corresponds completely to what is
expected (results to be published). One explanation for this behaviour is that the
carbohydrate is highly hydrated and thereby interacts with water molecules and or-
ders them into a structure that makes the migrating protein a much larger molecule
on SEC. This is not a single phenomenon only restricted to EC-SOD. Several other
examples of this behaviour are known and one example is human bile salt-stimulated
lipase that migrates on gel filtration as if it had a molecular weight of more than
300 000 but only about 100 000 on SDS-PAGE [10].
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ABSTRACT

A new reversed-phase high-performance liquid chromatography approach to the production of ana-
lytical peptide maps by pre-column derivatization using phenylisothiocyanate is described. Tryptic peptide
digests were derivatized with phenyl isothiocyanate to form the phenylthiocarbamyl peptides followed by
reversed-phase high-performance liquid chromatographic analysis. The phenylthiocarbamy! peptides were
separated by reversed-phase high-performance liquid chromatography with the conventional gradient
elution system of water-acetonitrile containing trifluoroacetic acid. The sensitivity of detection of these
peptide derivatives was within the range 5-10 pmol with a constant baseline at 254-260 nm. The isolated
phenylthiocarbamyl peptides can be subjected to automatic Edman degradation. The effectiveness of this
method was exemplified by microsequencing of phenylthiocarbamyl peptides isolated from tryptic digests
of three different proteins: a-lactalbumin, S-lactoglobulin and a A light-chain immunoglobulin.

INTRODUCTION

Phenyl isothiocyanate (PITC) has been the reagent most employed in the struc-
tural analysis of proteins since its introduction by Edman 40 years ago [1]. In the
conventional Edman procedure for the sequential degradation of peptides or pro-
teins, the free N-terminal amino acid reacts with PITC to form the phenylthiocarba-
myl (PTC) derivative [2].

PITC, which reacts readily with amino acids [3], has also been used to quantify
them at the picomolar level because it forms the PTC derivatives of the amino acids
which can subsequently be identified and quantified by reversed-phase high-perform-
ance liquid chromatography (RP-HPLC) [4]. Various pre-column derivatization PTC

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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systems for amino acid analysis of proteins and peptides [5,6], including one commer-
‘cial PTC amino acid.analyzer [7], as well as a derivatization of two synthetic peptides,
dynorphyn and leucine-enkephalin, have been reported [8].

The present study describes a new approach, again using the Edman reagent
PITC for the pre-column derivatization of peptide mixture digests, the separation of
the resulting PTC-peptides by RP-HPLC with a detection sensitivity of the order of
picomoles and the microsequence analysis of the isolated PTC-peptides.

EXPERIMENTAL

Acetonitrile was from Scharlau (Barcelona, Spain). Guanidinium chloride, io-
doacetic acid and dithiothreitol were purchased from Sigma (St. Louis, MO, USA).
PITC was from Beckman Instruments (Palo Alto, CA, USA). Triethylamine, metha-
nol, tetrahydrofuran, 1-tosylamino-2-phenylethyl chloromethyl ketone (TPCK)-
trypsin, triffuoroacetic acid and other compounds not specified were from Merck
(Darmstadt, Germany). Ultrapure water for HPLC, generated by a Milli-RO4-cou-
pled to a Milli-Q water purification system (Millipore, Bedford, MA, USA) was used
in the preparation of all buffers.

Proteins

A a-chain (L-chain) immunoglobulin (Ig) was obtained from a human (Escola-
no, ESC) monoclonal IgM after reduction and alkylation. Bovine a-lactalbumin and
p-lactoglobulin were from Sigma.

Reduction and alkylation

Native proteins (3 mg) dissolved in 200 ul of 2 M Tris—-HCl buffer, pH 8.6,
containing 0.002 M EDTA and 6 M guanidinium chloride were incubated with 35
mM dithiothreitol for 120 min at 37°C. Alkylation was performed by adding 5.0 mg
of idoacetic acid followed by incubation for 15 min at room temperature in the
absence of light. The excess reagents were removed by gel filtration on a Sephadex
G-25 column.

Trypsin digestion

Reduced and carboxymethylated proteins (500 ug) were digested with 5 ug of
TPCK-trypsin in 100 ul of 0.2 M N-methylmorfoline acetate buffer, pH 8.2, for 1 h at
37°C. After digestion the material was freeze-dried.

Manual labeling of peptide mixtures with PITC

Tryptic digests (5-3000 pmol) were dried in Eppendorf tubes and dissolved in
15 ul of (methanol-water—triethylamine, 2:2:1) at room temperature. This solution
was evaporated to dryness by rotary evaporation under high vacuum for 30 min. This
step was repeated three times. The dry peptides were dissolved in 20 ul of methanol-
triethylamine-water—PITC (80:10:10:1). After 30 min reaction at room temperature,
the solution was evaporated to dryness under high vacuum for 40—-50 min. The result-
ing PTC-peptides were dissolved in 6 M guanidinium hydrochloride containing 0.1%
trifluoroacetic acid (TFA) and either injected into the RP-HPL.C system or kept in the
freezer for 1-10 days prior to being used for subsequent RP-HPLC analysis.
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RP-HPLC separation of PTC-peptide mixtures

The chromatograph consisted of two Waters M6000A pumps, a Waters 680
automated gradient controller and a Waters 990 photodiode array detector with a
dynamic range from ultraviolet to the visible (UV-VIS) region (190-800 nm), based
on an NEC APC III personal computer. All sample injections were made with a
Waters U6K universal injector. Separations were made by RP-HPLC on a Nova-Pak
column (15cm L.D. x 3.9 mm) protected by a guard column packed with uBondapak
Cys—Corasil. The column was eluted with acetonitrile gradients containing 0.1%
TFA. The column was operated at room temperature at a flow-rate of 0.5 ml/min.
The PTC peptides were collected, lyophilized and kept at 4°C before further sequence
analysis. '

Sequencing procedure

The PTC-peptides were sequenced in a Beckman sequencer (Model 890 D)orin
a new Knauer Model 810 modular liquid phase protein sequencer equipped on-line
with an Knauer PTH (phenylthiohydantoin)-amino acid analyzer. PTH-amino acids
were identified and quantified on an RP-HPLC system based on a C,5 column
(Knauer, West Berlin, Germany) and gradient elution with 6.5 mM sodium acetate—
acetonitrile 1,2-dichloroethane (85:15:0.175) adjusted to pH 4.77 as buffer A and
100% acetonitrile as buffer B. Sequences were performed in the presence of polybrene
using the wet-filter technique [9] in a new flow-through reactor [10].

RESULTS AND DISCUSSION

In peptide mapping, a protein is cleaved selectively by enzymes or by chemical
digestion, and the resulting peptide mixture is separated by RP-HPLC to yield a
peptide map or ‘fingerprint’. This technique is one of the most useful applications of
RP-HPLC since it provides information concerning expression errors, mutations,
location of glycosylation, disulfide linkages, and structural identification of -newly
discovered or recombinant proteins, as well as being routinely used for the separation
of peptides for sequencing analysis. :

The sensitivity of detection of peptides in RP-HPLC is mainly limited by the
transparency and purity of the mobile phase, and by the characteristic noise and drift
of the detector [11]. In the case of analytical columns (3.9 mm 1.D.), amounts of
peptides in the range 0.5-1.0 nmol are routinely detected with a constant baseline for
UV absorption at 220-230 nm, at sensitivities of approximately 2.0-0.05.

However, the ability to detect and manipulate peptides at the picomolar level in
RP-HPLC requires the use of appropriate and very sensitive detection systems. A
standard way to increase the sensitivity of detection on RP-HPLC is simply by using
the scale expansion of the UV detector, but as can be seen in Fig. 1 (top) the increase
in the baseline produced by the absorption of the organic solvent (acetonitrile) at 220
nm using three different sensitivities could limit the visualization of peptides in the
chromatograms. To resolve the problem we investigated a new approach based on the
pre-column derivatization of peptides using the Edman reagent PITC.

One of the advantages of using PITC is that in conventional water—acetonitrile—
TFA elution systems in RP-HPLC the PTC derivatives can be detected with a flat,
low baseline for UV absorption at 254260 nm. As can be seen in Fig. 1 (bottom)
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Fig. 1. Elution profile comparisons in the blank gradient produced by the absorption of the organic
solvents during gradient elution at different wavelengths and sensitivities. Column: Nova-Pak (15cm x 3.9
mm 1.D.). The column was run at room temperature, at a flow-rate of 0.5 ml/min with a linear acetonitrile
gradient from 20 to 40% containing 0.1% TFA. Sensitivities from 0.05 to 0.001 and absorbance at 220 nm
and 254 nm were compared. The peaks corresponding to the derivatizing reagents are marked with an
asterisk.

there is no increase in the baseline at 254 nm caused by the absorption of acetonitrile,
even at a high sensitivity of detection, in contrast to the large increase in the baseline
at 220-230 nm (Fig. 1, top).

Moreover, by using PITC the resulting PTC-peptides are in principle, suitable
for Edman degradation, in contrast to other derivatizing reagents which have been
described, such as fluorescamine [12], o-phthalaldehyde [13,14] or dansyl chloride
[14], peptide derivatives of which are blocked at the N-terminal and consequently
cannot be used for further sequence analysis.

Another reagent which has been used for pre-column derivatization of peptides
at picomolar level, is dimethylaminoazobenzene isothiocyanate (DABITC). How-

.ever, although the dimethylaminoazobenzene-thiocarbamoyl (DABTC)-peptides are

also suitable for Edman degradation, DABITC has the disadvantage that its reaction
with peptides is very slow, often incomplete, and several peptide derivatives are ob-
tained from a single peptide [15].

In order to determine the separation and detection of PTC-peptides on RP-
HPLC, aliquots of 5, 50 and 200 pmol of a tryptic digest of an L-chain immunoglobu-
lin were derivatized with PITC and then injected into an RP-HPLC system as in-
dicated in Experimental. The chromatographic distribution of the PTC peptide deriv-
atives is shown in Fig. 2 and, as can be seen, a satisfactory resolution was obtained.

Fig. 2 also shows the typical effect of a direct UV detection of three different
amounts of PTC-peptides (5, 50 and 200 pmol) monitored at 220 nm and three
different scale expansions of the UV detector. Only in the chromatogram of 200 pmol
are the PTC-peptides clearly detected either at 254 nm or with a slightly higher
sensitivity at 220 nm (Fig. 2, left), while in the chromatogram of 5 and 50 pmol (Fig.
2, right), the increase in the baseline at high sensitivity does not permit the visual-
ization of the PTC peptides at 220 nm and visualization can only be obtained at 254
nm (Fig. 2, right and inset). This technique is very sensitive since it permits the
visualization of peptide maps at a level of 5 pmol at 260 nm with still acceptable
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Fig. 2. Detection of different amounts of PTC-derivatized tryptic peptides at 220 and 254 nm at different
sensitivities. Samples were 5, 50 or 200 pmol of a tryptic digest of an L-chain immunoglobulin derivatized
with PTC. Peptides were eluted at room temperature on a gradient of acetonitrile containing 0.1% TFA as
indicated in Fig. 1. The corresponding PTC-peptides identified by amino acid analysis in each chroma-
togram are numbered. The peaks corresponding to the derivatizing reagents are marked with an asterisk.

baseline using a high sensitivity of detection (Fig. 2). These data demonstrate that the
PTC-peptides can be adequately separated at the picomolar level by RP-HPLC.

The elution pattern of PTC-peptides in RP-HPLC (Fig. 2) can be seen to be
satisfactory but different from that obtained with underivatized peptides. In general
we observed that PTC-peptides in RP-HPLC are eluted at a higher concentration of
acetonitrile than underivatized peptides, under the same chromatographic conditions
(data not shown).

(~—1) 264 nm {(~——) 220 nm % Acetonitrile ()
0.01 W a-Lao
[¢]
0.01
AU
0.01

] | 1
40 60 80 100 120
TIME (min)

Fig. 3. Fractionation by RP-HPLC of PTC-derivatized tryptic peptides (300 pmol) from «-lactalbumin
(a-Lac), B-lactoglobulin (8-LG) and a light-chain (L-chain) immunoglobulin. Peptides were eluted at room
temperature on an acetonitrile gradient containing 0.1% TFA as indicated in the figure. Flow-rate: 0.5
ml/min. The peaks corresponding to the derivatizing reagents are marked with an asterisk. All peaks in the
chromatograms are PTC-peptides which were identified by amino acid analysis. Only those PTC-peptides
which were used for sequence studies have been labelled.



308 F.J. COLILLA et al.

The possibility of subjecting the PTC-peptides isolated from RP-HPLC to Ed-
man degradation analysis was also investigated.

For this purpose aliquots containing 300 pmol of the peptide derivatives of the
proteins a-lactalbumin, f-lactoglobulin and L-chain were analyzed by RP-HPLC,
and the chromatographic distribution of the corresponding PTC-peptides is shown in
Fig. 3. The calculated average yield of the isolated PTC-peptides in the three chroma-
tograms as determined by amino acids analysis, was approximately 80-90% of the
applied material. The amino acid composition data indicate that a single PTC deriv-
ative of each peptide is obtained, while DABITC gives several derivatives [15].

Aliquots of 250 pmol of the PTC-peptides indicated by numbers in the three
peptide maps of Fig. 3 were either subjected to automatic degradation or maintained
for 1-30 days in the freezer before being used for sequence analysis. The results of the
amino acid sequences obtained from these PTC-peptides are shown in Table I. This
also demonstrates that the PTC-peptides are suitable for sequencing analysis and that
they are stable for a relatively long period of time if stored frozen (—20°C).

It is noteworthy that in general the yield of the first cycle of these PTC-peptides
was always low (Table I) (in comparison with the initial yield of non-derivatized

TABLE I

AMINO ACID SEQUENCE OF TRYPTIC PTC-PEPTIDES FROM «-LACTALBUMIN, S-LACTO-
GLOBULIN AND L-CHAIN

Residue numbers in parenthesis refer to primary sequence position in a-lactalbumin{16], f-lactoglobulin
[17} and (ESC) L-chain (unpublished results). The yield (pmol) of the two PTH-amino acids obtained in the
first cycle are indicated below the sequences.

PTC-peptide Amino acid sequence Position

o-1 Glu-GlIn~Leu-Thr-Lys (1-5)
(22,68)

o-2 lle-Leu-Asp-Lys (95-98)
(75,225)

f-1 Lys-lle-Pro—Ala—Val-Phe (77-82)
99,114

p-2 Leu—Ser—Phe-Asn—Pro-Thr—GIn-Leu (149-156)
(142,60)

B-3 Tyr-Leu-Leu-Phe-Cys—Met (102-107)
(62,47)

p-4 Leu-lle-Val-Thr—GIn-Thr-Met-Lys (1-8)
(36,49)

B-5 Ser—Leu-Ala—Met-Ala—Ala—Ser—Asp-Tle-Ser (21-30)
(25,35)

f-6 Thr-Lys-Ile-Pro-Ala—Val (76-81)
(12,33)

B-7 Lys—-Val-Ala~Gly-Thr-Trp-Tyr-Ser-Leu-Ala (14-23)
(30,188)

L-1 Tyr—Ala—-Ala—Ser—Ser-Tyr—Leu—Ser-Leu-Thr-Pro (173-183)
(15,109)

L-2 Phe-Ser-Gly-Ser-Lys (62-66)
(45,151)

L-3 Ala-Gly-Val-Glu-Thr-Thr-Lys-Pro—Ser—Lys (57-166)

(112,245)
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peptides) regularly obtained in our sequencer, however, the yield in the second and
subsequent cycles was normal. This is probably because the PTC-amino acid of the
first residue undergoes several manipulations, such as manual derivatization, HPLC
fractionation and peak collection, which are not done routinely in automatic degra-
dation of non-derivatized peptides. The PTC-peptides can be sequenced using either a
regular Edman degradation or a modified one, in which, in the coupling step, the
PITC is eliminated from the first cycle, since the PTC-peptide is already formed. In
both cases, a single PTH-amino acid is obtained.

A peculiarity observed during the sequencing of PTC-peptides using our wet-
filter sequencer was that two different PTH derivatives were obtained in the first cycle,
corresponding to the first and second amino acids. This is because, with the program
used, prior to initiating the first cycle the PTC-peptide (or sample), containing mem-
brane is gently treated with 100% TFA, and under this acid condition the first PTC-
amino acid is liberated from the PTC-peptide. Then, during the coupling step in this
first cycle, the PITC reacts with the nascent amino group from the second residue of
the peptide, and consequently at the end of this cycle two PTH-amino acids are
obtained. Again the yield of the PTH corresponding to the first amino acid is always
lower (30-55%) than that of the second amino acid (50-70%) (data not shown). The
possibility that the second signal for the first amino acid may be due to the presence of
TFA in the RP-HPLC cannot be discounted.

In conclusion, we have shown that the pre-column PITC derivatization proce-
dure described is a simple general procedure which can be used as a very sensitive
peptide-mapping method at the picomolar level (5-10 pmol).

As stressed above, in comparison with other reagents, including DABITC, the
advantage of using PITC is that the reaction with peptides is complete, reproducible
and the peptide derivatives are stable for weeks. In addition the PTC-peptides can be
properly fractionated and purified by RP-HPLC with a high degree of resolution. The
recovery of the PTC-peptides isolated appears to be quantitative, and the PTC-pep-
tides are suitable for microsequence analysis.

One of the disadvantages of this precolumn derivatization system using PITC is
the presence in the chromatograms of several artefacts (Figs. 1-3), resulting from by
products of the reagents which can coelute with some PTC-peptides. Several extrac-
tion procedures to remove these byproducts have been tried, with unsuccessful results
(data not shown).

Nevertheless, this precolumn derivatization procedure can be used as a valid
alternative to generate peptide maps at the picomolar level to obtain internal se-
quence information (either of proteins or of blocked proteins of which the direct
primary structure cannot be determined by automatic sequencing) for gene identifica-
tion or to generate oligonucleotides which can be used to clone genes.
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ABSTRACT

This paper reports a rapid and sensitive microtechnique for fingerprinting as little as 20 ul of cere-
brospinal fluid (CSF) from individual humans. Different molecular components were also isolated from the
fluid. The SMART system, a new system optimized for high-recovery micropurification, was used for this
purpose. The CSF sample, obtained by lumbar puncture, was applied directly into the system, and the
patterns recorded for different individuals under various physiological conditions were compared. The
results indicate that the procedure provides a powerful tool for the identification or recovery of CSF
components and may also be of importance for diagnostic use.

INTRODUCTION

The access of highly efficient procedures for the separation and analysis of
bioactive molecules is of fundamental importance in many areas of biomedical re-
search. A particular need concerns research focussed on bioactive compounds presenit
. in the central nervous system (CNS). Substances of interest in the CNS are those

involved in neurotransmission or neuromodulation, such as neuropeptides and
monoamines. These compounds are present in the tissues of the CNS at relatively low
concentration and highly sensitive techniques are necessary for their detection. A
procedure in frequent use for the analysis and separation of neuroactive peptide is
 reversed-phase high- performance liquid chromatography (RP-HPLC). This tech-
nique has been successfully used to purify a number of neuropeptides present in the
CNS and also‘in peripheral tissues (e.g. refs. 1-5) because of its high resolution power
and comparatively short time of analysis.
In previous studies, we have used RP-HPLC to study 0p101d peptides in the
cerebrospinal fluid (CSF) [6—10]. In this fluid, most peptides are present at very low -

[0021-9673/91/803.50  © 1991 Elsévier Science Publishers B.V.



312 F. NYBERG, S. LYRENAS, A. DANIELSSON

concentrations and it was therefore necessary to combine the HPLC analyses with
radioreceptor or radioimmunoassays. Furthermore, prior to HPLC the CSF sample
requires concentration. In RP-HPLC analysis of other non-opioid peptides present in
CSF it is possible to use spectrophotometrical methods for their detection [11]. How-
ever, a concentration step is also required in this case.

In this paper, we describe the use of the SMART system for the analys1s of
molecular constituents in human CSF. This new system is optimized for micropur-
ification and microanalysis of biomolecules in samples of different origins. It may,
therefore, provide new possibilities for the analysis and recovery of minute amount of
peptides from crude tissue extracts or various body fluids. Here, the SMART system
was used for the development of a procedure for fingerprint analysis of molecular
components in individual human CSF samples.

EXPERIMENTAL

Chemicals and peptides

Standard peptides used in this study were purchased from Bachem (Bubendorf,
Switzerland). The monoamines and their derivatives or metabolites were from Sigma
(St. Louis, MO, USA). All other chemicals and solvents were of analytical grade from
commercial sources.

Cerebrospinal fluid material

Lumbar CSF was obtained from women who volunteered for a study of CSF
endorphins during pregnancy and in the puerperium [12]. Samples were frozen imme-
diately following collection and stored at —70°C.

f
Chromatography"

CSF samples (20-200 pl) from different individuals were analyzed by the
SMART system (Pharmacia LKB Biotechnology, Uppsala, Sweden). The computer-
controlled micropreparative chromatography system was equipped with a dual titani-
um cylinder syringe pump, a temperature-controlled (4°C-to room temperature) sep-
aration unit containing a dual chamber dynamic mixer (30 + 30 ul), a six-port
injection valve, a column holder, in-built detector cells for UV and conductivity
measurement, and a fraction collector [13]. The UV monitor was UV-MII with 214-
nm optics. Conductivity was measured using the in-built gradient monitor. The con-
ductivity scale was set by calibration with eluent A (100%) and eluent B (0%); A,
0.14% trifluoroacetic acid (TFA); B, 0.12% TFA in 60% acetonitrile. Control of the
system and evaluation of results was done with SMART Manager software. The
column was uRPC C,/C,g, PC 3.2/3 (particle size 3 um, 120 A;30 x 3.2 mm ILD)).
Elution was achieved with a linear gradient of acetonitrile (0-60%) containing TFA
at a flow-rate of 240 pl/min.

RESULTS
Fig. 1 illustrates the UV pattern recorded from chromatographic analysis of a

CSF sample (20 ul) collected from a woman in late pregnancy. It is obvious from the
figure that the present technique provides an efficient separation of a number of
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Fig. 1. Reversed-phase separation with the SMART system of human CSF (20 ul) collected from a woman
at late pregnancy. The UV profile was recorded at 214 nm and the true gradient (descending solid line) was
monitored by on-line conductivity measurement in the system. The main peak was identified electrophoret-
ically as albumin and the adjacent (earlier-eluting) peak as a-microglobulin. Eluent A: 0.14% trifluoroacet-
ic acid (TFA). Eluent B: 0.12% TFA in 60% acetonitrile. For further details, see text.

TABLE 1

RETENTION TIMES RECORDED FOR VARIOUS NEUROPEPTIDES, MONOAMINES AND
THEIR METABOLITES

Substance® Retention time (min)
Dopamine 2.5
MOPEG 5.7
Serotonin 7.4
5-HIAA 10.6
HVA 11.4
SP (1-7) 13.4
Met-enkaphalin 16.6
Dynorphin B 18.8
SP 20.1

“ MOPEG = MHPG = 3-methoxy-4-hydroxyphenylglycol (noradrenaline metabolite); 5-HIAA = 5-
hydroxyindoleacetic acid (serotonin metabolite); HVA = homovanillic acid (dopamine metabolite); SP
= substance P (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH,); Met-enkephalin = Tyr-Gly-
Gly-Phe-Met; dynorphin B = Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr.
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Fig. 2. (A) Analysis of human CSF (20 ;il), collected from a woman at late pregnancy, by the SMART
system using conditions for reversed-phase separation. The UV profile was recorded at 214 nm and the true
gradient (descending solid line) was monitored as before. (B) Computer-enhanced enlargement of the
boxed area seen in the upper panel. For separation conditions, see text and the legend to Fig. 1.
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Fig. 3. Fingerprinting of molecular components in CSF obtained from two separate women (A and B),
during late pregnancy and the lactation period. The upper curve in each chromatogram is CSF obtained
during late pregnancy, whereas the lower curve represents CSF collected during lactation. The mirror
images (lower curve) were done with the “shift amplitude” function in SMART Manager. Other conditions
were identical to those given in the legend to Fig. [.
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UV-absorbing components present in the fluid. A major component was electropho-
retically identified as human serum albumin, whereas a second peak eluting before
but adjacent to albumin was identified as a-microglobulin. Several distinct compo-
nents emerged from the column at retention times between 5 and 15 min. At least two
of these components coincided with the monoamine metabolites S-hydroxyindole-
acetic acid (5-HIAA) and homovanillic acid (HVA), as listed in Table 1. By the
addition of synthetic HVA to the CSF sample, the peak eluting at 11.4 min was
significantly increased. Both 5-HIAA and HVA are known to be present in CSF and
their levels are the subject of great interest in research on various CNS diseases. Only
minor UV peaks are observable in the retention time area corresponding to neuro-
peptides (¢f. Fig. 1 and Table I). However, because the instrument allows computer-
enhanced enlargement of selected regions in the chromatogram, it was also possible
to visualize several UV peaks in this area (Fig. 2). None of these peaks, however, are
likely to represent any of those peptides listed in Table I, due to their extremely low
levels in the CSF compartment [14]. Runs of standard peptides (Table ) indicated
that the procedure allowed UV detection of these synthetic compounds at levels of
10-15 ng. The detection limit for the monoamine and monoamine metabolites used in
this study was about ten times lower.

