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Statistical criteria calculated and averaged from six sets of
retention data consisting of 28 and 21 data points for
structural and eluent parameters, respectively.

TABLE VI

AVERAGE CORRELATION COEFFICIENTS AND
STANDARD DEVIATIONS FOR ONE-DIMENSIONAL
CORRELATIONS

nc 0.9859 0.071 c 0.9890 0.080
f 0.9859 0.071 log C 0.9874 0.096
Vm 0.9829 0.076 log Ps 0.9801 0.121
7T 0.9890 0.080 "Y 0.9880 0.086
Z 0.9820 0.119 6 0.9871 0.089
S 0.9724 0.142 a CH2 0.9868 0.099

phase to participate in intermolecular interac
tions of different types, 1T* and Z will be
considered below as those that are characterized
by higher correlation factors. The list of eluent
macroscopic parameters has been reduced to the
volume concentration of the organic modifier
and surface tension of the mobile phase based on
the same principle.

Deriving and estimation 'of multiparametric
retention models

Following the separation mechanism described
above, we subdivided selected solute and eluent
parameters into "solvophobic" ~nd "hydrogen
bonding" terms and then composed a number of
multiparametric retention models given by the
following equation:

log k' = ao + alxl + a2x 2 + a3x 3 + a4x 4

In this equation, the parameters Xl and x 2

characterize the hydrophobicity and hydrogen
bond accepting ability of the chelates, respective
ly; x 3 and x 4 are the corresponding terms of the
mobile phase (the eluent property complemen
tary to solute hydrogen bond accepting ability is
hydrogen bond donating ability). Independent
variables of the retention models subjected to
multiple linear regression analysis are collected
in Table VII. For convenient comparison, the
characteristics of statistical significance for de
rived correlation equations are assembled in
Table VIII together with intercepts and coeffi
cients of the independent variables (only one,
the "best", equation for each retention model is
included).

S.D.S.D. Parameter RParameter R

TABLE VII

VARIABLES OF MULTIPARAMETRIC CORRELATION MODELS

Egn. X, X, X3 X. Egn. x, x, X3 X.

la log Ko c 7T- Ie log K o "Y 7T-

Ib logKo c Z Id log K o "Y Z

2a log K o En C 7T- 2c logKo En "Y 7T-

2b log K o En C Z 2d logKo En "Y Z

3a X En C 7T- 3c X En "Y 7T-

3b X En C Z 3d "- En "Y Z

4a X log f3n C 7T- 4c X log f3n "Y 7T-

4b X log f3n C Z 4d X log f3n "Y Z

5a nc En C 7T- 5e nc En "Y 7T-

5b nc En C Z 5d nc En "Y Z

6a n C ,8M En C 7T- 6c n C ,8M En "Y 7T-

6b n C ,8M En C Z 6c n C ,8M En "Y Z

7a 8 M log f3n C 7T- 7c 8 M log f3n "Y 7T-

7b 8 M log f3n C Z 7d 8 M log f3n "Y Z
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Fig. 3. Relationship between the retention parameters of
metal di-n-alkyldithiophosphates determined experimentally
and calculated using eqn. 5b.

o
log k' (cal.)

2

rather precise algorithm for selection of the most
valuable parameters. Note that the differences in
correlation coefficients observed in eqns. 1, 2, 4
and 7 are not surprising in the light of the fact
that only small subsets of log k' data could be
used for these correlations. Thus, one can widely
recommend volume concentration of the organic
solvent, which provides predictions of log k' that
are less dependent on organic modifier nature, as
a measure of mobile phase solvophobic effect in
relation to metal chelates. Both 1T* and Z
parameters are less universal since they are
limited to mobile phases modified by aprotic
solvents [4].

equations we incorporated a combination of
ligand and metal atom hydrophobic descriptors
as a measure of the hydrophobicity of the whole
molecule, thus yielding five-parametric models.
Interestingly, the correlations obtained with eqn.
6 are not higher than those with eqn. 5, which
includes only the ligand hydrophobic term. As a
parameter of metal complex-forming ability [16],
En reflects indirectly the ability of chelates to
take part in hydrogen bonding interactions [1].
The predictive quality of both sets of retention
models is il-lustrated in Figs. 3 and 4. It can be
seen that fitted log k' values agree quite well
with experimental data (the average difference
between observed and predicted log k' values is
0.097 and 0.096 log units, respectively).

The quite good agreement between the four
combinations of mobile phase parameters in
Table VII indicates that we have achieved a

2

ci.
)(

~

:..:
Cl
~ 0

log k' (cal.)

Fig. 4. Relationship between the retention parameters of
metal di-n-alkyldithiophosphates determined experimentally
and calculated using eqn. 6c.