Analysis of samples collected from one woman at term pregnancy and during
lactation indicated that the recorded UV pattern remained essentially the same (Fig.

AU

0.030 T

0.020

e /\F/\/\UU
|
:

0.000 [

3 N i 1 I ) [l ) ! 1 -1
5.0 10.0 15.0 20.0 25.0 30.0 min

Fig. 4. Isolation and recovery of an unknown component in CSF. The material in the peak marked with an
arrow was collected and diluted with eluent A. It was then reinjected onto the same column. The recovery
was 78%, as calculated by a comparison of the integrated peak areas (done with SMART Manager). The
sample was 20 ul CSF collected from a lactating woman. Other conditions were identical to those used for
the experiment shown in Fig. 1.
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3). However, it was possible to distinguish additional peaks that were present in CSF
at term pregnancy but not during lactation. Most of these peaks were observed at
retention times expected for neuropeptide structures (¢f. Fig. 3 and Table I). Further-
more, at least two UV-absorbing components (indicated by arrows in the figure) were
recorded in samples from women in the lactation period but were not observed in the
fluid collected at their term pregnancy (Fig. 3). Other differences in the chroma-
tograms were also observed. The patterns shown in Fig. 3 are also typical for two
other women who volunteered for the study (not shown). In samples from the fifth
woman in the group of healthy volunteers the additional peaks during lactation were
less pronounced. Data also indicated some minor inter-individual differences between
the recorded profiles, thus indicating that the pattern is unique for each individual.
Apart from the additional peaks discussed above, the inter-relationships between the
different components in a single subject seemed to remain over a longer period of time
(Fig. 3). :
In order to check the recovery of the present technique, individual components
present in the CSF were re-analyzed. In the experiment shown in Fig. 4, a CSF
component recovered from a 20-ul sample at a retention time of 9 min was re-chro-
matographed. Based on peak areas, a recovery of 78% was calculated. In studies of
nanogram amounts of synthetic peptides a recovery of 80-90% was found. Further-
more, repetitive runs of individual CSF samples 1nd1cated a very high reproducibility
for the system. :

DISCUSSION

In this work, we have used the SMART system to develop a reversed-phase
chromatography technique for the analysis and separation of components in human
CSF. As the CSF is in constant exchange with the extracellular fluid of the brain and
spinal cord, it represents a source of substances that derive from the CNS. Biochem-
ical changes in the CNS, which may occur in chronic pain, psychiatric diseases or in
neurologic disorders, may thus be tracable by CSF analysis. For ethical reasons,
however, the volume of CSF that can be drawn from patients is limited. The present
procedure allows detection and analysis of molecular constituents in the CSF with as
little as 20 ul of the fluid. In previous studies, we have used around 2 ml of CSF to
screen the peptide pattern by RP-HPLC [11].

In the present study, we have used a new system to analyze UV-absorbing
components in human CSF. Several of these components are likely to represent pro-
teins (e.g. albumin and a-microglobulin) or smaller peptides, whereas other may be
due to molecules of non-peptide structure. The chromatographic patterns shown in,
for example, Fig. 3 reveal a characteristic profile typical for the samples analyzed in
this study. Predominating components are seen both in the area close to the void
volume and in the region of the albumin peak. Attempts to recover and determine the
structure of these components are in progress. The structures of the “additional”
components seen at term pregnancy and during lactation are of particular interest. In
a preliminary experiment, the largest component in the group of peaks eluting early in
the gradient (see Fig. 1) was recovered in microgram amounts and was subjected to
amino acid analysis. No amino acids above backgrounds levels were detected in this
material, indicating that this component is not a peptide or protein. Structure identifi-
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cation of this non-peptide compound may, therefore, require other techniques such as
NMR and mass spectrometry. For that purpose, additional amounts of this compo-
nent are necessary, and in on-going work the SMART system will be used for its
recovery from considerable larger volumes of CSF.

The characteristic patterns recorded for individual CSF samples also suggest
that the present procedure may be useful for the identification of unique substances
that may be characteristic for certain physiological or pathophysiological conditions.
For instance, in degenerative CNS disorders such as Alzheimers disease, an abnormal
function of some peptide systems have been hypothized (e.g. refs. 15 and 16). Simi-
larly, the generation of abnormal peptides has been suggested to occur in certain
psychiatric diseases, e.g. schizophrenia [17] and post-partum psychosis [18]. It is
therefore tempting to speculate that it might be possible to identify certain CSF
peptides that are characteristic for each of these particular disorders using the present
technique. Furthermore, as a consequence of this possibility, the system might also be
of importance as a diagnostic tool. In this context, the technique may not only be
useful for analysis of peptides or peptide products but also for the analysis of other
structures including monoamines and their metabolites.
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ABSTRACT .

Peptides containing a free a- or e-amino group react with fluorescamine under mild alkaline condi-
tions to generate a highly fluorescent but unstable reaction product and, consequently, practical high-
performance liquid chromatographic (HPLC) approaches to analysis have typically involved the use of
postcolumn derivatization. An automated precolumn approach is reported in which peptides are reacted
with fluorescamine just prior to HPLC analysis by a commercially available autoinjector with deriv-
atization capabilities. The autoinjector added base and fluorescamine reagent solutions to a sample vial
containing peptide analytes, and the derivatization reaction was allowed to proceed for 5 min at room
temperature prior to injection into the HPLC system. The derivatized peptides were analyzed by reversed-
phase HPLC with fluorescence detection (excitation at 390 nm; emission 470-nm cut-off filter) on an
octylsilica column. Optimization of the precolumn reaction conditions and the use of narrower HPLC
columns (2 mm L.D.) resulted in a typical on-column detection limit of 30-50 fmol of peptide, which was
substantially lower than that in previously reported post-column methods. This approach was applied to
the HPLC of several naturally occurring and synthetic peptides containing - and s-amino groups. In
combination with solid-phase extraction, prior to automated precolumn fluorescence derivatization and
chromatographic analysis, the methodology was used for the determination of a synthetic growth hor-
mone-releasing peptide in plasma samples.

INTRODUCTION

The development of novel peptide analogues as therapeutic agents has recently
been of increasing interest in drug development. As many synthetic peptide analogues
are extremely potent, and often administered at a low dosage, the development of
highly sensitive and specific analytical methodology to support pharmacokinetic and
disposition studies is a challenging problem for this class of molecules. This is espe-
cially true for high-performance liquid chromatographic (HPLC) assays, as many
synthetic peptide analogues lack an appropriate chromophoric or fluorescent group
which would allow detection of these peptides at the sub-picomole level. Enhancing
the detectability of such peptides by chemical modification is one possible solution,
and for peptides containing a free a- or e-amino group, selective derivatization (pre-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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or postcolumn) can be achieved with several fluorescent reagents to allow HPLC
measurement at high sensitivity.

Although fluorescamine was discovered two decades ago [1-5] as a derivatiza-
tion reagent for the fluorescence detection of primary amines, peptides and proteins,
its use for postcolumn reaction detection [6-8] in HPLC has been limited owing to the
high cost of reagent. The use of fluorescamine in-precolumn derivatization methods
for HPLC has also been restricted owing to the limited stability of the fluorescent
product formed [9]. Owing to these, and other, practical limitations, previously re-
ported methods for the HPLC of peptides with fluorescence detection following pre-
and postcolumn derivatization with fluorescamine have suffered from a lack of rou-
tine applicability and/or sensitivity.

This paper describes the development of HPLC methodology for the determi-
nation, in plasma samples, of synthetic peptides containing a free - or e-amino group
by automated reaction with fluorescamine using a commercially available autoinjec-
tor with sophisticated precolumn derivatization capabilities. The approach involved
preliminary isolation of the peptide from plasma prior to automated reaction with
fluorescamine and subsequent HPLC. The derivatized peptides were separated by
reversed-phase HPLC and detected with a spectrofluorimeter. The use of narrower
HPLC columns and optimization of the precolumn derivatization conditions resulted
in an on-column detection limit in the range 30-50 fmol (signal-to-noise ratio = 3).
Although we developed this methodology primarily to study a series of synthetic
lysine-containing peptides which release growth hormone in several species, the meth-
od, owing to its high sensitivity, has general applicability in the detection of several
naturally occurring peptides such as bradykinin and the angiotensins.

EXPERIMENTAL

Chemicals and materials

The synthetic lysine-containing peptides (Fig. 1), known to release growth hor-
mone in several species, were supplied by Drug Substances and Products, SmithKline
Beecham Pharmaceuticals (Swedeland, PA, USA). Naturally occurring peptides,
such as bradykinin and angiotensins, were purchased from Sigma (St. Louis, MO,
USA). HPLC-grade water (Millipore, Bedford, MA, USA) was used in the mobile
phases and in the preparation of buffers and standard solutions. Fluorescamine and
trifluoroacetic acid (TFA, 99%) were obtained from Pierce (Rockford, IL, USA).
HPLC-grade methanol and acetonitrile were obtained from J. T. Baker (Phillipsburg,
NJ, USA). All other chemicals were of analytical-reagent grade and obtained from
local sources. Weak cation-exchange (CBA) solid-phase extraction cartridges (1 ml)
and a Vac-Elut manifold were purchased from Analytichem International (Harbor
City, CA, USA).

PEPTIDE SK&F STRUCTURE

1 110679  NH,-L-HIS-D-TRP-L-ALA-L-TRP-D-PHE-L-LYS-NH,
] 110910 NH,-HIS-D-PHE-ALA-PHE-D-PHE-LYS-NH,

Fig. 1. Structures of synthetic lysine-containing peptides.
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Tris buffer, 10 mM (pH 7.0), was prepared by dissolving tris(hydroxymethyl)
aminomethane (1.21 g) and triethylamine (2.8 ml) in 1 | of HPLC-grade water ad-
justing the pH to 7.0 with phosphoric acid. .

Standard solutions

Stock standard solutions of peptide analytes were prepared by dissolving the
appropriate amount of the compounds in methanol to obtain a 1 mg/ml solution.
Working standard solutions were prepared by diluting a portion of the stock stan-
dards solutions with 0.1 M citrate buffer (pH 4.0) to give a final solution with concen-
trations ranging from 0.1 to 10 pg/ml. The working standard solutions were used in
the generation of chromatographic data and calibration graphs. The stock and work-
ing standard solutions were stored at 4°C for not more than 2 weeks.

Extraction of synthetic lysine-containing peptides from plasma

An aliquot of plasma (0.5 ml) containing the synthetic peptide as a standard or
as an unknown was mixed with 50 ul of an internal standard solution (1 ug/ml) in a 75
X 12 mm L.D. borosilicate tube. A CBA solid-phase extraction column was condi-
tioned by successive washings with 1 ml of methanol and 1 ml of water. Following
application of the plasma sample to this cartridge, the sample tube was rinsed with 1
ml of water, which was applied to the column also. The CBA columns was then
washed successively with 1 ml of 1% TFA in water, 3 ml of water and 1 ml of 50%
methanol. The peptide was then eluted from the column with 2 ml of 2% (w/v)
ammonium acetate in methanol and collected in a 75 x 12 mm L.D. borosilicate tube.
The methanol was evaporated under a gentle stream of nitrogen and the residue was
reconstituted in 100 ul of 0.1 M citrate buffer (pH 4.0)-acetonitrile (75:25, v/v). The
sample was then subjected to automated precolumn derivatization and HPLC.

Automated precolumn derivatization

A portion (20 ul) of the reconstituted plasma extract or standard solution was
transferred to a limited-volume vial and loaded on the autoinjector. A 20-ul volume
of potassium phosphate buffer was added to the sample vial by the autosampler
followed by 30 ul of fluorescamine solution. The resulting solution was mixed by
purging air into the sample vial and the reaction was allowed to proceed at room
temperature. A portion of the reaction mixture (10-50 ul) was then injected for HPLC
analysis.

High-performance liquid chromatography

The HPLC system consisted of a Hitachi 665A-12 high-pressure gradient semi-
micro solvent-delivery system (EM Science, Cherry Hill, NJ, USA), a Hitachi F-1000
fluorescence detector (EM Science) and an Varian (Sunnyvale, CA, USA) autoinjec-
tor with precolumn reagent addition and mixing capabilities (Model 9090). Chroma-
tographic separations were carried out on a 25 cm x 2.0 mm L.D. Ultrasphere 5-ym
octylsilica column (Beckman Instruments, Palo Alto, CA, USA), maintained at 50°C,
at a flow-rate of 300 ul/min. The gradient mobile phase eluents utilized were Tris
buffer (pH 7.0) and methanol. The specific gradient conditions that were employed
for the chromatographic separation of various peptide analytes are described in detail
under Results and Discussion. Mobile phase eluents were filtered through a 0.2-ym
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nylon 66 filter and degassed before use. Detection was accomplished by excitation at
390 nm while monitoring the fluorescence emission using a 470-nm cut-off filter. An
automated laboratory system (Access Chrom, PE/Nelson, Cupertino, CA, USA) was
used for data acquisition and processing. Chromatographic peak-height data were
collected and used for the generation of calibration graphs.

RESULTS AND DISCUSSION

The need to measure endogenous bioactive peptides and their synthetic ana-
logues in biological fluids requires highly sensitive and specific analytical methods.
The application of HPLC to such a problem typically requires derivatization in order
to improve the native detectability of the peptide analyte. For many peptide analytes
containing a free a- or e-amino group, derivatization with one of the many fluo-
rescence reagents available for- primary amines is an attractive approach to high-
sensitivity detection by HPLC. Of the reagents available, o-phthaldialdehyde and
fluorescamine are most commonly used owing to their commercial availability in pure
form, ease of handling and high fluorescence quantum yields. Fluorescamine has
several advantages in routine use, including a higher rate of reactivity with primary
amines, including amino acids, peptides and proteins [3]. Moreover, fluorescamine
itself is non-fluorescent, as are the hydrolysis products formed during aqueous reac-
tion, and this provides an extremely low background interference level for both pre-
and postcolumn derivatization applications in HPLC.

Previous HPLC approaches using fluorescamine for the analysis of peptides
have typically employed either postcolumn or manual precolumn derivatization. In
general, precolumn derivatization is often preferred over postcolumn reaction meth-
ods in HPLC because a higher sensitivity can be achieved owing to elimination of
baseline flow noise, band broadening and dilution effects resulting from the postco-
lumn addition of reagent solutions. Moreover, the cost of fluorescamine can make its
use for postcolumn reaction detection in HPLC prohibitive. However, aside from the
need to control the reaction conditions precisely to ensure reproducibility, precolumn
derivatization methods using fluorescamine also suffer from the limited stability of
the peptide derivatives in the alkaline reaction medium following formation. The use
of the Varian 9090 autoinjector for automation and precise controle of derivatization,
followed by chromatographic injection immediately after reaction, resolves the issues
associated with the use of fluorescamine in precolumn derivatization for the HPLC of
peptides with fluorescence detection.

Optimization of precolumn reaction conditions

Optimization of the precolumn derivatization conditions was achieved using
gradient elution HPLC of the model synthetic peptides I and II. The HPLC condi-
tions used' an initial mobile phase composition of Tris Buffer (pH 7.0)-methanol
(50:50, v/v) and, following injection, the methanol concentration was increased to
65% over 10 min, held for 7 min and then cycled to the initial conditions in 2 min.
Using these HPLC conditions, the precolumn reaction parameters were systematical-
ly varied, as described below, during repetitive injections of a standard solution of
peptide, and the resulting chromatographic peak height observed was used as a mea-
sure of fluorescence response for optimization purposes. :
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The effect of fluorescamine concentration on precolumn derivatization was ex-
amined by varying the concentration from 1 to 5 mg/ml. The results indicated that a
fluorescamine concentration > 2 mg/ml gave the maximum fluorescence intensity for
these model peptides. In order to minimize chromatographic difficulties associated
with excess of reagent, a fluorescamine concentration of 2 mg/ml was adopted. The
effect of pH on the reaction was examined by varying the pH of the phosphate buffer
from 7.0 to 10.0. The results indicated that maximum fluorescence intensity was
observed at pH 9.0 using phosphate buffer. The effect of ionic strength of the buffer
was also studied by varying its molarity from 0.1 to 2, while maintaining the fluo-
rescamine concentration at 2 mg/ml and the pH of the buffer at 9.0. The results
demonstrated that a buffer molarity of 0.5 was necessary to maintain the reaction
medium at the optimum pH of 9.0. The optimum conditions reported here may vary
slightly with different peptides and buffers [3].

Using the reagent conditions established above, the effect of reaction time was
examined by allowing the derivatization to proceed for times ranging from 1 to 30
min. The results showed that maximum fluorescence intensity was observed at a
reaction time of between 1 and 5 min. Longer reaction times provided no increase in
fluorescence signal owing to apparent instability of the peptide derivatives, which
resulted in the appearance of additional chromatographic signals. A reaction time of
5 min was therefore adopted. Hence the optimum phosphate buffer and fluoresca-
mine concentrations and reaction time were 0.5 M, 2 mg/ml and 5 min, respectively,
and these conditions were used in all subsequent work.

The precision of the automated fluorescamine derivatization method described
here was examined by repetitive derivatization of 23 pmol of peptide I and 25 pmol of
peptide II and injecting 10 ul of reaction mixture into the HPLC system. The method
displayed suitable chromatographic peak-height reproducibility for the routine deter-
mination of peptides, yielding a relative standard deviation (R.S.D.) of 7.8% for I
and 5.3% for II (Table I).

Detection of synthetic lysine-containing peptides

Fig. 2 shows the results obtained from HPLC of synthetic lysine-containing
peptides using the automated precolumn fluorescamine derivatization approach de-
scribed here. These peptides have been demonstrated ir vivo to cause the release of
growth hormone in several species following intravenous administration. Chroma-
tographic analysis was accomplished using gradient elution on a 2 mm I.D. octylsilica
column followed by fluorescence detection. The initial mobile phase composition
used was Tris buffer (pH 7.0)-methanol (50:50, v/v). Following injection, the metha-
nol concentration was increased to 65% over a period of 10 min. The peptides were
well separated despite only minor structural differences. Although peptides I and II
contain both an a- and an ¢-amino group, which provide two potential sites for
derivatization, no evidence for multiple derivative formation was observed. The syn-
thetic peptides examined provided a single reproducible chromatographic peak for
analysis. Under these conditions, the limit of detection for these synthetic peptides
ranged from 30 to 50 fmol injected on-column.

Application of this methodology to the determination a synthetic lysine-con-
taining peptide was exemplified by an HPLC assay developed to determine the con-
centration of SK&F 110679 (I) in plasma samples. SK&F 110910 (II) was used as an
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TABLE I
CHROMATOGRAPHIC REPRODUCIBILITY OF AUTOMATED PRECOLUMN DERIVATIZA-
TION
Injection” Fluorescence intensity®
I I

1 333520 31119.0

2 29 549.0 30 281.0

3 30977.0  32089.0

4 28 060.0 28 457.0

5 244390 28011.0

6 28241.0 29 868.0

7 29 582.0 30103.0

8 293850 334390

9 28 636.0 29947.0
10 28 286.0 29 698.0
Mean 29 050.7 30301.2
S.D. 2273.4 1601.2
R.S.D. (%) 7.8 53

“ An aliquot (20 ul) of standard solution containing 23 pmol of peptide I and 25 pmol of peptide 11 was
repetitively analysed using the methods described in the text.
b Fluorescence intensity as measured by chromatographic peak height (uV).

internal standard. The assay involved solid-phase extraction of the peptide from
plasma, as a preliminary isolation step, followed by quantitative gradient HPLC with
the methodology described here. Typical chromatograms of a drug-free plasma sam-
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Fig. 2. Chromatogram of an aqueous standard solution of lysine-containing synthetic peptides. A solution
containing 20 ng of each peptide was derivatized as described under Experimental and 3 ng were injected
onto the column. See text for chromatographic conditions and peak identification.
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ple and a plasma sample with 57 pmol of SK&F 110679 added (ca. 8 pmol injected
on-column) are shown in Fig. 3. The initial mobile phase composition was Tris buffer
(pH 7.0)-methanol (55:45, v/v). After injection, the methanol concentration was in-
_creased to 65% in 10 min and held for 7 min. The retention times of I and the internal
standard (IT) were 16.4 and 18.2 min, respectively. No interferences from endogenous
compounds were observed and the drug and internal standard were well separated.
The mean recovery of I from plasma samples was >90%. Plasma concentrations as
low as 5 pmol/ml of I, which corresponded to an injected amount of ca. 0.7 pmol,
have been determined using this approach. The assay was linear over the plasma
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Fig. 3. Chromatograms of extracts of (A) drug-free plasma and (B) a plasma sample containing 57 pmol/ml
of peptide I. See text for chromatographic conditions.
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Fig. 4. Chromatogram of an aqueous standard solution of angiotensin 1, 1I and 1II. The concentration of
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Fig. 5. Chromatogram of an aqueous standard solution of bradykinin, Lys-bradykinin, xenopsin and
Lys-bombesin. The concentration of each peptide injected onto the column was 3 ng. See text for chroma-
tographic conditions.
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concentration range 5-500 pmol/ml. Correlation coefficients for plasma calibration
graphs were typically >0.99.

Application to naturally occurring peptides

The methodology reported here has also been applied to the HPLC detection of
naturally occuring peptides containing free a- and ¢-amino groups. Fig. 4 shows a
gradient HPLC separation of angiotensins I, II and III on a 2 mm LD. octylsilica
column. The initial mobile phase was Tris buffer (pH 7.0)-methanol (60:40, v/v).
Following injection, the methanol concentration was increased to 65% over a period
of 10 min and held for 10 min. The detection limit for these peptides was in the range
30-50 fmol injected on-column. Fig. 5 shows the gradient elution of bradykinin,
Lys-bradykinin, xenopsin and Lys-bombesin on a 2 mm 1.D. octylsilica column. The
initial mobile phase was Tris buffer (pH 7.0)-methanol (50:50, v/v), then the metha-
nol concentration was raised to 65% over 10 min and held for 10 min. Xenopsin and
Lys-bombesin have a blocked N-terminal amino group but contain a lysine residue in
the peptide chain. Bradykinin and the angiotensins, on the other hand, do not contain
a lysine residue, but have a free N-terminal amino group.

In conclusion, the HPLC methodology described here permitted the specific
and highly sensitive detection of the peptides examined. Injection of a variety of other
peptides that did not contain either a free a- or ¢-amino group resulted in a lack of
fluorescence response. The molecules examined demonstrated that the method is ca-
pable of detecting peptides with either or both a free o- or e-amino group. The
detection limits reported here are substantially lower than those decribed in previous
reports for fluorescamine postcolumn detection of similar peptides. The sensitivity of
the method allowed its successful application to the determination of synthetic pep-
tides in plasma samples.
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Separation of acidic peptides by reversed-phase ion-pair
chromatography

Analytical application to a series of acidic substrates of
casein kinases

A. CALDERAN*, P. RUZZA, O. MARIN, M. SECCHIERI, G. BORIN and F. MARCHIORI

Biopolymer Research Centre of C.N.R., Department of Organic Chemistry of University of Padova, Via
Marzolo 1, 35131 Padova (Italy)

ABSTRACT

A series of small peptides including clusters of glutamyl residues, synthesized to study the site speci-
ficity of rat liver (L-CK2) and yeast (Y-CK2) casein kinase-2, are analytically characterized by ion-pair
high-performance liquid chromatography using tetrabutylammonium as counter-ion and acetonitrile as
modifier of the aqueous phase. Under these conditions peptides of slightly different acidity can be separat-
ed and the elution order paraliels the hydrophobicity of the ion-pair-peptide complexes, which increases
with the number of the acidic functions present in the sequence.

INTRODUCTION

Synthetic peptides are largely employed as models to study various biochemical
properties of protein kinases, in particular the mechanism by which these enzymes
discriminate between different substrates and different potential phosphorylation
sites. By varying the sequence of amino acid surrounding the target phosphorylated
residue, it is in fact possible to detect the primary structure determinants that charac-
terize the phosphorylation sites for a number of specific kinases. Such peptides can
also be used in detecting and quantifying the activity of specific kinases in the pres-
ence of multiple kinases activities and in developing schemes for the isolation and
characterization of these enzymes.

This approach was used in our laboratory to study the site specificity of two
different casein kinases: the yeast casein kinase-2 (Y-CK2) and the rat liver casein
kinase-2 (L-CK2). These enzymes catalyze the phosphorylation of a few specific seryl
and threonyl residues in several proteins like casein. The phosphorylation sites in
these proteins are always characterized by the presence of clusters of acidic amino
acids on the C-terminal side of the target residue [1,2]. For this reason we have
prepared, by the classical method in solution, a series of small peptides, including

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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clusters of glutamyl residues [3]. The strl'ictures of some of these peptides are given in
Table I. They differ in the number and relative position of the acidic residues in the
clusters, as well as in the nature of the target phosphorylatable residue.

In this paper a convenient method for the analytical separation of these pep-
tides by high-performance liquid chromatography (HPLC) is reported.

EXPERIMENTAL

Synthetic peptides

The peptides used in this work are listed in Table I. The fragment condensation
strategy in solution, which allows the utilization of several common intermediates for
the preparation of the final peptides, was adopted. The standard procedures for
peptide synthesis [4] have been employed, generally using the classical combination
benzyloxycarbonyl and tert.-butyl groups for selective protection at the a-amino and
y-carboxyl functions, respectively. The methyl or ethyl esters, from which the corre-
sponding hydrazides are readily obtained, were used to mask the a-carboxyl function
in the intermediate peptides. The Rudinger modified azide procedure in the presence
of N-hydroxysuccinimide as catalyst was therefore employed for fragment condensa-
tions, while mixed anhydrides (isobutyl chloroformate) or active esters (p-nitrophenyl
of N-hydroxysuccinimido esters) were used for the preparation of the fragments.

After application of convenient deprotection procedures (catalytic hydrogeno-
lysis in the presence of 10% palladized charcoal and/or exposure to 98% aqueous
trifluoroacetic acid) the final peptides, when heterogeneous, were purified by chroma-
tographic procedures (ionic exchange and gel filtration), then converted into hydro-
chloride salts by lyophilization with 5% HCI. The homogeneity of the final products
was evaluated by thin-layer chromatography on cellulose plates and the correct com-
position of the peptides was checked by determining the amino acid ratjos of the acid
hydrolysates (6 M HCl, 110°C, 22 h) as previously reported [3].

TABLE 1
AMINO ACID SEQUENCES OF THE SYNTHETIC PEPTIDES

Peptide  Amino acid sequence

H-Ser-Glu-Glu-Glu-Glu-Glu-OH
H-Ser—Glu-Glu~Ala-Ala-Ala—OH
H-Ser-Ala-Ala~Glu-Glu-Glu-OH
H-Ser—Ala-Glu-Glu-Glu—-Glu-OH
H-Ser-Glu-Ala-Glu-Glu-Glu-OH
H-Ser-Glu-Glu-Ala-Glu-Glu-OH
H-Ser—Glu-Glu-Glu-Ala—-Glu-OH
H-Ser-Glu-Glu-Glu—-Glu-Ala—-OH
H-Thr-Glu-Glu~Glu-Glu-Glu-OH
H-Tyr-Glu-Glu-Glu-Glu-Glu-OH
H-Glu-Glu-Glu-Glu-Glu-Ser-NH,
H-Glu-Ser-Glu-Glu-Glu~Glu-Glu-OH
H-Ser—Ala—Glu—-Glu-Glu-Glu-Glu—~OH
H-Glu-Glu-Glu-Glu-Glu-OH ’
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Chemicals

All separations were performed using a linear A—B gradient elution technique,
where A is 2 - 10~2 M sodium phosphate buffer pH 5.6-2 - 1073 M tetrabutylammo-
nium hydrogensulfate. B is acetonitrile-2 - 1073 M tetrabutylammonium hydrogen-
sulfate. The solvent gradient was from 5 to 25% B in 35 min. HPLC-grade water was
obtained from a Millipore Milli-Q apparatus (Millipore, Bedford, MA, USA);
HPLC-grade acetonitrile was obtained from Farmitalia-Carlo Erba (Milan, Italy);
tetrabutylammonium hydrogensulfate and sodium dihydrogenphosphate dihydrate
were obtained from Fluka (Buchs, Switzerland) and were of analytical grade.

Equipment .

The liquid chromatographic system consisted of two LK B 2150 solvent delivery
units (Pharmacia LK B Biotechnology, Uppsala, Sweden), a LKB 2152 solvent pro-
grammer and a 7125 Rheodyne injector (Rheodyne, Cotati, CA, USA) coupled to a
LKB 2158 UV monitor. The detection wavelength was 206 nm. In a typical experi-
ment, approximately 10 nmol of each peptide, dissolved in 15 ul of water containing
0.05% 1 M NaOH, was injected. The separation column was a ROSil Cg, 3 um (100
X 4.6 mm LD.), always preceded by a short pre-column (Alltech Assoc., Deerfield,
IL, USA). The separations were run at a nominal flow-rate of 1 ml/min at room

temperature (22°C) and the pH measurements were performed at the same temper-
ature.

RESULTS AND DISCUSSION

The analytical separation of slightly different peptides requires often difficult
and time-consuming procedures. With our synthetic glutamic acid-containing pep-
tides (Table I), the presence of one or more acid groups can generally be exploited for
separation by ion-exchange chromatography, but acceptable results are obtained on-
ly with a long elution times. On the other hand, very good separations are possible
using another chromatographic approach: the generation of hydrophobic ion-pairs
of these peptides [5]. In this procedure, the acidic peptides are associated with a
hydrophobic cation in the eluent leading to less polar complexes [6,7]. Obviously the
hydrophobicity of these ion-pair complexes and consequently their retention times on
a reversed-phase column increase with the number of acidic functions. As described
in Experimental section, the ion-pairing reagent used with success in the water—-aceto-
nitrile mobile phase is the hydrophobic tetrabutylammonium ion. The corresponding
separation patterns are shown in Figs. 1, 2 and 3.

Fig. 1 shows the separation of the amino- and carboxy-terminal free peptides 2,
3,4, 13 and 12. From a structural point of view they can be considered sufficiently
similar, but possess an increasing number of glutamyl residues: two, three, four, five
and six, respectively. In agreement with the prediction, the elution patterns evidence
that in the presence of tetrabutylammonium hydrogensulfate the hydrophobicity of
the ion-pair complexes increases with the number of acidic groups. In particular, the
resulting differences in retention time are considerable and give a clear indication of
the usefulness of this chromatographic system.

In Fig. 2 the separation patterns of the six peptides (1, 9, 10, 11, 13 and 14)
containing five glutamic acid residues are shown. The similarity in the retention times
of compounds 1, 9, 10 and 14, which differ only in the side-chain of the N-terminal
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Fig. 1. Elution profiles of five peptides with an increasing number (2-6) of glutamyl residues. The amino
acid sequences (one-letter codes) and the corresponding retention times are : 2 = SEEAAA (6.5 min); 3 =
SAAEEE (17.5 min); 4 = SAEEEE (27.0 min); 13 = SAEEEEE (33.0 min); 12 = ESEEEEE (37.0 min).
Experimental conditions as reported in Chemicals and in Equipment.

Fig. 2. Elution profiles of six peptides all containing five glutamic acid residues. The amino acid sequences
and the corresponding retention times are: 14 = EEEEE (34.0 min); | = SEEEEE (33.5 min); 10 =
YEEEEE (33.0 min); 9 = TEEEEE (33.5 min); 13 = SAEEEEE (33.0 min); 11 = EEEEES-amide (27.5
min). Experimental conditions as reported in Chemicals and in Equipment.

residue (serine, threonine, tyrosine or absent, respectively) indicates that a difference
in the hydrophobicity of only one residue does not induce a substantial change in the
elution profile of the ion-pair complexes. One additional residue, alanine, causes little
change in the chromatographic behaviour of the five glutamyl residues containing
peptides, e.g. compare compounds 13 and 1. Considering the results of Fig. 1 also, we
can conclude that the influence of a change of the nature of residue(s) in the backbone
seems to be very limited, especially in the presence of a high number of acidic func-
tions. A direct comparison of the influence.of the presence of a seryl residue in the N-
or C-terminal position between compounds 1 and 11 is obviously impossible due to
the amidation of the C-terminal carboxylic function in compound 11. Notwithstand-
ing this, the corresponding consistent drop in the retention time of the ion-pair com-
plex of 11 even if predicted, again confirms the high sensitivity of this chromatograph-
ic system.

In addition, Fig. 3 demonstrates the limited influence of the order in which the
amino acid residues are arranged in the sequence. In fact the retention times reported
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Fig. 3. Elution profiles of five hexapeptides all with the identical amino acid ratios Ser,Glu,Ala,. The
amino acid sequences and the corresponding retention times are: 4 = SAEEEE (27.0 min); 5 = SEAEEE
(26.5 min); 8 = SEEEEA (27.5 min); 6 = SEEAEE (26.5 min); 7 = SEEEAE (26.5 min). Experimental
conditions as reported in Chemicals and in Equipment.

in this figure for the five hexapeptides 4, 5, 6, 7 and 8, all having identical amino acids
ratios (Ser;GlugAla;) but different sequential arrangement, are almost coincident.
Specificcally, no effect on the chromatographic behaviour is detectable for peptides
containing acidic clusters of different length if the total number of acidic functions is
the same.

CONCLUSIONS

The goal of this paper is to demonstrate that reversed-phase HPLC using ion-
pairing reagents previously applied to the analysis of basic hydrophilic peptides [8,9]
can also be usefully employed in the analytical characterization of acidic hydrophilic
peptides. In fact, using a reversed-phase support to which the tetrabutylammonium
ion-pair—peptide complexes are strongly bound, it is possible to separate ion-pair—
peptide complexes differing in the number of the acidic functions. The differences in
the retetion times are sufficient to allow the separation of peptides differing in only
one acidic function. On the contrary, the high hydrophobicity induced by the tetra-
butylammonium ion in the ion-pair—peptide complexes may mask the variations in
the amino acid sequence, particularly when a high number of acidic functions is
present.
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Animal test or chromatography?

Validated high-performance liquid chromatographic assay as
an alternative to the biological assay for ornipressin
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zerland)

ABSTRACT

Ornipressin is a peptide drug which is usually assayed by a test on live rats. In order to reduce the
animal experiments an alternative method was developed which uses gradient high-performance liquid
chromatography (HPLC) on reversed-phase. The HPLC method was validated and shown to be selective
and precise. Correlation studies were performed on samples of different dosage strengths and on thermally
degraded samples, showing good correlation with the results obtained by the biological assay. The HPLC
method was applied on various batches of ornipressin in bulk and in pharmaceutical preparations. HPLC
is a rapid and inexpensive method which can replace the animal assay. A new quality control concept is
proposed which uses HPLC for the analysis of ornipressin in bulk and in pharmaceutical preparations.
With this concept animal testing can be reduced by 90%.

INTRODUCTION

Ornipressin is a polypeptide drug which exhibits a vasopressor effect when
injected. It is used, e.g., in the case of minor surgery to produce a local ischaemia. The
drug is presently assayed by a biological assay which is performed on live rats. In this
test, drug solutions are injected into the animals and the blood pressure is monitored.
The resulting change in blood pressure is compared with the change produced by a
standard preparation. The potency of the drug is expressed in terms of I.U. (approxi-
mately 2.4 ug of peptide corresponds to 1 I.U.). The bioassay is very time-consuming
and expensive, and shows an assay variation which is higher than that of physico-
chemical assays. Such assay variations are often inadequate for potency estimations
of bulk substance as any analytical inaccuracy on the bulk material automatically
leads to a systematic deviation in the final product.

In order to improve the assay precision and to reduce the animal experiments
alternative assay methods were evaluated. Reversed-phase high-performance liquid-
chromatography (HPLC) is a technique which is nowadays predominant in the field
of peptide analysis [1-11], so this methodology was applied for the quantitative analy-
sis of ornipressin in bulk material and pharmaceutical preparations.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V,
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EXPERIMENTAL

Chemicals and equipment

Ornipressin and the other nonapeptides were produced by Sandoz Pharma
(Basle, Switzerland). The concentrations of the solutions ranged from approximately
2 to 10 L.U./ml. The peptides were about 95% pure. Acetonitrile and water were of
HPLC grade, all other chemicals were of analytical grade. An HPLC system was used
equipped for automated sample injection, gradient elution, column thermostatisa-
tion, UV detection and automated peak integration. :

HPLC assay for ornipressin

Gradient chromatography was used for the separation and quantification of
ornipressin [11]. Mobile phase A consisted of a 0.02 M solution of tetramethylammo-
nium hydroxide in water, mobile phase B was a 0.02 M solution of tetramethylammo-
nium hydroxide in a mixture of water—acetonitrile (50:50, v/v). The pH of both mo-
bile phases were adjusted to pH 2.5 with concentrated orthophosphoric acid. The
mobile phases were degassed prior to use.

As stationary phase, columns of 125 X 4.6 mm or 100 x 4.6 mm filled with
octadecylsilanised silica gel of 5 um mean particle size were used, e.g. Shandon Hy-
persil ODS or Spheri 5 from Brownlee Labs. (Santa Clara, CA, USA). Injection
volume was 100 ul, flow-rate was 1.0 ml/min, a linear gradient was run from 10 to
60% of mobile phase B in 25 min. Column temperature was set to 60°C if not stated
otherwise. Detection was by UV at 220 nm.

Biological assay for ornipressin

The biological assays for ornipressin were done in analogy to the biological
assay for lypressin described in The British Pharmacopoeia [12]. As reference, an
internal reference standard of ornipressin was used which had previously been stan-
dardised against the first international standard for lysine-vasopressin.

Collaborative study

A collaborative study was performed to compare and to validate the two meth-
ods with-respect to accuracy, precision and laboratory-to-laboratory reproducibility.
The study involved three different laboratories on the biological assay and three
different laboratories on the HPLC assay. Each laboratory analysed each sample in

- duplicate or triplicate. _

Solutions of ornipressin in the dose range 2.75-8.25 1.U./ml were used for a
linearity test. The solutions were prepared in aqueous buffer of pH 4, sterilised by
filtration and sealed in ampoules. For a degradation test ampoules of 5 1.U./ml were
taken and artificially degraded by exposure to a temperature of 50°C for up to 2
months.

Internal reference standard

Ampoules containing injection material from a pharmaceutical production
batch were used for this purpose. The reference standard was calibrated against the
first international standard for lysine-vasopressin by means of biological assays in
three different laboratories. The mean of the assay results was taken as the potency
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for the internal reference standard. This standard was used for all further calibrations
by HPLC and bioassay.

RESULTS AND DISCUSSION

Reversed-phase HPLC of ornipressin and some structure-related peptides

The selectivity of the separation system was investigated by studying the reten-
tion behavior of ornipressin and four other nonapeptides. The nonapeptides all had
structures very similar to that of ornipressin and most of them differ in one amino
acid only. The sequences are given in Table I. The samples also contained methyl
4-hydroxybenzoate and chlorobutanol which served as preservatives in the bulk solu-
tions.

TABLE I
STRUCTURES OF THE PEPTIDES INVESTIGATED

Peptide Structure

Demoxytocin Mps-Tyr-Ile-Gln-Asn~Cys-Pro-Leu-Gly-NH,

Oxytocin H—CyLs—Tyr—Ile—Gln—Asn—st—Pro—Leu—Gly—NHz

Lypressin H-Cys-Tyr-Phe-Glin~Asn~Cys-Pro-Lys-Gly-NH,
Ornipressin H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro~Orn-Gly-NH,
Felypressin H—C)Ls_—Phe—Phe—Gln—Asn—Cyls—Pro—Lys—Gly—NHZ

With a mobile phase pH of 2.5 and a temperature of 80°C three of the five
nonapeptides are baseline-separated, the peptide pair lypressin/ornipressin being sep-
arated with a resolution of R, = 0.9. A chromatogram of the nonapeptide separation
is shown in Fig. 1. A very important parameter for selectivity was found to be the
temperature. At room temperature the peptide pairs lypressin/ornipressin and fely-
pressin/oxytocin are not separated. Separation improves with increasing temperature
and at'80°C a resolution of Ry = 7.0 is achieved for the felypressin/oxytocin pair and
the lypressin/ornipressin pair is partially separated. Separation is also influenced by
the pH of the mobile phase. The critical peptide pair lypressin/ornipressin can only be
resolved at very low pH or at high pH: R, = 0.9 at pH 2 and R, = 1.4 at pH 9.

The HPLC method was validated for quantitative determination of ornipressin
in bulk and in pharmaceutical preparations. Precision, accuracy, linearity and sample
stability were studied. A good linearity was found in the tested range 2-10 1.U./ml:
the slope of the linear regression line was 0.94 £ 0.04, the intercept was 0.15 + 0.24.
The correlation coefficient was calculated as r = 0.9997. The 95% confidence interval
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Fig. 1. Separation of various nonapeptides on reversed-phase HPLC. Peaks: 1 = lypressin; 2 = ornipres-
sin; 3 = methyl 4-hydroxybenzoate (preservative); 4 = felypressin; 5 = oxytocin; 6 = demoxytocin; 7 =
chlorobutanol (preservative). Chromatographic conditions: stationary phase, Spheri 5 ODS-MP 5 ym, 100
x 4.6 mm from Brownlee Labs; mobile phase A: 0.02 M tetramethylammonium hydroxide in water,
adjusted to pH 2.5 with orthophosphoric acid; mobile phase B: 0.02 M tetramethylammonium hydroxide
in a mixture of water—acetonitrile (50:50, v/v), adjusted to pH 2.5 with orthophosphoric acid; gradient
programme: 10-60% B in 25 min; flow-rate 1.0 ml/min; injection volume: 20 ul; column temperature: 80°C;
detection: UV at 220 nm; concentration of nonapeptides: 2-5 1.U./ml each.

of the linear regression calculation includes the origin, thus proving the accuracy of
the method. The assay precision was tested with seven consecutive assays in one
laboratory and was found to be S, = 0.48%. Sample stability was tested over a
period of 24 h in order to validate the method for use with autosampling systems.
Sample solutions were found to be stable at room temperature over the whole testing
period and thus samples can be analysed in overnight runs.

Correlation between HPLC and biological assay

The correlation between the two methods was established in a collaborative
study where a number of samples were analysed in various laboratories by both
techniques. In one experiment, termed the linearity test, samples of various dosages
were analysed to compare the two methods with respect to precision and accuracy in
a certain dosage range. The results found are given in Table II. A linear regression
equation and 95% confidence limits were calculated to compare the two methods.
The slope of the regression line was found to be 0.99 + 0.04 which includes the
theoretical value of 1.00; the intercept was found to be —0.11 £ 0.20, which includes
the theoretical value of zero. The correlation coefficient was 0.9998, which is close to
the theoretical value of 1.0000. All these parameters of the regression equation prove
that the HPLC results are in good agreement with the biological results. Consequent-
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TABLE II
LINEARITY TEST

Samples of different dosage strengths (2.75, 4.40, 5.50, 6.60 and 8.25 1.U./ml) were analysed with both
assay methods in a collaborative study.

Laboratory Found (1.U./ml)

275 440 550 6.60 8.25

HPLC laboratory 1 2776 435 546 6.54 8.1
HPLC laboratory 2 268 418 538 640 7.80
HPLC laboratory 3 275 421 535 622 1773
HPLC mean 273 425 540 639 788
Bioassay laboratory 4 265 404 526 620 761
Bioassay laboratory § 2.53 404 507 6.17 1780
Bioassay laboratory 6 264 420 516 631 767
Bioassay mean 261 409 516 623 7.69
Standard deviation (%)

HPLC §,,, .60 214 1.05 251 275
Bioassay S, 255 226 1.84 118 1.26

ly HPLC can be used as alternative to the bioassay for the estimation of potency of |
ornipressin.

In a second experiment, termed the degradation test, we tested whether both
methods also correlate when thermally degraded samples are analyzed. This is a
prerequisite if the HPLC is to be used for stability testing. The results of this experi-
ment are given in Table III. Two of the three laboratories, No. 4 and No. 5, showed a

TABLE IIi
DEGRADATION TEST

Thermally degraded samples (without heat treatment and with heat treatment at 50°C for 7, 14, 30 and 60
days) were analysed with both assay methods in a collaborative study.

Laboratory Found (£.U./ml)

None 7 14 30 60

HPLC laboratory 1 537 507 486 448 390
HPLC laboratory 2 533 514 502 457 390
HPLC laboratory 3 539 525 503 463 392
HPLC mean 536 515 497 456 3091
Bioassay laboratory 4 490 491 526 500 4.38
Bioassay laboratory 5 525 523 518 498 397
Bioassay laboratory 6 530 499 471 441 3.65
Bioassay mean 515 504 505 480 4.00
Standard deviation (%)

HPLC §,,, 056 1.76 198 1.60 037

Bioassay S, 423 332 594 705 915
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trend to higher values for samples which had been heat-treated for 2 weeks or longer,
whereas laboratory 6 obtained results below those of the HPLC laboratories. A
reason for these differences could not be found and it is presumed that it is caused by
the normal scatter of the biological assay. Calculation of the linear regression and the
95% confidence limits resulted in a slope of 0.78 + 0.41, an intercept of 1.06 + 1.96
and a correlation coefficient of 0.9621. The confidence limits for slope and intercept
include the theoretical values of 1.00 and of zero, respectively. There is no statistically
significant difference between the two assay methods. However, HPLC seems to be
more precise in analysing thermally degraded samples and, as a consequence, HPLC
would be the preferred technique for stability testing of ornipressin.

The data in the Tables II and III also show the laboratory-to-laboratory var-
jation of the two methods. Standard deviations for HPLC are up to 2.75%, those for
the bioassay are up to approximately 9%. HPLC is more reproducible and easier to
transfer to other laboratories.

With respect to method correlation it should be noted that only samples of
highly purified ornipressin were used for the study. If there were further compounds
with a vasopressor effect present in the test solution, e.g. active by-products from the
synthesis, the biological assay would reflect the overall activity of the sample without
distinguishing between the activity of ornipressin and the activity of the by-products
and in this case a correlation between HPLC and biological assay would not longer be
given.

TABLE IV

RESULTS OF ORNIPRESSIN BULK SOLUTIONS AND ORNIPRESSIN INJECTIONS ANA-
LYSED BY BIOASSAY AND BY HPLC

Results given as a percentage of the declared activity.

Sample Bioassay result (%) HPLC result
(%)

Laboratory |  Laboratory 2

Bulk solution (150 I.U./ml)

Batch 12 107.1 91.7 93.3
Batch 13 105.4 105.1 106.2
B\atch 14 108.2 99.1 105.0
Injections (5 1.U./ml)

Batch 114 100.3 105.4 105.1
Batch 115 - 104.1 105.1
Batch 116 100.1 - 104.4
Batch 117 - 99.8 101.0
Batch 118 103.3 100.3 101.4
Batch 119 100.9 102.1 101.1
Batch 120 104.2 -~ 105.4
Batch 121 - 101.9 106.8
Batch 122 - 101.0 102.2

Batch 123 - 103.7 102.6
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Experience with HPLC in the routine quality control of ornipressin

Experience was gained with the use of HPLC in the routine analysis of ornipres-
sin in bulk solution and in the pharmaceutical preparation. A number of batches were
analysed by both methods, with the internal reference standard being used for cali-
bration. The results are given in Table IV. The data from both methods are in good
agreement, which confirms that both methods can equally be applied for the quanti-
tation of ornipressin in bulk solutions and in pharmaceutical preparations.