CONCLUSIONS

As demonstrated above, the multiparametric
approach for analysing the dependence of chro
matographic retention of metal chelates on struc
ture and on the composition of the mobile phase
provides an adequate description and rational
interpretation of RP-HPLC data. Owing to suffi
ciently high statistical significance, correlation
models derived here can be widely applied for
forecasting the chromatographic behaviour, in
cluding prediction of retention data, and search
ing for optimal separation systems (including
optimization of the chelating ligand). Evidently,
further progress in coordination chemistry and
accessibility of molecular modelling methods for
metal chelates will result in more informative
molecular descriptors, the shortage of which
might hinder the practical application of reten
tion models. Another promising approach in this
direction consists in determinations of structural
parameters from back-calculations of HPLC
data. Also, taking into account the parameters of
stationary phase materials is worthy of further
investigations.

At the same time, meaningful retention
models involving certain sets of structural and
eluent parameters generally support the ob
served separation mechanism and confirm the
dominant factors defining the intermolecular
interactions of metal chelates of moderate polari
ty in RP-HPLC. Hence, the usefulness of multi
variate correlation analysis in chromatography is
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injected into a system with 0.9 mM DMDA in
the eluent. The anion peak seemed to be well
shaped and had a much smaller retention volume
than the positive system peak of the counter-ion
(Fig. 7a). When a ten-fold higher analyte concen
tration was injected, again with the analyte
dissolved in the buffer, the analyte peak was
broad and deformed (Fig. 7b). The interactions
between the analyte and the counter-ion system
peak increased because not only the system peak
but also the analyte peak involved a large con
centration deviation from the eluent. The same
tendency was observed when a hydrophobic

Fig. 7. Effects on an anionicanalyte peak at elution well
separated in front of a positive counter-ion system peak
(DMDA) at (a) low and (b) high analyte concentration.
Sample: 100 I.d of sodium naphthalene-2-sulphonate in buf
fer: (a) CanalYle = 10 JioM; (b) CanalYle = 0.1 mM. Eluent and
column: as in Fig. 4 but 0.9 mM N,N-dimethyldecylamine
(DMDA) was added to the eluent.
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counter-ion was injected together with the
analytes instead of having the counter-ion in
corporated in the eluent (12].

Larger positive or negative system peaks are
obtained with increasing bulk concentration of
the actual eluent component when the same
concentration of an equilibrium disturbance
agent is injected [1,2,5,11]. This is because of the
comparatively larger amounts of adsorbed and/
or desorbed eluent component in the injection
zone. Anionic analyte peaks were therefore
more affected by the system peak of the counter
ion at higher bulk concentrations of the counter
ion. As an example, distortion of the anionic
analyte peaks demonstrated in Fig. 4 was found
at a concentration of the counter-ion (DMOA)
in the eluent of 1.4 mM. At a three times lower
counter-ion concentration in the eluent, no
analyte peak distortions could be observed at
otherwise similar conditions.

Design of systems avoiding peak deformations
System peaks will develop at all times when a

sample deviating from the eluent is injected.
Large deviations result in large system peaks,
which means that the introduction of complex
matrices, such as biological fluids or extracts
thereof, may cause disturbances of analyte peak
shapes due to interfering system peaks. It is
therefore essential to be aware of such risks, and
the use of RI detectors is recommended in order
to reveal the existence of such peaks during the
development of assay methods for complex
matrices [13].

Parameters determining the selectivity be
tween the analyte and the system peak have
been outlined earlier; essential factors are the
pH and the ionic strength of the buffer [8,13,21].
The concentration and character of the organic
ion are very important parameters, especially in
its role as a counter-ion towards the analytes, but
may also be important when it acts as a co-ion
[11]. Large effects on the selectivity due to batch
variations of the solid phase have also been
observed [9,13].

For the more common positive system peaks,
the conditions chosen should be such that the
system peak is eluted before the analytes, since
the effects on analyte elutions after the positive
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system peaks are rather weak. The injection
volume should be as small as possible and the
analytes should be dissolved in the eluent when
ever possible. In quantitative determinations,
peak-area measurements are to be preferred to
peak-height measurements to avoid errors due to
slight changes in the widths of the analytes or of
the internal standard [13].

Peak deformation of a cationic analyte using
an organic amine as co-ion in the eluent can
often be easily eliminated by changing to a more
hydrophilic co-ion. The retention of the system
peak will decrease and the retention of the
analytes will increase. Then the co-ion concen
tration can be tuned until suitable analyte reten
tions are obtained.