CONCLUSIONS

The present study shows that HPLC can successfully be used for the quantita-
tion of ornipressin in bulk material and in pharmaceutical preparations. HPLC is a
quick and inexpensive method which can easily be applied on automated analysis. It
shows good selectivity and the results obtained are identical to those of the biological
assay within the normal variation of the methods. From this it can be concluded that
reliable potency estimations can be performed by HPLC in future and that the blood
pressure test in rats, which has been applied so far, is no longer required.

Based upon these findings Sandoz Pharma plans to reduce the animal tests for
ornipressin and to use HPLC instead. In detail, the following quality control concept
is foreseen: ornipressin bulk material will be analysed by HPLC and by bioassay.
HPLC is used for the precise potency determination, while the biological assay serves
as an identification test which assures that the product exhibits the required vaso-
pressor effect. The ornipressin formulations will be analysed by HPLC only, not by
the biological assay. Biological identification of the final product is no longer seen as
necessary as the drug potency has already been proven on the bulk material.

The proposed concept allows a reduction in animal assays for ornipressin by
90%. This is a significant contribution in minimizing animal experiments in the phar-
maceutical industry and it is expected that the health authorities will agree to this new
control concept.
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Non-radioactive detection of MHC class II-peptide antigen
complexes in the sub-picomole range by high-performance
size-exclusion chromatography with fluorescence detection
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Medizinisch-naturwissenschaftliches Forschungszentrum der Universitiit Tiibingen, Ob dem Himmelreich 7,
7400 Tiibingen (Germany)

ABSTRACT

In order to avoid chemical or structural modification of T-cell epitopes by labelling, a high-perform-
ance size-exclusion chromatographic fluorescence binding assay was developed, based on the intrinsic Trp
fluorescence of major histocompatibility complex (MHC) proteins. The increase in Trp fluorescence in-
tensity of the isolated human MHC product HLA-DR 1 on complex formation with unlabelled influenza
matrix peptide[18-29] (IM[18-29]) was examined. Binding of IM[18-29] to the heterodimeric form of
HLA-DR 1 (K;=4.8 mM) and to the disassembled a-and B-subunits (K,=9.2 mM) could -be demon-
strated. In addition, the assay showed the peptide-induced formation of a dimeric conformer of HLA-DR
1, the nature of which is still undefined. Detection of HLA-DR 1 subunit-peptide complexes was possible
in amounts of 25 ng in 10 4 (80 fmol/ul). The technique proved to be reproducible and less time consuming
than common methods that need fluorescence or radioactive labelling.

INTRODUCTION

Human lymphocyte antigens DR (HLA-DR) are products of the human major .
histocompatibility complex (MHC) class II and consist of two non-covalently linked
glycoprotein subunits: « (34 kilodalton) and B (29 kilodalton) [1]. The N-terminal
domains of each subunit consitute the antigen binding site. According to the hypo-
thetical model of class II proteins [2], deduced from the X-ray crystallographic analy-
sis of the class I molecule HLA-A2, the binding groove is characterized by two lateral
a-helices lying on a floor formed by -pleated sheets [3,4]. Polymorphic positions,
which explain the peptide binding specifities of different HLA subtypes, accumulate
significantly in this region. Non-immunogenic self-peptides, originating from the en-
dogenous degradation of self-proteins [5,6], and immunogenic foreign peptides are
assumed to compete for the same binding site [7]. However, only the latter are succes-
fully presented to a corresponding T-cell receptor leading to an immune response [8].
Self-peptides co-cluting and co-crystallizing with HLA isolates [2,9], are the reason
why only a small fraction (1-15%) of the HLA molecules is available for binding
exogenous peptides. Previous binding studies using immunogenic peptides and solu-
bilized or native MHC molecules in cellular systems have shown this [5,10].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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In order to work out the rules that make HLA proteins potent peptide receptors
with a very broad binding specificity, short synthetic peptides are systematically test-
ed for their HLA affinities [11-13]. Influenza matrix peptide[18—29] (IM[18-29]) is one
of the T-cell epitopes of influenza matrix protein. IM[{18-29] is HLA-DR I-restricted,
direct binding to living Epstein—Barr virus transformed B-cell lines being shown with
the radiolabelled peptide [10,14]. In addition to radioiodination of peptides, often
extra-tyrosylation, as in the case above, or coupling of bulky fluorophores is neces-
sary to obtain sufficient signal intensities. Our idea was to establish a binding assay
without modifying the sequence of the T-cell epitopes. Leaving IM[18-29] and the
purified HLA-DR 1 molecule in their natural state, we co-incubated them and in-
vestigated the change in intrinsic Trp fluorescence on formation of the bimolecular
complexes. The amount and the nature of the so-formed HLA-DR 1-IM[18-29]
complexes were analysed by high-performance six-exclusion chromatography
(HPSEC) using fluorescence detection.

EXPERIMENTAL

Chemicals and reagents

High-performance liquid chromatographic (HPLC)-grade water and
3-[3-(cholamidopropyl)dimethylamino]-1-propanesulphonate (CHAPS) were ob-
tained from E. Merck (Darmstadt, Germany). All buffers were filtered through
0.45-um filters (Millipore, Eschborn, Germany) and degassed with helium.

Chromatography

The chromatographic system consisted of an L 6200 HPLC intelligent pump
(Merck—Hitachi, Darmstadt, Germany) connected to a Merck-Hitachi F 1050 spec-
trofluorimeter operating at an excitation wavelength of 285 nm and an emission
wavelength of 335 nm. The integrator was a Model D2500 from Merck—Hitachi.
Separation was achieved on a Superose 12 HR 10/30 column (Pharmacia, Freiburg,
Germany) using 0.1 M sodium phosphate buffer (pH 7.0) containing 0.025% (w/v)
CHAPS (HPSEC buffer). The column was operated at a flow-rate of 0.6 ml/min and a
pressure of 200 p.s.i. For peptide purification, the HPLC system was connected to an
L-4000 UV detector (Merck—Hitachi).

Peptide synthesis and purification

Peptides were synthesized by continuous-flow solid-phase peptide synthesis us-
ing a MilliGen 9050 peptide synthesizer based on Fmoc strategy. All peptides were
purified by HPLC using a Nucleosil C,5 column (250 X 10 mm LD., 7 ym particle
size) (Macherey, Nagel & Co., Diren, Germany). The mobile phase contained (A)
0.1% triffluoroacetic acid (TFA) and (B) acetonitrile—0.1% TFA (80:20, v/v) and
elution was performed by a gradient starting from 20% B to 100% B in 30 min. The
flow-rate was 2.5 ml/min. All separations were monitored at 214 nm. After lyophil-
ization, peptides were analysed by amino acid analysis and by sequencing using an
Applied Biosystems (Foster City, CA, USA) 477 A sequencer.

Preparation of biological samples
HLA-DR 1 was purified by immunoaffinity chromatography essentially as de-
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scribed by Gorga et al. [15] using the Epstein—Barr virus-transformed B-cell line
WT-100 (BIS), which is homozygous at the DR locus. Change of buffer and detergent
was carried out by ultrafiltration through membranes of Microsep microconcentra-
tors, size exclusion 100 kilodalton (Filtron, Karlstein, Germany). The new buffer
contained 100 mM sodium phosphate (pH 8.0) and 0.025% (w/v) CHAPS and was
used to adjust the final protein concentration to 0.2 ug/ul. Protein content was eval-
uated by the Bradford protein assay. Purified HLA-DR 1 was kept in a stock solution
at 4°C for 1 month prior to use in the HPSEC assay.

The integrity of all HLA-DR 1 samples was routinely tested by sodium dodecyl
sulphate polyacrylamide gel electrophoresis, (SDS-PAGE) immunoblotting and
HPSEC analysis.

Binding assay

Aligquots of 2 ul of the stock solution of HLA-DR 1 were co-incubated with
various doses of synthetic influenza matrix peptide [18-29], using a peptide stock
solution of 10 ug/ul. The stock solution was prepared by dissolving the lyophilized
peptide in HPSEC buffer. The peptide concentrations ranged from 0.1 to 5 mM, the
final assay volume being adjusted to 40 ul with HPSEC buffer. The samples were
incubated for 50-120 h at room temperature. Aliquots of 10 ul were used for HPSEC
analysis.

Release assay

After a 120-h incubation at 20-ul aliquot of the binding assay was adjusted to
pH 2.0 with 1 M HCI. After 10 min the sample was readjusted to pH 7.0 with 2 M
NaOH and analysed by HPSEC.

Scatchard plot analysis

The dissociation constant, Ky, in the binding assays was calculated using the
following Scatchard equation [16]:

F335/c(HLA-DR 1)c(peptide) = 1/Ky - F335/c(HLA-DR 1) Kg where F345 is the
measured fluorescence (proportional to the concentration of bound peptide), c(HLA-
DR 1) and c(peptide) are the concentrations of HLA-DR 1 and IM[18-29], respec-
tively. Ky can be obtained from the slope of the Scatchard plot of F33s/c(HLA-DR
Dc(peptide) vs. F33s5/c(HLA-DR 1).

RESULTS AND DISCUSSION

Purified heterodimeric HLA-DR 1| partially dissociates into the a- and f-sub-
units in dilutions <0.2 mg/ml. The extent of dissociation of the isolates used in our
study was calculated by comparing the peak areas of the dimer (a) and the monomer
peaks (b) in the HPSEC analysis (Fig. 1). Detecting Trp fluorescence, the relationship
was dimers : monomers = 22:78. The same result was obtained with UV detection
(not shown). The resolution in SEC is not high enough to distinghuish the subunits,
the latter therefore co-eluting with peak b. Peak a disappears quantitatively in favour
of peak b on acidification of the sample (see Fig. 4). This was assumed to happen
because under these conditions self-peptides can be released from the MHC molecule,
destabilizing the heterodimer [7]. In contrast, fresh samples in dilutions >0.5 mg/ml
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Fig. 1. HPSEC of purified HLA-DR 1 (250 nM) after 120-h co-incubation with various doses of influenza
matrix peptide[18-29]. Fluorescence detection, attenuation 32. Peptide concentrations: (A) 0; (B) 2; (C) 3,
(D) 4; (E) 5 mM. Peaks: a=HLA-DR 1 heterodimers (floppy conformer); b=HLA-DR 1 subunits;
c¢=HLA-DR 1 dimers (compact conformer); d,-d, =endogenous peptides.

show a predominant peak a, representing 90% of the total fluorescence (not shown).
Hence it is certain that it is the subunits eluting with peak b.

The basis for the peptide-binding assay is the fact that two Trp residues, Trp-9
and Trp-61 of the B-subunit, being part of the peptide-binding groove of HLA-DR 1,
increase their fluorescence intensities on interaction with a peptide [17]. Using this
principle, the peptide-binding assay reveals four significant tendencies, three of which
have never been reported in comparable chromatographic assays with MHC class 11
molecules (Fig. 1): (1) peak a, denoting the heterodimer, increases with increasing
peptide concentration, reaching its maximum at 4 mM IM[18-29]; (2) peak b, denot-
ing the HLA-DR 1 subunits, shows the same characteristics; (3) addition of peptide
leads to the appearance of a new species (peak c), located between the heterodimer
and the monomer peaks, with an apparent molecular weight of 50-55 kilodalton;
peak c, in contrast to peaks and peak b, is still growing at the highest peptide concen-
tration tested; (4) fluorescent low-molecular-weight material elutes (peaks d,—d4), the
maxima at 4 mM IM[18-29] coinciding with the maximum of peaks a and b, respec-
tively, albeit added IM[18-29] shows no fluorescence signal. ‘

The results confirm the data we obtained with FITC- and biotin-labelled influ-
enza matrix peptide [17] and two observations made previously with isolated MHC
class II molecules analysed by SDS-PAGE: under non-reducing conditions bimolec-
ular complexes of T-cell epitopes and the a- or S-subunit are stable [18,19]. The
second fact was the appearance of a 55 kilodalton band originating from HLA-DR
heterodimers [15,18]. This band was ascribed to a compact dimeric conformer which
is distinct from the floppy conformer, with a band of 64 kilodalton. Peak ¢ in our
binding assay (Fig. 1) seems to be the chromatographic equivalent of the compact
conformer, its formation being induced by IM[18-29]. As this requires a trimolecular
association, this process is bound to proceed more slowly than the formation of the
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bimolecular complexes. This explains the result of the binding kinetics shown in Fig.
2: the intensity of the monomer peak has nearly doubled after a 50-h incubation,
whereas the signal of the compact conformer cannot be identified. We have to postu-
late that IM[18-29] is capable of cross-linking disassembled «- and B-subunits. We
cannot rule out the formation of aa- and/or fB-homodimers under the influence of
connecting peptides. Interestingly, peptides functioning as chaperonins in vivo have
already been documented with MHC class I molecules [20]. It seems that the rules for
building up a quaternary structure are the same for both class I and class I mole-
cules.

The dissociation constants characterizing the affinity of IM[18-29] to the
monomeric and dimeric HLA-DR 1 were calculated according to Scatchard (Fig. 3).
The slopes of the Scatchard plots indicate that binding to the heterodimer (K;=4.8
mM) is greater than that to the subunits (Kq= 8.5 mM). The data can be explained by
the fact that the heterodimer possesses all the elements constituting the peptide-
binding groove whereas each individual monomer does not. A compariso of Ky(heter-
odimer) =4.9 mM with the few values available for other T-cell epitopes, ranging
from 2 to 10 uM, suggests that IM[18-29] belongs to a class of low-affinity peptides.
K4 calculations with the original influenze matrix peptide [17-31] have not been done.
Data of Ceppellini et al. suggest that IM[17-29] has a high affinity to HLA-DR 1 [10].
The lack of N-terminal serine might be the reason for the high K, value of IM[28-29].
Another reason could be that binding of exogenous peptides to HLA molecules is a
two-step phenomenon: using low peptide-concentrations (<1 mM) only binding to

Fluorescence

o
[ 4
=
&5
>

Fig. 2. HPSEC in a kinetic study using HLA-DR 1 (250 nM) and IM[18-29] (3 mM). Incubation time: (A)
0; (B) 50; (C) 120 h.
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Fig. 3. Scatchard plot. The date originate from the HPSEC binding assay using changes in the intrinsic Trp
fluorescence on binding IM[18-29]. K (monomeric HLA-DR)=8.5 mM; K (heterodimeric HLA-DR 1)
=49 mM.

the fraction of empty HLA molecules is detectable, proceeding with Ky~2-10 uM.
Co-incubation with a high peptide excess (> 1 mM) leads to competitive displacement
of endogenous peptides with the remaining 90% of HLA molecules, either dimeric or
monomeric, proceeding with Kga5-10 mM. Evidence for the accuracy of the dis-
placement idea is given by the low-molecular-weight fraction (peaks d;—d,), eluting
with increasing proportions of bound IM[18-29] (Fig. 1). The fluorescence of the
low-molecular-weight material must be ascribed to Trp-containing endogenous pep-
tides, as there is no further increase on addition of IM[18-29] at a concentration of 5
mM. Additional proof of the relevance of the endogenous peptide fraction (EPF) is
given by the fact that readdition of EPF to released HLA-DR 1 restores the initial
fluorescence intensity [21].

In order to test whether bound IM[18-29] can be released from HLA-DR 1
under the same conditions as endogenous peptides, we acidified HLA-DR 1-IM[18-
29] complexes after a 125h-incubation. The result is depicted in Fig. 4: pH 2.0 treat-
ment for 10 min leads to a decline of peaks a, b and c to the starting intensities (cf.
Fig. 1D), leaving constant the total intensities of peaks d; and d,. Obviously, the bi-
and trimolecular complexes dissociated nearly completely. Because no extra fluo-
rescence appeared in the low-molecular-weight range, probably all self-peptides had
been previously displaced by IM[18-29]. The increase in the signal of the void volume
(800 kilodalton) could be explained by acid-induced additional high-molecular-
weight micelles containing trapped HLA-DR 1-IM[18-29] complexés_that are not
able to dissociate because of dense packing. The formation of high-mole?:u ar-weight
micelles is also found with high protein and peptide concentrations (¢f. Figs. tand 4),
but can be neglected as the relationship of HLA-DR 1 species is unbiased “(not
shown).

Considering the sensitivity of this peptide-binding assay, in standard measure-
ments 2.5 pmol of purified HLA-DR 1 pe: HPSEC run were sufficient to obtain the
signal shown above, using a signal attenuation of 32. With a signal attenuation of 4,
we were able to detect 800 fmol of HLA-DR 1-peptide complexes, in significant
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Fig. 4. HPSEC of purified HLA-DR 1 (200 mM) after 120-h incubation with IM[18-29] (4 mM). Fluo-
rescence detection, attenuation 32. (A) Before acid treatment; (B) after acid release (pH 2.0, 10 min) of
endogenous peptides. Peaks: a=HLA-DR 1 heterodimers (floppy conformer); b=HLA-DR 1 subunits;
¢=HLA-DR 1 dimers (compact conformer); d,—d, =endogenous peptides; e = oligomeric HLA-DR 1.

contrast to the background fluorescence (not shown). Therefore, the assay has a
sensitivity comparable to those of standard assays using fluorescence or radioactively
labelled peptides. Advantages of the Trp fluorescence assay are that there is no need
to label the peptides and the HPSEC system requires less than 1 h per analytical run.
In addition, for the first time diferent molecular weight species of HLA- DR—peptlde
complexes could be distinghuised by a chromatographic system.
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ABSTRACT

The 26-amino acid linear, amphiphilic peptide melittin was enzymatically modified with the fluo-
rescent probe monodansylcadaverine using guinea pig liver transglutaminase and a fluorescent derivative
of stoichiometry 1:1 was obtained. Reversed-phase and size-exclusion high-performance liquid chroma-
tographic modes were tested in order to resolve the labelled peptide and native species. The influence of
several operational variables was analysed and the elution conditions were optimized so that a satisfactory
resolution could be achieved in both instances in a rapid, easy manner. Both chromatographic modes offer
the possibility of accurate monitoring of the time course of the enzyme-mediated conversion and, more
interestingly, can be applied to the semi-preparative purification of the labelled peptide.

INTRODUCTION

We have been involved in the past in the investigation of protein-lipid interac-
tions using hydrophobic or amphiphilic peptides [1-7]. Among other goals, our in-
terest has recently been directed to the selective covalent modification of the cytolytic
toxin melittin with dansyl fluorescent probes. This amphiphilic, 26-amino acid linear
peptide has the sequence: Gly-Ile-Gly—Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly—
Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys—-Arg—GIn-GIn-CO-NH,. Dan-
syl-labelled melittin can undoubtedly be regarded as a valuable tool for studies on the
detailed mechanism of membrane lysis at a molecular level, on the basis of both its
dramatically enhanced sensitivity to fluorimetric detection and its distinctive emission
features relative to native membrane proteins.

In order to achieve a rational, selective modification of the peptide, convention-
al chemical procedures should in principle be disregarded, owing to their frequent
lack of selectivity, if one needs to introduce a probe at a selected single position in the
sequence. In contrast, the use of enzyme-mediated modification, in particular with

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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transglutaminases, provides a unique strategy for the specific modification of gluta-
mine residues in peptides [8,9] and proteins [10-12]. Transglutaminases (TGase; R-
glutaminyl-peptide: amine y-glutamyltransferase, E.C. 2.3.2.13) catalyse acyl transfer
reactions in which the y-carboxamide groups of glutamine residues act as acyl donors
and primary amino groups from specific amines as acyl acceptors [13]. Evidence in
this field has shown that the in vitro transglutaminase-mediated covalent modification
of proteins and peptides generally leads to the incorporation of a single probe mole-
cule per molecule of biopolymer [8,10]. However, as this exquisite selectivity mini-
mizes the structural and chemical differences between modified and native species, it
often becomes a source of difficulties in any separation and purification attempt.

Recently, using guinea pig liver transglutaminase, we have carried out a facile,
selective modification of melittin in its C-terminal end with the probe monodansyl-
cadaverine (DNC), yielding a derivative with a 1:1 stoichiometry [14]. This paper
reports on the development of high-performance liquid chromatographic (HPLC)
methods allowing a complete separation of DNC-melittin from the native peptide. It
will be shown that both species can be succesfully resolved by using either size-
exclusion (SE) or reversed-phase (RP) supports. In both chromatographic modes
several experimental factors were tested in order to optimize peptide separation. Note
that this separation is particularly complicated owing to the amphiphilic nature of
melittin, which exhibits a highly positively charged C-terminal end and an amphi-
pathic helical organization for the remainder of the molecule [15]. Finally, the ad-
vantages of each HPLC mode for the determination and semi-preparative isolation of
labelled melittin are discussed.

EXPERIMENTAL

Materials

Melittin and monodansylcadaverine [N-(5-aminopentyl)-5-dimethylamino-1-
naphthalenesulphonamide] were obtained from Serva (Heidelberg, Germany), guinea
pig liver transglutaminase from Sigma (St. Louis, MO, USA) and dithiothreitol
(DTT) and HPLC-grade solvents from Merck (Darmstadt, Germany). Doubly distill-
ed water was purified by passing it through a Milli-Q purification system (Millipore,
Bedford, MA, USA). All salts used were of analytical-reagent grade from Merck. The
eluents were always filtered and degassed through a 0.45-um regenerated cellulose
filter (Micro Filtration System, Dublin, CA, USA) prior to use. Fluorescence spec-
troscopy-grade methanol from Merck was used in fluorimetric measurements.

TGase-mediated modification of melittin by monodansylcadaverine

The procedure was basically similar to that described for the TGase-mediated
modification of small peptides such as substance P [8] or S-endorphin [9] by poly-
amines. Briefly, melittin (100 ug) was incubated at 37°C for 3 h with 2 uM TGase in 50
mM Tris-HCI buffer (pH 8.0) containing 20 mM DTT, 20 mM CaCl, and 700 uM
DNC (final volume 100 ul). The reaction was stopped by heating at 60°C for 5 min
[16].

Apparatus
The HPLC instrumentation consisted of M-510 solvent-delivery systems, an
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automated gradient controller, a U6K universal injector and an M-418 multi-wave-
length detector, all from Waters Assoc. (Milford, MA, USA). Fluorescence of the
effluent was monitored (1, = 330 nm, A., = 520 nm) with an F-1050 fluorescence
detector from Merck. Peak areas were digitized using an SP-4290 integrator (Spectra-
Physics, San Jose, CA, USA).

Reversed-phase experiments were carried out using a uBondapak C,g column
(30 cm x 0.78 cm I.D.) from Waters Assoc. A Guard-PAK (uBondapak C;g) pre-
column, from Waters Assoc., was placed between the pump and the injector to pro-
tect the analytical column from mobile phase contaminants. When the system was
operated under gradient conditions, the binary eluent consisted of 0.1% aqueous
TFA (solvent A) and acetonitrile (solvent B).

For size-exclusion experiments, a Waters Assoc. Ultrahydrogel column (30 cm
x 0.78 cm L.D.) packed with hydroxylated polymethacrylate-based gel of 120 A
nominal pore size (Ultrahydrogel-120) was used. This chromatographic support has
been reported to bear some residual carboxyl groups, to be stable over a broad pH
range (from 2 to 12) and to be compatible with mobile phases containing a high
percentage of organic solvents [17]. All chromatographic measurements were con-
ducted at room temperature. The flow-rate in all experiments under isocratic condi-
tions was 1.0 ml/min. The injection volume was in the range 5-25 ul and up to 150 ul
for analytical and semi-preparative purposes respectively, without any decrease in
resolution. Good run-to-run reproducibility was observed in all instances and the
recovery was always higher than 90%.

Corrected fluorescence spectra were obtained at 25°C on a Perkin-Elmer (Bea-
consfield, UK) LS-5B spectrofluorimeter coupled to a Model 3700 data station using
a 2.5-nm slit width.

RESULTS AND DISCUSSION

Reversed-phase chromatography

We first examined the ability of RP-HPLC to resolve modified and unmodified
melittin, because this is by far the most widely used mode of HPLC of peptides [18].
The reaction products derived from TGase assay after 3-h incubation at a DNC:me-
littin ratio of 2 were analysed directly, without any sample pretreatment, on a yBond-
apak Cyg column using either isocratic or gradient conditions. As illustrated in Fig.
1A, when elution was performed under isocratic conditions with a mobile phase
containing 0.1% aqueous TFA-acetonitrile (55:45, v/v) four peaks were detected by
UV detection at 283 nm, corresponding to DTT (2.9 min), free DNC (3.3 min),
melittin (5.77 min) and DNC-melittin (10.1 min). Moreover, simultaneous fluores-
cence detection using excitation and emission wavelengths specific for the dansyl
group showed only two peaks at retention times of 3.3 and 10.1 min (not shown). In
fact, verification of the identity of the labelled melittin peak was carried our after
collection, neutralization and lyophilization of the corresponding fraction, by using
absorption or fluorescence spectroscopy, as described below for the SEC mode. The
resolution between melittin and DNC-melittin was excellent, although under these
conditions the separation was poor for DTT and free DNC.

When the volume fraction of acetonitrile in the eluent, ¢, was varied from 0.44
to 0.50 at constant flow-rate under isocratic conditions, a plot of log k' (k' = capacity



354 E. PEREZ-PAYA et al.

osf—1
A [lone x04iBY, ]
DTT 200 ]
-04f 1

by
040 050
4

Me!
ONC-Mel

Absorbance at 283 nm

1 1 1 1 1 1 1
2 4 6 81012 14
Elution time (min)

Fig. 1. Reversed-phase separation of melittin and DNC-melittin under isocratic conditions. (A) Elution
profile obtained after direct injection, without any sample pretreatment, of an aliquot from the TGase
reaction mixture incubated for 3 h. Column, uBondapak C18; mobile phase, 0.1 % aqueous TFA-aceto-
nitrile (55:45, v/v); flow-rate, 1.0 ml/min; detection, UV at 283 nm. (B) Effect of volume fraction of
acetonitrile in the eluent, @, on the retention of (O) melittin and (©) DNC-melittin.

factor) vs. ¢ was obtained as shown in Fig. 1B. The good linearity observed for both
melittin and DNC-melittin demonstrates that the column is operating mainly
through a reversed-phase mechanism. Moreover, the similarity between the slopes
indicates that the perturbation introduced by the probe does not significantly alter the
chromatographic behaviour of labelled melittin relative to its native species. Suitable
selectivities (¢ = ratio of capacity factors) and reasonable analysis times were ob-
tained for ¢ values in the range 0.44-0.50. On the other hand, the addition of 0.1% of
TFA to acetonitrile in the mobile phase did not improve the resolution. Volatile
buffers such as 0.1 M (pH 4.4) or 0.2 M (pH 3.0) ammonium acetate, which have
often proved to be suitable for the separation of specific peptide mixtures [19,20],
resulted in peak broadening and longer retention times in the present system.

A better resolution for all the components of the TGase reaction mixture was
obtained when gradient elution conditions were used. In this instance, the effect of
several operating factors on the retention behaviours of melittin and DNC-melittin
was examined. For example, Fig. 2A shows resolution, R,, as a function of the flow-
rate at different gradient rates (for a constant range of ¢ from 0.3 to 0.7). R, is defined
as the ratio of the distance between the maxima of two adjacent peaks to the arithme-
tic mean of their base widths. As expected, R, increases in all instances as the gradient
rate decreases, whereas the influence of flow-rate is relatively small under the gradient
conditions applied. Fig. 2B depicts the relationship between R, and the average solute

Rg
=N o b

0408 12 1620
Flow-rate(mi/min) k

Fig. 2. Dependence of the resolution, R, between melittin and DNC-melittin under gradient conditions on
the flow-rate, F, at different gradient rates: (A) 0.5, (A) 1.0, (©) 2.0 and (O) 5.0% acetonitrile/min. (B)
Plot showing the variation of R with k using different flow-rates. Column, yBondapak C .
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capacity factor under gradient conditions for labelled melittin, k, at different flow-
rates, F; k is defined as [21]

k= tg (F)/1.15(4¢) Vu S

where 7 is the gradient time, ¢ the fraction of organic solvent in the mobile phase, 4¢
the change in ¢ during the gradient, V;, the column void volume and § a solute
parameter (stope of log k' vs. ¢).

The interpretation of the data in Fig. 2B may not be immediately obvious and
some comments are deserved. The figure is aimed at illustrating the different possibil-
ities of variation of experimental conditions that can be used to obtain a given R
value. For a given flow-rate, a given k value can be obtained by varying either g or
Ag. Note also that the pronounced variation of R, with F does not contradict the data
in Fig. 2A, because in this instance 4¢ was not always maintained constant. Thus, all
the points in Fig. 2B correspond to points in Fig. 2A (for which 4¢ = 0.4) except for
the two R, values higher than 6, for which 4¢ was 0.14 instead of 0.4. Although the
highest value of Ry in the plot is achieved at F = 0.5 ml/min (for £ = 7.4), the long
analysis time required (>200 min) is clearly not desirable and, therefore, for the best
compromise between separation time and resolution the following elution conditions
can be recommended: F = 1.0 ml/min and a 20-min linear gradient from 0.1%
TFA-acetonitrile (70:30, v/v) to a final composition of 30:70 (v/v), which implies a
total running time, including column recycling, of about 45 min.

Fig. 3 illustrates the elution profile corresponding to the same TGase reaction
mixture as in Fig. 1 using the chromatographic gradient conditions recommended
above. Note that in this instance the separation between DTT and DNC is improved
relative to isocratic conditions (Fig. 1A), whereas the good resolution between native
and modified peptide is maintained.

The above results show not only that both isocratic and gradient RP modes
allow an excellent separation between melittin and DNC-melittin, but also that easy,
accurate monitoring of the progress of the enzymatic labelling can be achieved, espe-
cially taking into account that the reported reaction times for transglutaminase-medi-
ated conversions are long, from 1 to 24 h [10,11]. In fact, we have observed that as

70

Absorbance at 283 nm

e N " 5~ 230
2 4 6 8 10 12 14 16 18 20
Elution time (min)

Fig. 3. Reversed-phase separation of melittin and DNC-melittin under optimized gradient conditions (see
text), corresponding to the same sample as in Fig. 1A. Column, uBondapak C,g; flow-rate, 1.0 ml/min;
solvent A, 0.1% aqueous TFA; solvent B, acetonitrile.
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reaction takes place a gradual increase in the DNC-melittin peak area occurs at the
expense of a concomitant decrease in the melittin and DNC peaks (results not
shown).

Size-exclusion chromatography

The effectiveness of the Ultrahydrogel-120 column for melittin analysis was
next investigated using 0.1 M sodium acetate buffer (pH 4.4) as eluent, on the basis of
our recent optimization study on the elution of polyanions and polycations on Ultra-
hydrogel supports [22]. When melittin was injected under these conditions a strong
retention was observed, much longer than the total permeation volume of the column
(Vi = 11.0 ml), as shown in Fig. 4A. This anomalous behavior is not surprising if the
amphiphilic nature of melittin is taken into account. In fact, the peptide hydrophobic
(residues 1-20) and highly positively charged (residues 21-26) moieties are likely to be
responsible for the superimposition of hydrophobic and electrostatic secondary ef-
fects, causing a dramatic deviation from ideality. The electrostatic interactions be-
tween melittin and the matrix residual carboxyl groups may have relatively little
importance because at this eluent pH poly-L-lysine standards are not significantly
retained [22]. Therefore, if hydrophobic interaction is indeed predominant, addition
of a miscible organic modifier to the eluent should diminish the retention of melittin.
This is demonstrated in Fig. 4A, where it is shown that a gradual increase in the
acetonitrile content of the mobile phase caused a drastic reduction of the peptide
elution volume concomitant with pronounced peak sharpening. A similar behaviour
has been reported by Mant et al. [23] for the elution of a polymer series of synthetic
peptides when using a similar range of acetonitrile concentrations in the eluent. Note
that even for the highest acetonitrile proportion applied (20%, v/v) the melittin elu-
tion volume does not strictly correspond to that expected from its molecular weight
(ca. 2840). This implies that even under these conditions elution does not occur
through a pure size-exclusion mechanism. Anyway, a linear relationship was observ-
ed between peak area and injected sample concentration, as shown in Fig. 4B. Higher
organic modifier compositions were not tested according to manufacturer’s direc-
tions.

Fig. 5 shows a typical elution profile of the TGase reaction mixture after in-
cubation for 3 h under the same experimental conditions as in Fig. 1A using 0.1 A/
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Fig. 4. (A) Elution profiles of melittin on Ultrahydrogel-120 as a function of the percentage of acetonitrile
in the eluent (as indicated). Flow-rate, 1.0 ml/min. (B) Correlation between injected melittin concentration
and peak area using 0.1 M acetate buffer (pH 4.4) containing 20% of acetonitrile as eluent.
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Fig. 5. Separation of melittin and DNC-melittin on Ultrahydrogel-120. Eluent, 0.1 M acetate buffer (pH

4.4) containing 20% of acetonitrile; flow-rate, 1.0 ml/min. Simultaneous detection by UV at 283 nm and
fluorescence emission at 520 nm on excitation at 330 nm.

acetate buffer (pH 4.4) containing 20% of acetonitrile as mobile- phase. Four well
resolved peaks were obtained by UV detection at 283 nm at 7.6, 12.8, 21.0 and 30.7
ml, corresponding to melittin, DNC-melittin, DTT and free DNC, respectively. As
expected, only the two peaks corresponding to DNC-melittin and free DNC were
detected on monitoring the effluent fluorescence emission at 520 nm. As with melittin,
labelled melittin and also DNC and DTT exhibited non-ideal behaviour, all eluting
beyond the total permeation volume of the column. Note that this non-ideal beha-
viour was particularly advantageous for our purposes, and that otherwise a satis-
factory separation between modified and native peptide based only on molecular
weight differences would probably have been impossible. It is worth emphasizing in
this regard that, as has been described previously [18,23], the non-ideal properties of
size-exclusion columns, rather than being a limitation, may in many instances become
a useful analytical tool.

The identity of the peak eluting at 12.8 ml (putative DNC-melittin) was checked
by both absorption and fluorescence spectroscopy after peak collection, desalting and
lyophilization of this fraction. Fig. 6 shows the UV absorption spectrum of the pow-
der after dissolution in methanol. This spectrum differed markedly from that corre-
sponding to a single tryptophan (native melittin), as a result of the attached fluo-
rescent probe. In fact, the spectrum was similar to that obtained for a 1:1 mixture of
melittin and free DNC or for the model peptide dansyl-Gly-Trp (see Fig. 6). More-
over, from the molar absorptivities of melittin and DNC in methanol {e;50 (melittin)
= 5900 1 mol ™! cm™?; £33,(DNC) = 3860 1 mol™* cm™!], a 1:1 stoichiometry was
deduced for the DNC-melittin derivative. In addition, Fig. 6 also shows the fluo-
rescence emission spectra in methanol upon excitation at 280 and 350 nm. As expect-
ed, emission bands were obtained corresponding to Trp (maximum at 340 nm) and
dansyl (maximum at 530 nm) groups. The position of the emission maxima was
coincident with that deduced using a 1:1 melittin-DNC mixture or dansyl-Gly—-Trp
under the same experimental conditions. Further, the labelled melittin yielded a single
peak at 12.8 ml when rechromatographed on Ultrahydrogel-120. All the above obser-
vations demonstrate that this peak indeed corresponds to a 1:1 monodansylcadave-
rine-melittin covalent derivative. The same conclusions were drawn after a similar
analysis of the modified melittin peak emerging from the reversed-phase support.

Finally, volatile buffers such as 0.1 M ammonium acetate (pH 4.4), were also
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Fig. 6. Left-hand axis: absorption spectra in methanol of (solid line) DNC-melittin obtained from the
corresponding fraction in the Ultrahydrogel-120 effluent (see text), (dashed line) an equimolar mixture of
native melittin and free DNC and (dotted line) the model dipeptide dansyl-Gly-Trp. Right-hand axis:
fluorescence emission spectra in methanol of DNC-melittin on excitation at (solid line) 280 and (dashed

line) 350 nm. Peptide concentration: 11 uM.

tried as mobile phases in the SEC mode and a similar resolution was obtained as with
the above-mentioned conditions. Hence these buffers can be used for semi-prepara-
tive purposes avoiding the need for desalting of the collected sample.

CONCLUSIONS

The amphiphilic peptide melittin was enzymatically modified with the fluo-
rescent probe monodansylcadaverine using guinea pig liver transglutaminase and a
fluorophoric derivative of stoichiometry 1:1 was obtained. It has been shown that
reversed-phase and size-exclusion HPLC modes can be successfully used for the com-
plete separation, directly from the reaction mixture, of the labelled peptide and its
native species. When operating under isocratic conditions both modes provide an
easy, rapid, convenient means of accurately monitoring the time course of the en-
zymatic reaction and of isolating the labelled product for semi-preparative purposes.

A good resolution of all the components of the TGase enzymatic assay was
achieved in both size-exclusion and gradient reversed-phase modes, the former being
more appropriate in the present case based on its simpler operation and especially its
shorter time of analysis. However, if larger peptides or even proteins were labelled in
a similar manner with a dansyl-containing probe, reversed-phase gradient conditions
might be the method of choice owing to the greater versatility of operation.

Finally, the behaviour observed for both melittin and dansyl-labelled melittin
on Ultrahydrogel-120 is a clear example of how a non-ideal SEC mechanism can turn
out to be advantageous for an a priori compromised separation.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic method for the separation of the most
common and some less common genetic variants of the bovine caseins is described. When the method is
used for analysing clarified skim milk, simultaneous identification of casein variants and major whey
protein variants can be effected in a single run. The potential of the method for quantitative application is
discussed.

INTRODUCTION

About 80% of the bovine milk proteins consists of caseins, a heterogeneous
fraction which is insoluble at its isoelectric pH (pH 4.6). The casein fraction can be
subdivided into the oy;-, as2-, f- and x-casein components (a5 CN, a,CN, SCN and
xCN), which in milk occur as a micellar complex in the approximate proportions
4:1:4:1, respectively. The remaining 20% of the milk protein fraction is formed by the
whey proteins (soluble at pH 4.6), of which S-lactoglobulin (BLg) and a-lactalbumin
(«La) are the main components (ratio ca. 3:1). During the classical cheesemaking
process it is the casein fraction which constitutes the cheese curd after the enzyme-
triggered milk coagulation step.

The caseins and the major whey proteins have been found to show genetic
polymorphism [1]. In western breeds certain genetic variants occur exclusively or are
strongly predominant.

During the last decade studies on milk protein polymorphism have gained re-
newed interest, because the occurrence of certain milk protein genetic variants is
correlated with the composition of milk and also with some milk processing param-
eters. For instance, the genotype kCN-BB has been reported to be associated with
enhanced rennetability of the milk [2-6], casein content [4], cheese curd firmness [2,5],
curd syneresis [7-9] and overall cheese yield [5,7,9]. It has also been found that the
kCN-BB genotype is accompanied by a relatively high Ca2?* activity [10] and low
citrate concentration [3] in the milk, but the difference between the effects of the xCN
A and B variants on the renneting properties can be eliminated by addition of calcium

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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chioride [2,10]. The latter facts may provide a more direct explanation for the observ-
ed relationship between kCN genotype and rennetability of milk. The B variant of
pLg is also associated with some of the above-mentioned favourable technological
properties [3,6,10,11]. Consequently, the combined occurrence of kCN-BB and fLg-
BB genotypes could be of particular importance for obtaining improved cheese tech-
nological parameters [12,13]. Other properties reported to be influenced by milk pro-
tein genetic polymorphism are total milk production [12,14,15], heat stability of milk
[16-19], water sorption of the casein fraction [18] and fat content of cheese [9,15,20].
Conclusions in reports concerning the relationship between protein genotype and
various technological properties are not always consistent [5,20]; the influence of the
season should also be considered [18].

From the above it follows that for the optimum selection of milk for further
processing, a reliable method for the qualitative and quantitative determination of
milk protein genetic variants should be available. Reported procedures for the identi-
fication of genetic milk protein variants are classical gel electrophoresis [16,17,21-23],
isoelectric focusing [24-28] and, in the case of SLg, high-performance liquid chroma-
tography (HPLC) [29-33]. Recently, for kCN genotypes, identification at the DNA
level has been reported [34-36].

In this paper we describe a reversed-phase (RP) HPLC method by which the
most common and also some less common casein variants can be separated. The
method permits the simultaneous identification of various casein variants and the
whey proteins alLa-B, fLg-A and fLg-B in a single chromatographic run. Further-
more, attention is paid to the quantitative aspects of the method.

EXPERIMENTAL

Materials

Whole casein was isolated from skimmed bulk milk or from skim milk from
individual cows by isoelectric precipitation at pH 4.6; the soluble fraction contained
the whey proteins. Purified casein components were gifts from Dr. D. G. Schmidt.
para-kCN (the 1-105 fragment of kCN) and the kCN glycomacropeptides (GMP-A
and GMP-B, both representing non- and differently glycosylated 106-169 fragments)
were obtained by splitting kCN-A and kCN-B with chymosin at pH 6.5, which results
in a precipitate (para-xCN) and a soluble fraction (GMP-A and GMP-B, respec-
tively).

Analysis

The HPLC equipment consisted of two M 6000A pumps (Waters Assoc.), an
ISS-100 automatic sample injector (Perkin-Elmer), a Kratos Model 783G UV detec-
tor and a Waters Type 680 automated gradient controller. The equipment was linked
to a data acquisition and processing system (Waters Maxima 820). A 250 mm % 4.6
mm I.D. HiPore RP-318 column (Bio-Rad Labs.) was used with a C,g cartridge
(Bio-Rad Labs.) as a guard column. Solvent A was acetonitrile—water—trifluoroacetic
acid (100:900:1 v/v/v) and solvent B was the same mixture with the proportions
900:100:0.7 (v/v/v). The solvent gradient reported for casein separation [37] was
adapted for genetic casein variants and whey proteins: starting from 26% of solvent B
(equilibration buffer) a gradient was generated immediately after injection by in-
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creasing this proportion at 0.60% min~' (15 min), 0% min~! (7 min), 0.67% min ™"
(3 min), 0% min~! (12 min), 0.44% min~* (18 min), 12.5% min~" (2 min) and 0%
min~! (5 min) subsequently, before returning to starting conditions in 5 min. After
re-equilibration, the next analysis was carried out under the same conditions. If only
casein variants were to be separated, the last three steps of the gradient were replaced
by 6.6% min~* (5 min) and 0% min~" (5 min), subsequently, before returning to the
starting conditions in 5 min. The column temperature was 30°C and peak detection
was at 220 nm. The flow-rate was 0.8 ml min~?!, except in the determination of
response curves for the caseins, when it was 1.0 ml min™!. The system pressure was
1500 p.s.i.

Freeze-dried samples were dissolved in 0.02 M 1,3-bis[tris(hydroxymethyl)-
methylamino]propane (Bis-Tris) buffer (pH 7) containing 4 M urea and 0.3% of
2-mercaptoethanol (ME). After standing at room temperature for 1 h, the samples
were diluted (at least four-fold) with solvent A containing 6 M urea. The final sample
concentration was about 2 mg ml~! for whole casein and 0.5 mg ml~! for casein
components and whey proteins; 50-ul amounts were applied to the column.

Clarified milk samples were obtained by mixing skim milk with a buffer (1:1,
v/v) containing 0.1 M Bis-Tris, 8 M urea, 0.3% ME and 1.3% trisodium citrate
dihydrate (pH 7); in some experiments ME was omitted from the buffer. After stand-
ing at room temperature for 1 h, the mixture was diluted with solvent A containing 6
M urea as above. Whole casein and whey protein fractions were isolated from the
same skim milk and prepared for HPLC analysis, the whey protein solution (pH 4.6)
being directly diluted with solvent A containing 6 M urea.

For the determination of response curves for the various milk proteins, use was
made of freeze-dried, purified components of known protein content.

RESULTS AND DISCUSSION

For the main «CN variants, i.e., types A and B, we examined the influence of
various glycosylation states on the RP-HPLC pattern. In Fig. 1 patterns for carbo-
hydrate-free fractions and fractions with different levels of glycosylation [38] are
depicted. It appears that the first-eluting protein peak of whole casein from bulk milk
(reference) represents a mixture of carbohydrate-rich kCN A and B. The carbo-
hydrate-free k<CN A and B subcomponents are eluted at different positions and can
therefore be distinguished from each other. Minor peaks at intermediate positions
originate from partly glycosylated kCN A or B. The small peak(s) immediately fol-
lowing those of carbohydrate-free k<CN A and B (also seen in the pattern of whole
kCN-B; Fig. 1B, trace d) should probably be attributed to remaining non-reduced
kCN or to a complex between xCN and a,;CN, formed by intermolecular S-S link-
ages.

We also established the retention times of the fragments para-kCN and GMP
formed after specific cleavage of k<CN A and B by chymosin during the first step of the
milk-clotting process. The two genetically determined amino acid substitutions in
these variants are both located in the GMP part [39], so that in the cheese whey from
bulk milk essentially two GMP fractions (GMP-A and GMP-B) can be expected; the
para-«CN fraction is entrapped in the cheese curd. As seen in Fig. 2, para-kCN elutes
just prior to the carbohydrate-free k«CN-A variant, whereas the GMP A and B var-
iants elute at quite different positions ahead of all the casein components.
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Fig. 1. Effect of degree of glycosylation on the retention of xCN fractions during RP-HPLC. (A) (a)
Carbohydrate-free kCN-A; (b) partly glycosylated kCN-A; (c) carbohydrate-rich kCN-A; (d) whole casein
from bulk milk (reference). (B) (a) Carbohydrate-free kKCN-B; (b) partly glycosylated xkCN-B; (c) carbo-
hydrate-rich kCN-B; (d) whole kCN-B (reference); (e) whole casein from bulk milk (reference).
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Fig. 2. RP-HPLC patterns of chymosin-generated breakdown products of k<CN A and B; carbohydrate-
free «CN indicated as xA and kB. (a) para-«CN (p-k); (b) GMP-A; (¢) GMP-B; (d) whole casein from bulk
milk (reference).
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TABLE I

LOCATION OF DIFFERENCES IN THE PRIMARY STRUCTURE OF SOME GENETIC VAR-
TANTS OF THE MAJOR BOVINE MILK PROTEINS [40}

Protein Variant  Position in amino acid sequence
o, CN 14-26 53 192
(199 residues) A Deleted Ala Glu
B Present Ala Glu
C Present Ala Gly
D Present ThrP Glu
BCN 35 37 67 106 122
(209 residues) Al SerP Glu His His Ser
A? SerP Glu Pro His Ser
A3 SerP Glu Pro Gln Ser
B SerP Glu His His Arg
C Ser Lys His His Ser
kCN 136 148
(169 residues) A Thr Asp
B Ile Ala
flLg 64 118
(162 residues) A Asp Val
B Gly Ala

The two relatively polar amino acid substitutions in kCN-A as compared with
kCN-B (Table I) are in agreement with the earlier elution of the A-variant (including
GMP-A compared with GMP-B) from the reversed-phase column.

In Fig. 3 RP-HPLC patterns of whole caseins obtained from milks of single
cows are compared. Also, the patterns of two purified (less common) casein variants
have been added. The genotypes of the casein components (including that of ¢, CN,
which occurs predominantly as the A variant in European cattle) had been establish-
ed by gel electrophoresis [16] or by isoelectric focusing [28]. As was already shown in
Fig. 1, the kCN A and B variants can be identified by the positions of their carbo-
hydrate-free subcomponents. As far as a,; CN is concerned, a distinction could be
made between the A variant (missing a 13-residue fragment in its primary structure,
see Table I), the B/C and the D variant. No separation could be achieved between the
B and C variants (Glu < Gly at position 192, Table I), both of which give rise to a
double peak, due to a difference in the degree of post-translational phosphorylation
(an extra phosphate group at position 41 [40]). The o;; CN-B variant and to a much
lesser extent the C variant are predominant in western cattle. JCN mainly occurs as
its A', A? and/or, at a much lower frequency, as its B variant (for structural differ-
ences see Table I). These forms could be completely separated using the present
RP-HPLC programme. In addition, the less common SCN-A?3 is also separately seen
in the elution pattern; it elutes just after BCN-A? from the column, owing to a His —
Gln replacement at position 106 (Table I). On the other hand, the rare SCN-C co-
elutes with the BCN-A' variant. The minor component fX, which in the reference
whole casein appears as the last-eluting peak (just after the position of BCN-A3), was
isolated and shown to be also a fCN, as judged by sodium dodecyl sulphate—po-
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Fig. 3. RP-HPLC patterns of whole caseins and some casein components from milks from single cows. The
a,,CN is present as the A type throughout. The other genotypes are indicated. Whole casein from bulk
milk is added as a reference; the unknown component X herein is referred to in the text.

lyacrylamide gel electrophoresis and amino acid analysis (results not shown). We
found this component in several whole caseins from bulk milk, although in different
amounts. Re-chromatography of the isolated component under the same conditions
(see Experimental) showed a single peak at its original position, so that its designation
as some aggregated form of BCN can be excluded. It could be a still unidentified JCN
variant [41]. '

The RP-HPLC separation of ala-B, fLg-A and BLg-B is well documented
[29,32,33]. It generally concerns purified whey proteins or total whey protein prep-
arations. However, identification and phenotyping of these proteins in combination
with the caseins directly in milk could be desirable. We have achieved this by analys-
ing samples of skim milk clarified in a buffer containing urea, ME and sodium citrate
(for details see Experimental). The RP-HPLC pattern of a total milk protein fraction
is shown in Fig. 4. It also shows the pdtterns of the casein and whey protein fractions
isolated from the same milk, together with a pattern of cheese whey, in which the
main whey proteins and also GMP-A and GMP-B can be observed. In the total milk
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Fig. 4. RP-HPLC patterns of (a) a clarified skim milk sample and of (b) whole casein and (c) acid whey
prepared from the same milk. A pattern of a cheese whey has also been added (d).

protein pattern the casein variants can be clearly distinguished from the whey pro-
teins except SCN-B, which is largely obscured by aLa-B, the latter being the only aLa
variant found in milk from western cattle [40]. The buffer used to clarify the milk
sample contained ME to obtain an optimum separation in the kCN and o, CN region
of the RP-HPLC pattern. However, this ME-containing clarification buffer tends to
deform the fLg peaks in the RP-HPLC pattern, giving rise to small peaks between
those of the A and B variants (see Fig. 4, trace a). The minor component immediately
following the fLg-A peak appears exclusively in the presence of urea in the reaction
mixture at pH 7 and could be avoided by using deionized urea (not done in this
study). In the whey protein fractions not treated with ME/urea at pH 7 (Fig. 4, traces
¢ and d) such additional peaks are absent. The «La-B component seems to be much
less subject to deformation by mild ME treatment, probably because of its more
compact globular character. Altogether, this means that proper quantification of
" separate fLg A and B variants from patterns as shown in Fig. 4, trace a, is difficult as
it is unknown to which of the variants, if both are present, the intermediate peaks
should be assigned. The peak of fLg-B can be sharpened by shortening the “‘hold”
period of 12 min in the gradient programme (see Experimental). In that case, how-
ever, ME-generated peaks between the A and B variants remain largely hidden.

In principle, the RP-HPLC method lends itself better to quantification of milk
protein genetic variants than do electrophoretic methods, because when using the
latter procedures problems with quantitative staining may arise. On the other hand,
with electrophoretic methods many samples can be handled simultaneously. There-
fore, RP-HPLC and electrophoresis or isoelectric focusing may be used as comple-
mentary techniques. In Fig. 5 the relationships between RP-HPLC peak areas and
concentrations of various isolated casein components (A) and whey proteins (B) are
shown. For caseins reasonable linearity was obtained in the concentration range
investigated (Fig. SA). However, the linear a,,CN curve did not pass through the
origin (result not shown), owing to a “memory effect” observed with a,,CN on the
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Fig. 5. Relationship between RP-HPLC peak area(s) and amount of milk protein samples injected. (A)
Casein components (open and closed symbols represent two independent experiments); (B) whey proteins.

column used. Of the whey proteins, both fLg and aLa show satisfactory linearity
with a significantly higher slope observed for aLa (Fig. 5B). To minimize experi-
mental variations, proper standards should be included in each series of analyses.
Quantification of RP-HPLC patterns of skim milks after clarification gave problems
with fLg, owing to the effect of ME described above; in that case an additional run
with a clarified, non-reduced milk sample should provide the analytical data for fLg.
The quantitative aspects of the method are being investigated further.

CONCLUSIONS

With the RP-HPLC method described, separation can be achieved between (in
order of increasing retention time) carbohydrate-rich kCN-A + -B, carbohydrate-
free kCN-A, carbohydrate-free k<CN-B, 0,;CN-A, a,;CN-A, a,;CN-B/C, a,; CN-D,
BCN-B, BCN-C/A’, BCN-A? and BCN-A3. In addition, the products of kCN cleav-
age by the milk-clotting enzyme chymosin (i.e., GMP-A, GMP-B and para-xCN) can
be distinguished from each other and from the above-mentioned casein components.
When the whey proteins «La and fLg are also included in the mixture (for instance,
by injecting diluted, clarified skim milk), the fLg A and B variants can be observed
separately from the caseins, whereas aLa-B co-elutes with the less common B variant
of SCN.

Except for a,,CN, quantification should be possible provided that precautions
are taken, such as inclusion of standards in each series of analyses and standardiza-
tion of the experimental conditions.
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ABSTRACT

Two reversed-phase high-performance liquid chromatographic (RP-HPLC) systems were developed
for the separation of human insulin, proinsulin and the major proinsulin intermediates. The individual
components were quantified using two enzyme-linked immunosorbent assays for insulin and proinsulin
immunore-active material (PIM) after (passive) evaporation of the organic modifier. Serum samples from
normal subjects and patients with non-insulin-dependent diabetes mellitus were immunopurified and ana-
lysed in one of the RP-HPLC systems. The proportion of PIM relative to insulin immunoreactive material
was higher in the diabetic patient compared with that in the normal subject. In both, PIM was hetero-
geneous, consisting of intact proinsulin and des-proinsulin intermediates.

INTRODUCTION

The insulin precursor proinsulin is converted by specific enzymes in the f-cell
secretory granules to insulin via several intermediate forms [1]: two trypsin-like en-
zymes cleave next to the paired basic amino acids in positions 31-32 and 64-65,
respectively [2], followed by removal of the basic residues by carboxypeptidase H [3].

Elevated amounts of proinsulin immunoreactive material (PIM) in serum have
been described in various conditions and diseases [4-7], including non-insulin-de-
pendent diabetes mellitus (NIDDM) [8-10], and could be an indication of altered
B-cell function. The extent to which the proinsulin intermediate forms exist together
with intact proinsulin in serum is not known.

In order to determine the composition of PIM in serum samples, a method for
the specific determination of proinsulin and all the individual conversion intermedi-
ates is required. As it is difficult to develop site-specific immunoassays that can dis-
tinguish between the small structural differences in the various proinsulin conversion
products (Fig. 1), the aim of this study was to develop reversed-phase high-perform-
ance liquid chromatographic (RP-HPLC) methods capable of separating insulin,

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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proinsulin and the four major proinsulin intermediates. The individual fractions ob-
tained after RP-HPLC were analysed in two enzyme-linked immunosorbent assays
(ELISAs) for the determination of insulin [11] and PIM [12], and this paper reports
such analyses of serum samples from normal subjects and NIDDM patients using one
of the optimized RP-HPLC systems.

EXPERIMENTAL

Reagents

Trifluoroacetic acid (TFA) (peptide synthesis grade) was obtained from Ap-
plied Biosystems, phosphoric acid (analytical-reagent grade) from Merck, ammoni-
um sulphate (Aristar) from BDH, triethylamine (99%) from Janssen Chimica and
acetonitrile (HPLC grade S) from Rathburn Chemicals. All other chemicals were of
analytical-reagent grade. Distilled water was obtained from a Millipore Milli-Q sys-
tem, and all buffers were filtered (0.45 um, Millipore) and vacuum/ultrasound de-
gassed before use.

HPLC equipment ,

The HPLC system consisted of two Waters Assoc. Model M510 pumps, a
Model 660 solvent programmer, a Model U6K injector, a Linear UVIS 200 detector
and an LKB Model 2210 one-channel recorder.

HPLC columns

Nucleosil 100-5Cy5 (5 um), 250 x 4.0 mm LD., and 300-5C, (5 um), 250 x 4.0
mm [.D. and 30 x 4.0 mm I.D., columns were obtained from Macherey-Nagel & Co.,
a LiChrosorb RP-18 (5 um), 250 x 4.0 mm L.D., column from Merck and a Zorbax
Protein Plus (6 um), 250 x 4.6 mm L.D., column from DuPont.

HPLC conditions

The following mobile phases were used: 0.1% TFA (pH 2.0), 0.125 M triethyl-
ammonium phosphate (TEAP) (pH 4.0) and 0.125 M ammonium sulphate (AS) (pH
4.0), all in acetonitrile (ACN). The columns were eluted at ambient temperature at 1.0
ml/min with shallow linear acetonitrile gradients ranging from 1.2% to 6% during 60
min. The column eluate was monitored at 210 nm and collected in 0.5-min fractions
in a FRAC 300 fraction collector (Pharmacia).

ELISA analyses

To avoid non-specific adsorption to the tubes, 50 ul of 0.04 M sodium phos-
phate (pH 7.4) containing 6% of human serum albumin (HSA) and 0.1% Tween 20
were added to each tube prior to the collection of fractions. After (passive) evap-
oration of acetonitrile overnight at room temperature, the fractions were compatible
with the ELISA assays performed as described [11,12}. The standard operating range
was 0-400 pmol/l for insulin and 0-80 pmol/1 for proinsulin. Detection limits were 2.5
and 1.2 pmol/l, respectively.

Standards
Human proinsulin (Lot A18-TS9-16) and the four major proinsulin intermedi-
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ate standards, des(31,32)HPI (Lot A18-7W8-1), des(64,65)HPI (Lot A18-7W8-2),
split(32-33)HPI (Lot A18-JC5-96) and split(65-66)HPI (Lot A18-JC5-92), were
kindly donated by B. H. Frank (Lilly Research Labs.). Human insulin was obtained
from Novo Nordisk. The standards were dissolved to give 0.1 mg/ml concentrations
in 3 M acetic acid containing 0.1% HSA before the RP-HPLC analyses. Mono-[1251-
(TyrAl4)]-porcine insulin obtained from Novo Nordisk and [*H-Leu]proinsulin (rat)
prepared as described [13] were used for recovery determinations.

Serum sample preparation

Owing to the low PIM concentration in serum, the samples (10 ml) from fasting
normal humans (control) and fasting NIDDM patients were transferred to empty 10
X 1.5 cm LD. siliconized Econo-Columns (Bio-Rad Labs.) followed by 200 ul of a
guinea-pig anti-insulin immunobead slurry containing excess immunobinding capac-
ity in relation to the sample. The columns were closed and rotated overnight at 4°C.
The serum was then drained off, the immunobeads were washed with distilled water
and subsequently insulin, proinsulin and intermediates were recovered after addition
0f 400 ul of 1 M acetic acid-30% ACN (15 min at 4°C), this procedure being repeated
twice. The combined acetic acid—~ACN solutions were lyophilized, redissolved in 200
pl of 3 M acetic acid—0.1% HSA and centrifuged prior to RP-HPLC analysis (corre-
sponding to a 50-fold concentration).

RESULTS

A sample containing human insulin, proinsulin and the four major proinsulin
intermediates (see Fig. 1) was analysed using different stationary-mobile phase com-
binations in order to obtain a satisfactory (baseline) separation of all the components.
As mobile phases, TFA-ACN and also TEAP and AS in ACN, previously shown to
be excellent for insulin—proinsulin separations [14], were applied. The results are
summarized in Table I, from which it can be seen that only two systems were able to
fulfil this demand. Representative chromatograms using LiChrosorb RP-18-AS—
ACN and Nucleosil 300-5C4-TFA-ACN are shown in Figs. 2 and 3, respectively.

The ELISA determinations and the UV trace for the RP-HPLC-separated com-
ponents in a sample containing | pg of insulin, proinsulin and each of the four
intermediates using the Nucleosil-TFA-ACN system are shown in Fig. 4. Insulin
ELISA was performed on fractions 1-45 and proinsulin ELISA on fractions 46—120.

The Nucleosil-TFA-ACN system was chosen for the separation of insulin and
PIM in serum samples because guard columns packed with the same stationary phase
are available and probably necessary in order to protect the separation column from
harsh serum constituents and thus extend the column lifetime. Further, the deleteri-
ous effect of the corrosive salt used in the alternative system was avoided.

Examples of the application of this RP-HPLC analysis to serum samples from a
normal subject (control) and a NIDDM patient are shown in Fig. 5. In Fig. 6 the
proinsulin ELISA values are shown from a selected range of fractions with an exten-
ded concentration scale in order to reveal minor peaks.

To avoid cross-contamination from sample to sample and also from standards
run between samples to verify the positions of the individual components by the UV
signal, the Hamilton syringe used for injection of the sample was rinsed at least three
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TABLE I

RP-HPLC SEPARATIONS OF INSULIN, PROINSULIN AND THE FOUR PROINSULIN INTER-
MEDIATES

Stationary phase Mobile phase

0.1% TFA-ACN 0.125 M TEAP 0.125 M AS
(pH 2.0) (pH 4.0)-ACN ~ (pH 4.0)-ACN
LiChrosorb RP-18  Irreversible binding of One intermediate eluted  Baseline separation of
insulin and proinsulin with proinsulin all components
Nucleosil 100-5C,;  Irreversible binding of Two intermediates eluted
insulin and proinsulin with proinsulin

Nucleosil 300-5C,  Baseline separation of
all components

Zorbax Protein Plus  One des-proinsulin eluted
with proinsulin

times with 3 M acetic acid—0.1% HSA before each injection. ELISA of the fractions
collected after injection of 200 ul of 3 M acetic acid—0.1% HSA after such a rinsing
procedure showed no content of insulin and PIM.

As HSA and other hydrophobic proteins from the serum samples will bind to
the stationary phase with the optimized shallow acetonitrile gradient used in this
separation (maximum 32% acetonitrile), the column was eluted for 15 min with 60%
acetonitrile after each analysis.

In order to confirm the retention times of the serum PIM, a standard containing
insulin and HPI was analysed before and after each serum sample. Further, a mixture

of the four intermediates was analysed within each batch of column and mobile
phase.
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Fig. 2. RP-HPLC separation of human insulin (ca. [ pg), proinsulin (HPL, ca. 2 ug) and the four proinsulin
intermediates (ca. 1 ug of each) using a LiChrosorb RP-18 column eluted at 1.0 ml/min with a linear
acetonitrile gradient (29.4 to 33.6%) in 0.125 M ammonium sulphate (AS) (pH 4.0) during 60 min.
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Fig. 5. RP-HPLC of immunoaffinity-purified serum from a normal human (control) and a NIDDM patient
(upper and lower curve, respectively) using a Nucleosil 300-5C, column as described in Fig. 3. Insulin and

proinsulin ELISA as in Fig. 4. The proinsulin ELISA results for fractions 46-100 are shown with an
extended scale in Fig. 6.

The recovery of insulin and proinsulin after RP-HPLC of picogram to na-
nogram amounts was evaluated using radioactively labelled insulin (mono-[*2°I-
(TyrAl4]-insulin) and proinsulin ([*H-Leu]proinsulin) as samples. The recoveries
(amount of radioactivity collected relative to the radioactivity injected) were found to
be in the range 99-105%.
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Fig. 6. Proinsulin ELISA of fractions 46-100 (see Fig. 5) corresponding to serum samples from a normal
human (control) (upper curve) and a NIDDM patient (lower curve).

DISCUSSION

There have been few reports of RP-HPLC separations of insulin, proinsulin
and proinsulin intermediates [3,15], whereas several immunological methods for the
determination of proinsulin and proinsulin intermediates in plasma and serum have
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been published [10,16-19]. Various degrees of cross-reactivity confuse these results
and all individual intermediates have never been determined directly.

We evaluated the use of several stationary-mobile phase combinations in order
to obtain the desired separation. From Table I it can be concluded that TFA-ACN in
combination with a Nucleosil C, column was able to separate all six components
(Fig. 3). The two C,g columns showed irreversible binding of insulin and proinsulin
with this mobile phase (as previously described in ref. 20) and were thus unsuitable.
Neither of the two C,g stationary phases eluted with TEAP-ACN was able to sep-
arate all the components, whereas one of these columns gave a baseline separation of
all six components when AS-ACN was used as the mobile phase (Fig. 2).

By comparison of the separation patterns shown in Figs. 2 and 3, it can be
concluded that the selectivities of the two stationary—mobile phase combinations
were very different, resulting in altered elution orders of the proinsulin and proinsulin
intermediates. A change in selectivity was also observed using the same stationary
phase (LiChrosorb RP-18) with AS-ACN at different pH values. At pH 4.0 all com-
ponents were baseline separated, whereas the two split-proinsulins were found to
co-elute and des(64,65)HPI eluted later than proinsulin at pH 3.0 (data not shown).

Further differences from the elution orders shown in Figs. 2 and 3 were found
when an Ultrasphere C,5 column was eluted with 100 mAM phosphoric acid-12 mM
triethylamine—50 mM sodium perchlorate (pH 3.0) in shallow acetonitrile gradients
during 100 min [15] and when a LiChrosorb RP-18 column was eluted with 50 mAM
phosphoric acid-100 mM sodium perchlorate-10 mA/ heptanesulphonic acid (pH
3.0) in a shallow acetonitrile gradient [3]. These results clearly show the versatility of
RP-HPLC and the need for careful optimization of both the stationary and mobile
phases.

The insulin and proinsulin ELISA determinations in the fractions collected
from the separation of a mixture of insulin, proinsulin and proinsulin intermediates
using the preferred RP-HPLC system, Nucleosil-TFA-ACN, were comparable to the
UV trace as shown in Fig. 4 (the UV trace in Fig. 3 was obtained with a different
batch of Nucleosil stationary phase, showing that batch-to-batch variations might
occur).

The system was subsequently used to measure the content of insulin and PIM in
serum from controls and NIDDM patients. Representative examples are shown in
Figs. 5 and 6. Compared with a control (Fig. 5, upper curve), the NIDDM serum
(Fig. 5, lower curve) showed a higher proportion of PIM (the minor peaks eluted
around fractions 60-80) relative to insulin immunoreactive material. The PIM was
shown to be heterogeneous (Fig. 6) in both categories, consisting of intact proinsulin
and des-proinsulin intermediates. Their identities were deduced by comparison with
the retention times of insulin, HPI and the four intermediates, as analysed before and
after the actual serum sample.

Proinsulin in human serum has previously been reported to be heterogeneous
[16-19], although intact proinsulin infused intravenously in diabetic subjects reveals
less than 1% proteolytic degradation and when infused subcutaneously revealed 4-
11% processing [15], the main product being des(31,32)HPI. The primarily detected
proinsulin intermediate in human serum is reported to be the split(32-33)HPI
[10,19,21]. This does not necessarily conflict with our finding of the des-HPI forms in
serum, as the immunological methods do not distinguish between the split- and des-
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forms. The RP-HPLC analyses of the individual split-HPI standards showed no
transformation to the corresponding des-HPI forms during chromatography (data
not shown). Further investigations on this aspect are in progress.

The recovery of insulin and proinsulin after RP-HPLC was found to be quanti-
tative. As radiolabelled proinsulin intermediates were not available, their recoveries
could not be determined as such; however, as their hydrophobicities and molecular
weights are very similar to those of proinsulin, their recoveries would be expected to

be similar. The recovery in the immunoaffinity purification step has yet to be evaluat-
ed.

In conclusion, we have developed two rapid (60 min) RP-HPLC methods for
the baselin separation of insulin, proinsulin and the four major proinsulin intermedi-
ates. One of the methods (with Nucleosi-TFA-ACN) will be used for future eval-
uations of the insulin and PIM composition in serum from different patient categories
in order to obtain information on possible changes in g-cell function.
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ABSTRACT

An acrylamido buffer for isoelectric focusing in immobilized pH gradients, 1-acryloyl-4-methylpipe-
razine (pK = 6.85 at 25°C), was synthesized. As it is a disubstituted amide, it was thought that it would be
much more resistant to alkaline hydrolysis. In reality, it degraded rapidly in 0.1 M sodium hydroxide
solution at 70°C (86% in 6 h). Therefore, the stability of Immobiline buffers of pK 9.3, 8.5, 7.0 and 6.2 was
investigated. Under the same hydrolysis conditions, the degradation was 11%, 22%, 26% and 34%, in
order of decreasing pK values. The kinetics of degradation were monitored by capillary zone electrophore-
sis in 0.1 M borate buffer (pH 9). The decrease of the main Immobiline peak and the appearance of its
hydrolytic products, acrylic acid and a diamine, could be easily measured. The following general rules were
derived: when the nitrogen engaged in the amido bond is inserted into a cyclic structure (e.g., 1-acryloyl-4-
methylpiperazine) there is very little protection against hydrolysis; and conversely, when this nitrogen
carries flexible, fairly long substituents (4-5 atoms long) much stronger shielding and protection of the
amido bond can be obtained. These findings helped in designing new acrylamido derivatives strongly
resistant to chemical degradation.

INTRODUCTION

Isolectric focusing (IEF) in immobilized pH gradients (IPGs) represents per-
haps the most powerful development in electrokinetic separations, with an unrivalled
resolving power and a very high load ability in preparative runs [1]. The power and
precision of IPG rely on the quality of the buffers used to generate and maintain the
pH gradient in the electric field. Unlike conventional IEF, where the pH gradient is
obtained by electrophoretic sorting of a large number of soluble amphoteric buffers,
called carrier ampholytes [2], the IPG technique uses a set of a few, well defined
chemicals available commercially as crystalline powders or liquids. We have recently

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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decoded the structures and given the formulae of acidic [3] and basic [4] Immobiline
chemicals. In addition, we have proposed over the years a number of additional
compounds for expanding the fractionation ability of IPGs: both more acidic [5,6]
and more alkaline [7] compounds have been produced in our laboratory. We have
also synthesized analogues of the weakest Immobiline bases (the morpholine deriv-
atives, with pK values of 6.2 and 7.0) : by introducing a thiomorpholino ring, the pK
values of these compounds were increased to 6.6 and 7.4, respectively, thus offering
additional species buffering around neutrality, i.e., in a region which normally lacks
suitable buffering groups and where the bulk water conductivity reaches a minimum
[8]. A new hydrophilic Immobiline with a pK of 8.05 has also been synthesized recent-
ly, in order to close the gap in the pH 7.0-8.5 region [9]. Hence, the family of acryl-
amide buffers is expanding: we have now described fourteen monoprotic compounds
and there is a report on a biprotic species, itaconic acid [10]. Nevertheless, we have
continued the search for new chemicals, especially for compounds buffering around
neutrality, so as to increase the versatility and flexibility of the IPG technique.

We report here the synthesis of a new weakly basic acrylamide buffer, l-acryl-
oyl-4-methylpiperazine (AMPip), with pK = 6.85 (at 25°C). This compounds was
chosen because it has a disubstituted amido group, in the hope that it would show a
high stability against alkaline hydrolysis. These expectations, although in line with
current chemical understanding, proved to be fallacious: AMPip turned out to be the
most unstable of all alkaline Immobiline chemicals synthesized so far. In an attempt
to understand this phenomenon, we reinvestigated the hydrolysis kinetics of the most
common Immobiline species available, i.e., those with pK = 9.3, 8.5, 7.0 and 6.2. The
results contributed to the understanding of the mechanism of their degradation and
to the formulation of future, highly stable chemicals.

EXPERIMENTAL

Commercial Immobilines, Repel- and Bind-silane, Gel Bond PAG, the Mul-
tiphor IT chamber, Multitemp thermostat, the Macrodrive power supply and Phar-
malyte carrier ampholytes (pH 7-9) were purchased from Pharmacia—LK B Biotech-
nology (Bromma, Sweden). Non-commercial acrylamido weak acids and bases were
synthesized as reported [5-9]. Acrylamide, N,N’-methylenebisacrylamide (Bis),
TEMED, ammonium persulphate and Coomassie Brilliant Blue were obtained from
Bio-Rad Labs. (Richmond, CA, USA). 1-Acryloyl-4-methylpiperazine (AMPip) and
acryloylmorpholine (AMorph) were a gift from Dr. M. C. Tanzi (Institute of Organic
Chemistry, School of Engineering, Milan, Italy). Acrylic acid was from Fluka and
was distilled just prior to use. AMPip was synthesized and purified as described [11y;
the synthesis of AMorph has been reported by Artoni et al. [12]. Horse heart myoglo-
bin was purchased from Sigma (St. Louis, MO, USA) and haemoglobin mutants were
a gift from Dr. A. Mosca (University of Milan, Milan, Italy). Mandelic acid, used as
an internal standard in capillary zone electrophoresis (CZE) runs, was purchased
from Aldrich (Steinheim, Germany).

Alkaline hydrolysis )
All acrylamide derivatives and Immobiline buffers were dissolved (10 mM each)
in 0.1 M sodium hydroxide solution and incubated at 70°C, under a nitrogen atmo-
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sphere, for up to 6 h. At hourly intervals aliquots were collected and diluted in 0.1 M
borate buffer (pH 9.0) to 2.5 mM. Mandelic acid (2.50 mM) was then added, followed
by CZE analysis.

Capillary zone electrophoresis

CZE was performed in a Beckman (Palo Alto, CA, USA) instrument (P/ACE
System 2000) equipped with a 50 cm x 75 um L.D. capillary. All runs were performed
at 25°C in a thermostated environment in 0.1 M borate (pH 9.0). In all instances the
migration direction was toward the negative electrode, which means that the acidic
species (acrylic and mandelic acid) are transported there by electroosmosis, as they
migrate electrophoretically toward the positive electrode. The sample was injected in
the capillary by pressure, usually for 10 s. The calibration graph for each acrylamido
derivative analysed was constructed with the Beckman Gold integration system, with
the concentration points 0.25, 0.50, 1.00, 1.25, 2.00, 2.50 and 3.50 mM. In each run
mandelic acid (2.50 mM) was used as an internal standard.

Thin-layer chromatography (TLC)

TLC was performed on silica gel 60F ;54 plates from Merck using chloroformA
methanol (7:3, v/v) as eluent. The spots were revealed either with 3.5% molybdophos-
phoric acid in ethanol or with nihydrin. The reaction products formed during alkaline
hydrolysis were analysed every 2 h and after prior extraction in chloroform.

Column chromatography

As all monosubstituted acrylamide buffers revealed, after hydrolysis, in addi-
tion to two major components (acrylic acid and diamine) a small, unidentified peak,
preparative purification of this unknown compound was attempted. A 1-g amount of
pK 6.2 Immobiline (2-morpholinoethylacrylamide, as a representative compound)
was hydrolysed at 70°C for 6 h and then extracted with chloroform. The 400 mg
recovered were purified on a silica gel column (Merck 60, 230-400 mesh) with a ratio
1:80 (w/w) of product to silica gel [elution system chloroform—methanol-water
(15:10:2, v/v/v)]. A 40-mg amount of the unknown product (see spot 3 in Fig. 3) was
recovered and analysed by NMR and IR spectrometry.

NMR spectrometry

The unknown degradation product of the pK 6.2 Immobiline (see spot 3 in Fig.
3) was purified and subjected to NMR spectrometry. NMR analyses were carried out
for solutions in [*H]chloroform, C2HCl; using tetramethylsilane (TMS) as internal
standard, with a Model AM-500 (at 500 MHz, for 'H) and an AC-200 (at 50.3 MHz,
for 3C) NMR spectrometer (Bruker, Rheinstetter, Germany). The ‘H and '*C
NMR spectra lacked signals for olefinic function. The presence of the CONH func-
tion was shown in an IR spectrum (a band at 1670 cm ™ !), in an **C NMR spectrum
(6 170 ppm for CO) and in a *H spectrum, due to the presence of a quartet at § =
3.345 ppm; the value of § was as expected for a methylene group linked to an amide
function (in the diamine precursor the corresponding signal was at 6 = 2.7 ppm).
After exchange of mobile NH hydrogen with deuterium oxide, the signal was trans-
formed to a triplet (/ = 6.4 Hz, due to the vicinal coupling with a CH,). The 'H
NMR spectrum (with exclusion of 2 mobile hydrogens) showed only three groups of
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signals: the first at 6 3.75-3.65 ppm (6H), the second at 3.345 (2H) and a third at
2.5-2.42 ppm (8H). A two-dimensional *H homonuclear shift correlation experiment
(COSY) showed that the CH,NHCO signal at § = 3.345 ppm is coupled with a signal
in the third group (centred at 2.48 ppm) and that the two parts of the first group of
signals (centred at 3.73 and 3.68 ppm) are coupled with signals in the third group
(centred at 2.48 ppm). These findings suggest the following structure, due to a nucleo-
philic addition of water to the conjugated double bond of the acrylamide moiety:

HOCH, CH, CONHCH, CH,N 0

The first group (6 = 3.75-3.65 ppm) is due to the primary alcoholic methylene and
the morpholino CH,-O-CH, groups, whereas the third group is due to the three
methylenes of the tertiary amine function and to the CH,CO group.

Isoelectric focusing in immobilized pH gradients

IEF in IPGs was performed in a T4%, C4% polyacrylamide gel” in the pH
range 6.5-8.5. The recipe for this IPG interval, utilizing the commercially available
Immobilines, was as given by Gianazza et al. [13], whereas the corresponding recipe
for the same pH interval utilizing the new acrylamide buffer (pK 6.85) instead of the
pK 7.0 Immobiline was as follows (in pul of 0.2 M Immobiline solutions per 15 ml of

gel):

pH 6.5 pK pH 8.5
380 wd 3.6 94 ul
138 ul 6.2 76 ul

92 ul 6.85 139 ul
269 ul 8.5 181 ul

The gel, after polymerization, washing and drying [1], was reswollen in 0.5%
Pharmalyte (pH 6-8). Protein samples (20 ug each) were applied at the anodic gel
side. The run was for 2 h at 400 V, followed by 4 h at 2000 V, 10°C. The gels were
stained with Coomassie Brilliant Blue R-250 in Cu2*

Synthesis of 1-acryloyl-4-methylpiperazine (AMPip)

AMPip was synthesized according to Barbucci e al. [11], modified as follows: 5
£ (0.05 mol, 5.5 ml) of N-methylpiperazine were dissolved in anhydrous toluene and
added dropwise to an acryloyl chloride solution (5.6 mol, 0.07 ) in 40 ml of the same
solvent, at 0°C. A white precipitate was recovered by filtration. After suspending the
precipitate in chloroform, 6.8 g (0.05 mol) of K,CO3 were added with stirring for 20
min. After eliminating precipitated salts by filtration and solvent evaporation, 2.0 gof
product were recovered. This material was purified on a silica gel column (1:30 ratio
of product to silica) and cluted with chloroform-methanol (9:1, v/v). The yield of
purified product was 30% (1.5 g).

¢ C = gBis/%T; T = gacrylamide + g Bis per 100 ml of solution.
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Potentiometric titration

The new acrylamide buffer (AMPip) was titrated manually under nitrogen at
25°C. A 10-ml volume of a 10 mM AMPip solution was titrated with 10 ml of 10 mAM/
hydrochloric acid. The pK value was independently assessed also by measuring the
pH of a 2:1 molar solution of AMPip-titrant, which, by definition, should correspond
to its pK value. The pK value was found to vary as a function of temperature as
follows: 25, 20, 15 and 10°C, pK = 6.85, 6.88, 6.90 and 6.93, respectively.

RESULTS

Fig. 1 shows the titration curve for the synthesized weakly basic acrylamide
buffer: it has a pK of 6.85 at 25°C, which is very close to that of the commercial
Immobiline of pK 7.0 (3-morpholinopropylacrylamide). When this new compound
was substituted, in an IPG pH 6.5-8.5 interval, for the pK 7.0 species, the two gels
exhibited essentially identical protein patterns (Fig. 2), indicating that the two weakly
basic acrylamide buffers are interchangeable. The reason why we synthesized this new
compound, however, was in the hope of obtaining a highly stable derivative, resistant
to alkaline hydrolysis, as AMPip is a disubstituted amide. It is well know that hydro-
lytic stability increases in the order acrylamide < methacrylamide < N-substituted
acrylamide < N-substituted methacrylamide < N,N-disubstituted acrylamide [14].
In addition, we had previously reported the hydrolysis kinetics of alkaline Immobi-
line buffers and found them to be unstable [15] (they are all monosubstituted amides).
Much to our surprise, however, when we performed some preliminary hydrolysis
experiments, we found that AMPip degraded rapidly.

We therefore decided to study the degradation kinetics of all alkaline Immobi-
line buffers (pK 9.3, N,N-dimethylaminopropylacrylamide; pK 8.5, N,N-dimethyl-
aminoethylacrylamide; pK 7.0, 3-morpholinopropylacrylamide; and pK 6.2, 2-mor-
pholinoethylacrylamide) and of a neutral monomer (4-acryloylmorpholine), in the
hope of elucidating the mechanism of their proneness or resistance to hydrolysis.

9
1-AcryloyHemethylpiperazine

pH

84

74

4
pK 6.85

6 (25°C)

5

4 T T T 1

2 4 6 8 10
ml 10mM HCI

Fig. 1. Titration curve of 1-acryloyl-4-methylpiperazine. A 10-ml aliquot of a 10 mM solution of AMPip
was titrated with 10 ml of 10 mM HCl at 25°C under a nitrogen atmosphere. The pK value was determined
to be 6.85.
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1-Acryloyl—4—methylpiperazine

Sehe IPG PH65-8.5
pPK- y L

Fig. 2. Analytical IEF gel in the IPG pH 6.5-8.5 interval. The gel was a T4%, C4% polyacrylamide matrix,
reswollen in 0.5% Pharmalyte (pH 6-8). Left, formulation containing the pK 6.85 chemical; right, recipe
with the pK 7.0 Immobiline buffer (control, Ctrl.). Samples: 1 = horse myoglobin; 2 = haemoglobin A/S;
3 = hemoglobin A/lepore; 4 = hemoglobin A/C; 5 = hemoglobin A/S Paris. All samples loaded in a 20-ug
amount at the anodic gel side. Run: 2 h at 400 V followed by 4 h at 2000 V. Stain: Coomassie Brilliant Blue
R-250 in Cu?*.

As an example of what happens to these chemicals on alkaline attack, Fig. 3
shows the TLC pattern of the pK 6.2 Immobiline before and after extended hydroly-
sis. The two main hydrolytic products are spots 1 (the diamine) and 2 (acrylic acid),
i.e., the two precursors used to synthesize the acrylamide derivative. There was a
third, unidentified spot (No. 3), which we purified on a preparative scale and sub-
jected to NMR analysis. The results of structural investigation suggested this to be
the pK 6.2 species non-hydrolysed, but with a molecule of water added to the double
bond (see Discussion). This latter compound represents a small percentage of the
total hydrolytic products, so this degradation pathway is decidedly a minor one. All
of the acrylamido buffers analysed showed the formation of the same type of degra-
dation products.

CZE was instrumental in assessing the identity of the hydrolytic products and
quantifying them. Fig. 4 shows a representative CZE run of (A) a control and (B) an
extensively hydrolysed sample of 4-acryloylmorpholine, a neutral acrylamide mono-
mer possessing a disubstituted amido group. It is seen that no acrylic acid is present in
the control; at the end of the 6-h hydrolysis period, the monomer peak has greatly
diminished and a large peak of acrylic acid has appeared. In all runs, mandelic acid
(2.5 mM) was added to each sample as an internal standard for quantification pur-
poses. The CZE pattern is representative of all the runs performed with all the chem-
icals investigated. After analysing all samples in CZE, we could construct curves
representing the degradation kinetics of each species.
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Fig. 3. TLC of the pK 6.2 Immobiline before and after degradation. TLC was performed on silica gel
60F, , plates using chloroform-methanol (7:3, v/v) as eluent. Samples (from left to right): A = control,
undegraded pK 6.2; B = pK 6.2 after 6-h hydrolysis (at 70°C in 0.1 M NaOH); C and D = purified spot
No. 3 (in two different degrees of purification). Spots: 1 = diamine; 2 = acrylic acid; 3 = unidentified
product; 4 = undegraded pK 6.2 Immobiline. The vertical arrow indicates the migration direction of the
eluent.

Fig. 5 shows the destruction rate of two such species, the neutral monomer
4-acryloylmorpholine and the charged species 1-acryloyl-4-methylpiperazine. Even
though they both contain a disubstituted amide, they were found to degrade exten-
sively (86%). Conversely, when the pK 9.3 and 8.5 Immobilines were subjected to the
same hydrolysis conditions (70°C, 0.1 M NaOH, up to 6 h), much reduced degrada-
tion rates were observed (Fig. 6): only 11% for the pK 9.3 Immobiline and 22% for
the pK 8.5 Immobiline. The last two compounds investigated, the pK 7.0 and 6.2
Immobilines (both containing a morpholino ring at different distances from the
amide bond), were found to have intermediate degradation kinetics with degrada-
tions of 26% and 34%, respectively (Fig. 7).

The data on the degradation kinetics of all the species investigated (five charged
and one neutral monomer) are shown in the bar graph in Fig. 8, expressed as a
percentage of undegraded compound remaining at the end of a 6-h hydrolysis time. It
is interesting that the four commercial Immobiline have degradation kinetics in-
versely proportional to the pK value.
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DISCUSSION

We have previously performed an extensive investigation on the stability of the
Immobiline buffers used for IEF in IPGs [15], and reported that indeed the alkaline
species would degrade rapidly as a function of pH and temperature. On hydrolysis,
free acrylic acid is produced, which is incorporated into the polyacrylamide gel in-
stead of the original basic compound, resulting in totally offset pH gradients. The
situation became so problematic that an Immobiline IT generation was proposed [16],
by which the alkaline Immobilines were stabilized by dissolving them in n-propanol,
while the acidic species were prepared as 0.2 M solutions in water containing traces of
inhibitor. Simultaneously, we found other degradation pathways, namely autopoly-
merization on storage to oligomers and n-mers [17] and oxidation during the poly-
merization process by persulphate to produce N-oxides [18]. All of these problems,
connected with the alkaline Immobiline buffers, spurred us to search for suitable
acrylamido weak bases, resistant to hydrolysis. Disubstituted amides were deemed to
be suitable compounds, as it is amply documented [14] that such compounds are
stable, probably because the two substituents on the nitrogen engaged in the amido
bond sterically protect the latter against reactants approaching the plane of the
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Fig. 4. Representative CZE run for analysis of Immobiline hydrolytic products. CZE run in a Beckmann
P/ACE 2000 with a 50 cm x 75 um 1.D. capillary. Run at 15 kV, 25°C in 0.1 M borate buffer (pH 9). All
migrations toward the cathode. Detection at 214 nm. Mandelic acid (2.5 mM) was used in all runs as an
internal standard. (A) Control; (B) after 6 h of hydrolysis. Sample injected: 4-acryloylmorpholine.

amide. As it turned out from our data, the only two disubstituted amides we had
available (AMorph and AMPip) were, on the contrary, extensively degraded, in fact
almost completely destroyed in a 6-h period at 70°C in 0.1 M NaOH. Conversely, all
other acrylamide buffers (with pK values 0f 9.3, 8.5, 7.0 and 6.2) showed only moder-
ate to medium degradation, even though they are all monosubstituted amides.

While we agree with the general knowledge on the stability of disubstituted
amides, it is clear from our results that there are other, more subtle mechanisms
governing such stability. On the basis of our data, and of the known structures of the
acrylamide derivatives, we derived the following rules:

(a) to afford protection of the amide bond, the most important parameter is not
the degree of substitution in the nitrogen engaged in the amido plane (primary sec-
ondary or tertiary) but the type of substituent;

(b) in particular, rigid ring structures (as in AMorph and AMPip) are complete-
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Fig. 5. Degradation kinetics of 4-acryloylmorpholine (----) and of 1-acryloyl-4-methylpiperazine ( ).
The quantitative data were obtained from analytical CZE runs as exemplified in Fig. 4. All integrations
done with the Beckman Gold system. Note that here the molarity scale goes from 0 to 2.5 mM; note also
the almost complete destruction of the two chemicals under the hydrolysis conditions (70°C, 0.1 M NaOH).

ly inefficient in protecting the adjacent amide bond, as their rigidity prevents them
from oscillating in the surrounding space and thus shielding the amido plane;

{c) flexible chains bound to the nitrogen of the amido bond are efficient in
protecting the amido plane, as they can oscillate in the surrounding space and shield
the amido group;

214 ——
- ~~o_ PKBS
191 o
174
15 ; : " } : " : ' " : : |
0 60 120 180 240 300 360

Time (minutes)
Fig. 6. Degradation kinetics of the pK 9.3 and 8.5 Immobilines. The quantitative data were obtained from
analytical CZE runs as exemplified in Fig. 4. All integrations were done with the Beckman Gold system.
Note that here the molarity scale goes from 1.5 to 2.5 mM (as opposed to 0 to 2.5 mM in Fig. 5); note also
the very modest destruction of these two chemicals under the hydrolysis conditions used (70°C, 0.1 M
NaOH).
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Fig. 7. Degradation kinetics of the pK 7.0 and 6.2 Immobilines. The quantitative data were obtained from
analytical CZE runs as exemplified in Fig. 4. All integrations were done with the Beckman Gold system.
Note that here the molarity scale goes from 1.5 to 2.5 mM (as opposed to 0 to 2.5 mA{ in Fig. 5); note also
the more extensive destruction of these two chemicals under the hydrolysis conditions used (70°C, 0.1 M
NaOH) compared with those of Fig. 6.

(d) if rigid structures are present in the nitrogen substituents, they should be
removed from the plane of the amido bond: this is why the pK 7.0 Immobiline
(3-morpholinopropylacrylamide) degrades substantially less than the pK 6.2 (2-mor-
pholinoethylacrylamide); v

(e) if a simple, flexible chain is present as a substituent on the nitrogen of the
amido bond, greater protection of the latter is afforded by a longer chain; this is why
the pK 9.3 Immobiline (N,N-dimethylaminoethylacrylamide) is more resistant than
the pK 8.5 (N,N-dimethylaminoethylacrylamide) derivative.

100+

aocap"woasC N

‘pK'S.3 pK8S5 pK7.0 pK6.2 AMPip AMorph

Fig. 8. Summary of the degradation kinetics of the five acrylamido bases and the neutral monomer studied.
The vertical bars represent the amount of undegraded product remaining after 6 h of hydrolysis at 70°C in
0.1 M NaOH. AMorph = 4-acryloylmorpholine; AMPip = l-acryloyl-4-methylpiperazine.
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These general findings have helped us in designing a general strategy for the
synthesis of new monomers that are extremely resistant to chemical attack (their
synthesis will be reported elsewhere). Another finding of great interest is the unknown
reaction product found in all acrylamido derivatives tested (and exemplified in Fig. 3,
spot 3, in the case of the pK 6.2 derivative). After preparative purification and NMR
analysis, it was found to be the product derived from the addition of water to the
acrylic double bond. Given the relatively mild hydrolysis conditions (6 h at 70°C in
0.1 M NaOH) this was unexpected. However, on a literature search, we were able to
locate a few examples of such reaction (nucleophilic attack of water on the carbon—
carbon double bond); e.g., one way of preparing f-hydroxypropionic acid is by the
action of alkali on acrylic acid [19]. Although the extent of conversion is minute, it
opens up new perspectives in the chemistry of acrylamide, certainly the most popular
monomer in the field of biochemical separations.
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ABSTRACT

The use of asymmetrical flow field-flow fractionation for accurate sample characterization requires
good control of side effects which can adversely influence sample retention. Some of these factors are
identified and means to avoid or minimize them are given. The behaviour of a model protein and virus was
investigated. Bad reproducibility of the retention times and peak deformations were traced to incomplete
temperature control and adsorption to the accumulation wall membrane. Good thermostatic control gave
constant retention times because it eliminated temperature variations caused by friction heat produced in
the carrier stream. Rinsing of the channel removed adsorbed species. The mechanism involved in the
adsorption is unknown but the pH of the carrier liquid appears to have an influence. Exceeding the sample
load limit leads to a complex behaviour of peak deformations. This behaviour as well as the load limit is
governed by the choice of buffer and ionic strength of the carrier liquid.

INTRODUCTION

Field-flow fractionation (FFF) is a family of fractionation techniques designed
for macromolecular and particle separation and characterization [1]. The common
characteristic for all of the FFF sub-techniques is the parabolic flow profile which is
created by a carrier liquid being pumped through the open, thin flat channels.
Retention is effected by a field applied perpendicular across the channel. A number of
different fields such as sedimentation, thermal gradient, electrical and crossflow can be
used [2].

Asymmetrical flow FFF is a variant of FFF utilizing a crossflow field [3]. The
crossflow is created as the carrier liquid, that is pumped through the channel, exits
through the porous accumulation wall as well as through the channel outlet. The

“ Present address: Department of Technical Analytical Chemistry, Chemical Center, University of Lund,
P.O. Box 124, S-221 00 Lund, Sweden.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.



394 A. LITZEN, K.-G. WAHLUND

accumulation wall is made up of an ultrafiltration membrane making it possible for the
carrier liquid to permeate the wall while the sample molecules are retained. The
separations obtained are basically size fractionations since they depend on differences
in the diffusion coefficients.

Previous papers [4-6] have reported on improvements in the asymmetrical flow
FFF technique leading to faster and more efficient separations. The improvements
include a downstream central injection technique, thinner channels and a new
trapezoidal channel geometry.

While the construction and design of channels has advanced there is still very
limited knowledge of the behaviour of samples under varying conditions for the
elution. An accurate characterization of a sample, e.g., by its diffusion coefficient, or
after transformation, by its molecular weight or its distribution, requires that sample
retention conforms to retention theory in a predictable way under all conditions used.

Experience gained during the development of the method has indicated a
number of potential error sources such as variations in the retention time and band
broadening during an extended sequence of repeated fractionations. The objective of
the present paper is therefore to describe these problems, identify their origin and
possibly find means to avoid or minimize them. Careful studies revealed that the
problems mentioned often originate in unsuitable experimental conditions which
therefore should be corrected. Without such knowledge attempts to run flow FFF may
result in failures.

The factors studied are temperature effects, adsorption to the accumulation wall
membrane, the reproducibility of measured diffusion coefficients and the influence of
the carrier liquid composition on sample loadability. Some general guidelines for the
optimization of the system will also be given.

Since the diffusion coefficient directly governs the retention time it must be
important to perform separations under constant temperature. This is necessary in
order to keep the diffusion coefficients constant so as to obtain good accuracy and
reproducibility in sample retention and characterization. An increase in temperature
will increase the diffusion coefficient. Repeated sample fractionations performed with
no thermostatic control will be shown to cause gradually decreasing retention times.
This effect will be traced to an increasing channel temperature originating in frictional
heat produced within the system. Good thermostatic control of the equipment is
therefore necessary, at least when using high flow-rates.

One property of the FFF techniques that is often brought forward as an
advantage is the non-existence of a stationary phase. It has been assumed that
difficulties such as surface interactions often associated with the stationary phase in
chromatography may therefore be avoided in FFF. There are, however, numerous
opportunities for the solutes to interact with the channel walls, particularly the
accumulation wall, and this has to be considered. This is becoming increasingly
important as the channel thickness is reduced in order to shorten elution times and to
improve efficiency. Such conditions will drive the solutes into more concentrated
layers and closer to the accumulation wall. Thus the possibilities of undesired
interactions with the wall, and also within the concentrated solute zone, are enhanced.
Extended use of a channel will be shown to affect the retention time and peak
symmetry, presumably by adsorption. A rinsing procedure is suggested.

Problems associated with sample mass overloading of FFF channels is one of the



ASYMMETRICAL FLOW FFF _ 395

major drawbacks of the FFF techniques. The effects have been shown to vary with
sample components and carrier liquid composition. In sedimentation FFF collodial
particles in solutions of ionic strength 10 ~* M or lower have been reported to be eluted
earlier than predicted with a tailing peak shape [7]. For polymers in organic solvents
the opposite effect has been reported, i.e., the overloaded peaks were fronting,
emerging from the channel later than predicted [8]. In asymmetrical flow FFF a buffer
of ionic strength 0.1 M resulted in plasmids and plasmid fragments being eluted with
a fronting peak symmetry or with completely distorted peaks when the channel was
overloaded [4]. At the same ionic strength water-soluble polymers were observed to
emerge later than predicted when the load limit was exceeded [5]. All of the
above-mentioned effects were observed in this study, i.e., sample overloading can lead
to either retained symmetry, fronting or tailing of the peaks accompanied by increased
zone broadening, and increased or decreased retention times.

THEORY

The theory has been described in detail elsewhere [3,6] and only the more
important equations will be defined below.

The retention ratio, R, is calculated from the ratio of the void time, ¢, to the
retention time, g, or from the ratio of the sample zone velocity, V, to the channel flow
velocity, <v> [3]

_b_V
R= = W

The void time is calculated from [6]

_ _V_O V. wiboz' — [(bo — br)/2L)2"* — y}
ty = 7 In [1 + v <l — 70 ):l )

where 0 is the void volume, V. is the crossflow-rate, V,,, is the channel outlet
flow-rate, z' is the distance from the inlet to the focusing point, and L is the channel
length. bo and b are the breadths of the channel at the inlet and outlet, respectively,
when the tapered ends are not considered, and y is the area cut off by the tapered inlet
end (see Fig. 1). The void time equation is valid for z/ > z” where z” is the length of the
tapered end.

The retention ratio can be expressed in terms of the transversal distribution of
the sample zone, i.e., by 4, which is a dimensionless measure of the distance of a sample
zone from the accumulation wall. 4 is defined by the ratio //w where / is the average
distance of the zone from the wall and w is the channel thickness. The retention ratio is
a complex function of 4 [3] and a calculation of A from experimental retention ratios
requires numerical integration. However, at high retention levels the retention
equation can be approximated by [3]

R~ 6 3)
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and it is a simple matter to calculate A from R values. The diffusion coefficient, D, of
a sample can be calculated from the A value

Alternatively, of course, if the flow conditions and the diffusion coefficient are
known, the retention time can be predicted from

to I}c W2

“= 6D ®

The diffusion coefficient for a spherical particle with radius r can be calculated
from Stokes’ equation:

_ kT
T 6myr

(6)

where k is the Boltzmann constant, T the temperature and # the viscosity coefficient.
EXPERIMENTAL

Two different channels were used. The design was basically the same as described
previously [3-6]. However, one of the channels was modified to allow for thermostatic
control.

The channels differ only in the material and design of the upper wall. In one it
was a glass plate and in the other it was made of Lucite. Both walls had a length of
36 cm and a breadth of 6 cm. The thickness was 1 cm for the glass wall and 2 cm for the
Lucite wall. The Jatter was equipped with an internal channel to permit the passage of
thermostated water. During operation thermostated water was continuously pumped
through the wall to help control the temperature of the channel. In both walls PTFE
tubing for the carrier inlet and outlet flows were positioned 28.5 cm apart. The
injection inlet was positioned 2.0 ¢cm downstream from the carrier flow inlet. The
channel with the glass wall was only used for the initial studies documenting the
temperature changes occurring and is referred to as the “non-thermostated channel”.
In all other studies the thermostated channel with the Lucite wall was used.

The ultrafiltration membrane was a cellulosic DDS membrane type RC70PP
with a nominal cut-off of 10 000 dalton (De danske suckerfabrikker DDS RO-
division, Nakskov, Denmark).

A PTFE spacer (fluorinated ethylene propylene, FEP) of thickness 0.013 cm was
used to define the channel thickness. The channel geometry was trapezoidal (Fig. 1).
The length was 28.5 cm, the breadth at the inlet, by, was 2.12 cm, and the breadth at the
outlet, b;, was 0.47 cm. The length of the tapered end at the inlet was 2.0 cm and at the
outlet 0.5 cm. The area, y, cut off at the inlet, was 2.12 cm?. The geometrical void
volume of the channel was 0.45 ml.

Two pumps were used. A Beckman 114 M solvent delivery system (Beckman



ASYMMETRICAL FLOW FFF 397

y

= | /b,

1 z-L
- ”n

t
z=0 z-2z

Fig. 1. Geometry of the trapezoidal channel.

Instruments, Berkeley, CA, USA) delivered the carrier flow, and the injection flow was
delivered by an LKB 2150 HPLC pump (Pharmacia LKB Biotechnology, Bromma,
Sweden). An LDC SpectroMonitor IIT spectrophotometric detector (LDC, Riviera
Beach, FL, USA) set at 280 nm was used for the detection. A Rheodyne 9125 syringe
injector (Cotati, CA, USA) was used with a sample loop of 20 ul. The system was
designed according to a previous procedure [5] and the same valves were used. One
additional three-way valve was inserted between the pressure gauge valve and the inlet.
This valve was used during the backwards flushing and the rinsing procedures.

Temperature control was conducted by a Haake type F water-bath (Haake,
Berlin, Germany). The water was pumped through a mantled carrier reservoir and the
upper wall. The temperature was kept at 24.0°C. For the temperature study the entire
channel was placed in a thermostated water bath (Heto, Birkerdd, Denmark).

Ferritin was obtained from a gel filtration calibration kit (Pharmacia, Uppsala,
Sweden). Human serum albumin (HSA) Fraction V was from Sigma (St. Louis, MO,
USA). The Cow Pea Mosaic Virus (CPMV) was a generous gift from Dr. P. Oxelfeldt
at the Agricultural University (Uppsala, Sweden).

The retention times were measured from the peak apices and the void times were
determined from eqn. 2. Calculations of the 1 values from the retention ratios were
made on a personal computer by numerical integration using Simpson’s rule. To
measure the asymmetry factor (asf) at 10% of the peak height, a perpendicular was
drawn from the apex. The back part of the peak divided by the front part of the peak,
both measured at 10% of the peak height, gives the asf.

The operation of the system followed previous procedures [3,5,6]. The relaxa-
tion/focusing procedure was carried out for 45 s using a pump flow-rate of 3 ml/min.
The focusing point, 2/, was adjusted to 2.5 cm. Sample injection was made with
a flow-rate of 0.1 ml/min for 30 s. The sample loop had a volume of 20 pul.

Channel rinsing between runs was effected by flushing backwards for 1-2 min.
During the back flush the three-way valve at the inlet was switched to direct the liquid
from the channel to waste. A more thorough cleaning of the membrane was obtained if
the channel was filled with air before the back flush. In this case air was introduced into
the channel from a Luer syringe attached to the additional three-way valve at the
channel inlet. At the same time the channel outlet tubing was disconnected from the
detector. The channel was then flushed with carrier liquid using the same Luer syringe.
A very high flow-rate was obtained and this easily removed the air from the channel.
This was done after fractionation of highly retained materials.
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RESULTS AND DISCUSSION

The retention characteristics of the proteins albumin and ferritin, and the
spherical virus CPMV were studied under different experimental conditions in
a number of different carriers (Table I). The molecular weights of albumin, ferritin and
CPMV are 67 000, 440 000 and 5.5 - 105, respectively. The isoelectric point for
albumin is 4.7-4.9 [9], for ferritin 4.1-4.6 and for CPMYV 3.7-4.5 [10].

Temperature effects

According to Stokes’ equation the diffusivity of molecules will depend upon the
temperature in two ways (eqn. 6). One is due to the increase in kinetic energy (k7T
along with an increase in temperature. This effect is of relatively small magnitude for
modest temperature changes. The other, and more important in this case, is due to the
decrease in the viscosity of water which occurs at increasing temperatures. Calcula-
tions based on the known viscosity of pure water [11] show that an increase of the
temperature by 1°C will increase the diffusion coefficient by almost 3% at the
temperature levels used in this study. It is thus clear that good temperature control is
mandatory in order to obtain consistent and reproducible retention data.

A good temperature control is even more important in the present apparatus
when it is used for rapid separations requiring high flow-rates. Somewhat surprisingly
it was found that in a non-thermostated channel having an upper glass wall the
temperature increased by several tenths of a degree centigrade as soon as the relaxation
flow was turned on. This was measured by a thermometer in contact with the glass wall
and positioned next to the outlet tubing in the bore drilled through the upper Lucite
block. The bore contained some water which improved the contact between the tip of
the thermometer and the glass wall. During a day of operation a continuously
increasing channel temperature was observed. Thus repeated fractionations of
a sample led to shorter and shorter retention times caused by the increasing diffusion
coefficients of the sample molecules. The temperature increase was apparently caused
by frictional heat produced in the tubing.

Manipulation of the temperature can be made to an advantage. An increase in
temperature will increase the diffusion coefficient. For ultra-high-molecular-weight
materials, which, due the low levels of their diffusion coefficients, tend to give high
zone broadening, a temperature increase may help in obtaining more efficient
separations.

TABLE 1
LIST OF CARRIER LIQUIDS USED FOR THE FRACTIONATIONS

Carrier liquid pH  Tonic
strength (M)

I 0.02% NaN;, 6.9 0.003

(II) 0.02% NaNj;, TrissHNOj; buffer 7.5 0.008

(I11) 0.02% NaNj, Tris-sHNO; buffer, | mM glutamic acid 6.3 0.009

(IV) 0.02% NaNj, Tris-HNO; buffer 7.5 0.1

(V) 0.02% NaNj, 0.1 M NaCl 6.5 0.1

(V1) 0.02% NaNs, citrate buffer 48 0.008
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Fig. 2. Percentage increase of the diffusion coefficient, D, relative to D at 20°C. = Prediction
according to eqn. 6; & = experimental determination. Sample: CPMYV, 0.7 g in 20 yl. Elution: ¥, =

5.9 ml/min, ¥, = 5.50-5.90 ml/min, V,,, = 1.00-1.40 ml/min, where V,, is the channel inlet flow-rate.
Carrier TI.

A test of the effect of temperature on the experimentally determined diffusion
coefficient of the virus CPMV was done in the temperature range 20-40°C. The
relative increase in the diffusion coefficient was compared to that predicted by Stokes’
equation, assuming that the viscosity of the carrier liquid varies with temperature as in
pure water. During this study the channel was kept in thermostatically controlled
water bath, since it is not sufficient to thermostat only the upper wall when working at
elevated temperatures.

Fig. 2 shows that in the temperature interval from 20 to 30°C the increase in the
experimentally determined diffusion coefficient agrees well with that predicted by
Stokes’ equation. The diffusion coefficient at 40°C was, however, somewhat lower
than expected. In this case the temperature of the water bath was at 40°C but the
temperature measured on the upper wall by the outlet tubing was only 37°C. Therefore
the temperature within the channel was probably somewhere between 37 and 40°C,
which might explain part of the deviation.

Membrane effects

Practical experience shows that the retention times gradually increase and the
peak efficiencies decrease, followed by tailing, when the channel is used without any
rinsing procedures. So far this applies to all channels that have been tested, and to all of
the carrier liquids in Table L. In order to study this effect the virus CPMV was injected
repeatedly at conditions of very high retention without using the rinsing procedure
between each run. At very high retentions the relative concentration by the
accumulation wall is high and thus the possibility of interactions with the wall is
enhanced. Fig. 3 shows that the retention times increases, as expressed by the decrease
in the observed diffusion coefficient, at the same time as the peak efficiency decreases
for each consecutive sample injection. After using the rinsing procedure, i.e., the
channel is first flushed with air and then with the carrier liquid, the performance of the
first injection could be reproduced (Fig. 3). The peak efficiency was expressed by the
plate number defined in the usual way according to

N=3 Q)
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Fig. 3. Influence of channel rinsing on high retention fractionations. Sample: CPMV, 0.35 ug in 20 pul.
Elution: ¥, = 9.0 ml/min, ¥, = 7.80-8.00 ml/min, V., = 1.10-1.40 ml/min, ¢, = 0.11 min, R = 0.02.
Carrier IV. After the third injection the rinsing procedure was applied. (1 = Observed diffusion coefficient
(D), W = efficiency (N).

where 7 is the standard deviation of the peak in time units. Fig. 4 shows a CPMYV peak
obtained after the channel had been subjected to the rinsing procedure. The peak is
symmetrical with no indication of tailing.

A simpler rinsing procedure, involving only a backwards flushing with the
carrier liquid while the crossflow was shut off, did not give complete recovery of
channel performance. Apparently the introduction of air in the channel is vital in order
to obtain complete rinsing. Observations during the rinsing procedure revealed that
after the air was pumped into the channel, so that the latter is emptied from carrier
liquid, the carrier liquid penetrates the membrane from below and re-enters the
channel when the excess pressure disappears. This may suggest that a backwards
flushing of the membrane by reversing the crossflow could help in rinsing the
membrane. Such a procedure was, however, impossible to perform because it displaced
the membrane from the support causing it to contact the upper wall so that the flow
was interrupted. It may well be possible that the introduction of air is the key step in

0.001 A

TIME (min)

Fig. 4. Elution of CPMV. Load 0.28 ug in 20 ul. Relaxation/focusing: V; = 3 ml/min for 30 s and 7 ml/min
for 15 s. Elution: ¥, = 7.60 ml/min, V,,, = 2.18 ml/min, ¢, = 0.085 min. Carrier IV,
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recovering the membrane properties, perhaps by somehow changing the interaction
between the solute and the membrane.

There are several possible causes for the peak distortion and excess retardation
found in all carrier liquids when the channel is not rinsed regularly. First, the sample
can be physically entrapped in the pores. This may potentially lead to increased flow
resistance across the membrane. This is, however, contradicted by the fact that there
are indications that the permeability of the membrane is increased by the presence of
a sample in the channel. During a series of sample injections, without intermediate
washing, the ratio V,/V,., continuously increases. Because the flow-rates V,and ¥V,
are controlled by the ratio of the restriction to flow in each flow-line [3] this effect can
be interpreted as being due to an increased permeability of the membrane leading to an
increase of ¥, at the cost of V. Second, higher-molecular-weight compounds of
unknown origin may be left in the channel, interacting with the samples in the next
injection. This is, however, unlikely because then it should be sufficient to flush the
channel while the crossflow is shut off. The last statement suggests rather that the need

(a)

I0.00“ A

L s

0 5 10 min

(b}

{c)

) 5 min

Fig. 5. Behaviour of CPMYV and albumin in the citric acid buffer. (a) Sample: CPMV, 0.35 ug in 20 pl. (b)
Sample: HSA, 5 ugin 20 ul. Peaks: | = HSA; 2 = CPMV. (c) Sample: HSA, 10 ug and CPMYV, 0.7 ug in
20 ul. Peaks: | = HSA;2 = CPMV. Elution: ¥, = 4.7 ml/min, V,,, = 1.2 m}/min, f, = 0.23 min. Carrier VL.
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for the channel to be rinsed is caused by adsorption of solute to the accumulation wall
membrane, and this third cause is indeed the more likely one. Adsorption may also
explain the increase in membrane permeability discussed above. It may be a result of
a change of a property such as the wettability of the membrane. Nevertheless, the
washing procedure, which is easy to manage, eliminates most of the above-mentioned
problems.

The suspicion that some solutes adsorb to the membrane was further confirmed
when the behaviour of CPMV, ferritin and albumin was studied in a carrier liquid
buffered by citric acid to a pH of 4.8 (carrier VI, Table I). In this carrier the
performance of all three compounds changed for the worse as compared to the other
carriers. The protein peaks were tailing also at loads well below the loads that gave
symmetrical peaks in the other carriers. The virus sample did not elute at all, it
remained within the channel during the entire elution, which was maintained for
11 min (Fig. 5a). After this sample albumin (HSA) was injected. This run not only gave
an albumin peak, but also caused elution of the CPMV which had remained in the
channel from the previous injection (Fig. 5b). The CPMV peak was symmetrical and
was eluted at the retention time predicted from the results in the other carrier liquids.
The narrow peak and the retention time indicate that the virus must have been retained
at the focusing point. If it were distributed along a large portion of the channel one
would have expected a broader peak eluted carlier. The introduction of albumin
obviously released CPMYV, apparently from the membrane. This was further
confirmed by injection of CPMV in a mixture with albumin. The result was two peaks,
both at the expected retention times for albumin and CPMYV, respectively (Fig. 5¢).
Once albumin had been present in the channel a subsequent injection of CPMYV caused
a peak at the expected retention time for CPMV, although a further injection of
albumin released yet more CPMV along with the elution of albumin.

The results from the citric acid buffer pH 4.8 may be caused by adsorption to the
membrane. The pH of the buffer was close to the isoelectric points of the samples and
several authors (¢f., refs. 12 and 13) have reported on an enhanced adsorptivity of
proteins at pH values around their isoelectric point on several different materials.
A similar situation may exist in the flow FFF channel. The elution of CPMYV in the
presence of albumin indicates that some kind of competitive adsorption takes place
between these two samples.

Influence of ionic strength on sample loadability

Fig. 6a and b show the observed diffusion coefficients, calculated from the
retention time measured at the peak maximum, as a function of the sample load of
CPMYV and ferritin, respectively. The data were obtained using carrier liquids differing
in their component types and ionic strengths according to Table I. Even if only
a limited range of composition types were tested it appears that the ionic strength has
a strong influence on the retention behaviour. Carriers II and IV, containing identical
component types but having different ionic strengths, result in opposing effects on the
observed diffusion coefficient at increasing sample loads. At a low ionic strength,
0.008 M (carrier II), an increase in sample load causes an increase of the diffusion
coefficient, i.e., a decrease in the retention time. At high ionic strength, 0.1 M
(carrier 1V), the opposite result is obtained. The same tendencies are observed for
ferritin and CPMV.
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Fig. 6. Effects of sample load on observed diffusion coefficients, D, in different carriers. Carriers (see
TableI): B = I; a= I & = 1II; & = IV; A = V. (a) Sample: CPMV, 0.14~0.28 ug in 20 ul. Elution:

Vin = 6. 4ml/m|n V, = 5.00— 5.70 ml/min, Yy, = 0.70-1.50 ml/min. (b) Sample: ferritin, 0.5-80 ug in 20 ul.
Elution: ¥V;, = 9.1 mi/min, ¥, = 7.40-8.20 ml/min, V., = 0.90-1.60 ml/min.

The change in retention time with increasing sample load is accompanied by
a change in peak symmetry. This is demonstrated in Fig. 7a and b where the peak
asymmetry factors, measured at 10% of the peak height, are given. Again, as with the
data in Fig. 6, the ionic strength appears as an important factor. At low ionic strength
increased sample loads causes peak tailing (asf >1). On the contrary, at high ionic
strength large sample loads cause fronting (asf < 1) and for the highest loads even
a peak distortion. The appearances of the overloaded peaks in carriers IT and IV are
shown in Fig. 8. In carrier III neither fronting nor tailing was observed. Yet, the
loadability was limited because there was a gradual increase in the peak width. This
carrier differs from carrier II only by its content of 1 mM glutamic acid. Glutamic acid
is known to reduce the adsorption of proteins to glass [14] and was therefore added as
an attempt to affect the particle wall interactions.

Other authors [7,8] who have investigated overloading phenomena have
reported on one or the other of the two effects discussed above. The origin of the
phenomena is in both cases thought to be caused by too high a concentration in the
migrating sample zone. In the case of collodial particles in an aqueous buffer (ionic
strength below 107% M) the overloading was reported to originate in effective
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Fig. 7. Effects of sample load on asymmetry factors (asf) in different carriers. (a) Sample: CPMV. (b)
Sample: ferritin. Conditions as in Fig. 6.
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F1g 8. Appearance of overloaded peaks in different carriers. Sample: CPMV, 14 ugin 20 ul. (a) Carrier 11:
V., = 5.36 ml/min, V,,, = 1.09 ml/min. (b) Carrier 1V: V, = 5.47 ml/min, V,, = 0.96 ml/min.
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repulsion between particles caused by volume exclusion as well as other repulsive
effects [7]. This effected the exponential distribution of the particles by the wall causing
them to migrate at a larger distance from the accumulation wall than they would at low
loads. Therefore the retention time decreased with increasing sample loads [7].

The different behaviour shown by CPMV and ferritin is probably related to the
fact that these two samples are polyelectrolytes. This can lead to quite complex
solution behaviour as a function of the clectrolyte composition of the carrier. Also,
a wider range of ionic strengths was studied than in the other reports. Yet in the buffers
having the lowest ionic strengths the behaviour was very similar to that previously
mentioned [7] and it is reasonable to assume that similar mechanisms are involved. In
carrier I the ionic strength was only 0.003 M leading to a modest screening of the
charged groups. Therefore the intermolecular interaction may be mainly repulsive.
This will effect the particle distribution so that the samples migrate further away from
the wall. When the ionic strength is increased the screening of the charged groups will
increase and the net interaction may instead be attractive, thus explaining the changein
behaviour. More studies are necessary to evaluate these effects in detail.

Guidelines for the choice of experimental conditions

Itis clear that the choice of experimental conditions such as membrane material,
type of carrier and temperature control are vital to obtain efficient, reproducible and
accurate data. If fractionations are performed at very high retentions, where the
possibilities for interactions between the solutes and the membrane are enhanced, the
channel should be flushed with air and carrier liquid between each run. For
proteinaceous samples it may be necessary to chose a pH outside the range of the
isoelectric point in order to avoid adsorption tendencies.

To avoid conditions where concentration-dependent retention data are obtained
it seems recommendable that the sample load be kept below the maximum load
(defined as the highest load for which the diffusion coefficient is still constant and the
peak shape symmetrical) which is obtained at conditions which give the highest
retention level to be used (equal to the highest crossflow-rate to be used). Then,
concentration dependencies should not be observed in experiments done at lower
retention levels.

The flow-rate for the relaxation-focusing procedure can be chosen rather
arbitrarily. Ideally the crossflow-rate during the relaxation should be set to the same
value as the crossflow to be used during the elution. This is the prerequisite for the
sample zones to form the correct steady-state distributions. It has, however, been
found that the performance is not significantly effected even if the crossflow-rate
during the relaxation is kept much lower than during the elution. When such a
situation exists a secondary relaxation will occur once the elution is started [15]. Since
this process is very rapid its contribution to the overall bandbroadening may be
negligible.

In Table II results are shown from runs with CPMV using the same flow
conditions during the elution but different conditions for the relaxation. The
crossflow-rate during the elution was kept at 7.4 ml/min, corresponding to a A value of
0.004. In case 1 the relaxation crossflow-rate was kept at 3 ml/min for 45 s. Thus the
sample zone was subjected to less than half the force field acting upon the particles
during the elution. In the second case the flow-rate was increased to 7.4 ml/min for the
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TABLE 11
INFLUENCE OF RELAXATION CONDITIONS ON THE ELUTION PERFORMANCE
Sample: CPMV, 0.35 ug in 20 ul. Elution: ¥V, = 7.8--7.9 ml/min; V,,, = 1.3 ml/min. Carrier L

Relaxation Duration  Diffusion
crossflow-rate  (s) coefficient
(ml/min) (cm?/s)
3 45 2.1 107
3474 30 + 15 2.1 107

last 15 s of the relaxation in order to allow for the molecules to adjust to the field
strength that would act upon them during the elution. Even though the particles in the
first run were subjected to a secondary relaxation after the initiation of the elution the
agreement between the calculated diffusion coefficients was good.

For practical reasons it is preferable to use the same relaxation flows for most of
the applications. It is also thought to be an advantage to keep the duration of the
relaxation and the relaxation flow-rate as low as possible in order to minimize the
opportunity for the sample to interact with the membrane. Experience shows that with
the downstream central injection technique a relaxation time of 1 min at a flow-rate of
3 ml/min is usually sufficient to assure a complete relaxation.
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