When analytes are separated using an organic
ion as counter-ion, it is often necessary to have a
hydrophobic counter-ion that may elute rather
close to the analytes. Serious disturbances due to
the risk of more severe deformations in such
systems may arise even when the analytes are
separated from the system peak in the column
outlet. If peak deformation occurs, a change in
the concentration of the counter-ion should be
made to improve the analyte separation from the
system peak. A positive system peak should
preferably be regulated to elute before the
analyte, whereas a negative system peak should
elute after the analyte. The retention of the
analyte will increase at an increasing counter-ion
concentration and the retention of the system
peak is decreased, giving a higher separation
factor between the anion and the system peak.
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Hummel-Dreyer method in high-performance liquid
chromatography for the determination of drug-protein
binding parameters

S.F. Sun* and c.L. Hsiao
Department of Chemistry, St. John's University, Jamaica, NY 11439 (USA)

(First received March 9th, 1993; revised manuscript received May 25th, 1993)

ABSTRACT

Two types of Hummel-Dreyer elution pattern were developed, one with a positive peak followed by a negative peak and the
other with two positive peaks. The evaluation of the area of the second peak, whether positive or negative, makes it possible to
determine the value of Lb (the number of moles of the ligand bound to macromolecule) or [Llb (the concentration of the ligand
bound to macromolecule). Three techniques were employed for the evaluation of the area: planimeter, geometry and integrator.
Planimeter and geometry can be used for both types of elution profiles and for both external calibration and internal calibration.
The integrator can only be used for the second type of elution profile, namely two positive peaks and hence, can only be used in
conjunction with internal calibration. The results in terms of the two binding parameters, n (the number of binding sites) and k
(the affinity constant) in binding equilibrium for L-tryptophan-bovine serum albumin system were compared. Realizing that
uncertainty involved is large for the binding studies in any experimental method for the binding studies, we believe that any of the
five combinations (among external calibration, internal calibration, planimeter reading, geometry reading and integrator reading)
would lead to a reasonably accurate result.

INTRODUCTION

The Hummel-Dreyer method [1] in high-per
formance liquid chromatography (HPLC) has
been demonstrated as a useful tool for the
determination of drug-protein binding parame
ters [2,3]. The chromatogram shows a positive
peak, which represents the drug-protein com
plex, followed by a negative peak, which repre
sents the elution volume (or time) of the drug. It
is the negative peak that provides the informa
tion about the amount of the drug bound to the
protein. The evaluation of the area of the nega
tive peak makes it possible to calculate [L]b or
L b , where [Lh is the concentration of bound

* Corresponding author.

drug in M and L b is the absolute quantity of
bound drug in mol. Experimentally, [L]b is
obtained with external calibration technique and
L b is obtained· with an internal calibration tech
nique [4,5].

However, a Hummel-Dreyer pattern of elu
tion profile does not have to be in the form of a
positive peak followed by a negative peak.
Instead, we can have two positive peaks [6-8].
This is done by adjusting the concentration of
drug in the protein sample solution in a reason
able excess over that in the eluent.

Thus, there are two different patterns to run a
Hummel-Dreyer experiment. In either pattern,
the evaluation of the area of the second peak is a
time-consuming process. So far there is no way
to tell which pattern is superior over the other. It
all depends on which pattern is easy to be dealt

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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Stock solution: L-tryptophan, 77.2 }J-M; phosphate buffer
0.05 M, pH 7.4.

Stock solutions: L-tryptophan, 77.2 }J-M; BSA, 495 }J-M;
phosphate buffer 0.05 M, pH 7.4.

TABLE I

PREPARATION OF MOBILE PHASE

TABLE II

PREPARATION OF PROTEIN-TRYPTOPHAN SAM
PLES

BSA L-Trp Buffer
solution solution (ml)
(ml) (ml)

2.0 9.0 4.0
2.0 10.0 3.0
2.0 11.0 2.0
2.0 12.0 1.0
2.0 13.0 0
2.0 0 13.0
0 0 15.0

Mobile L-Trp Buffer Dilution [Ll,
phase (ml) (ml) factor (}J-M)

1 200 1300 0.14 10.3
2 400 1100 0.28 20.6
3 500 1000 0.35 25.7
4 600 900 0.42 30.9
5 800 700 0.56 41.2

Chromatography
The size-exclusion chromatography was car

ried out at room temperature (near 25°C) with
one Waters Assoc. pump A-6000, an injector
UK-2, an UV variable-wavelength detector, a
recorder and a Hewlett-Packard integrator 3965.
The column used was Waters 1-125 (30 cm x 7.8
mm J.D., particle size 37-53 p.,m). This column
is not an ideal one, but it is easily accessible.

Sample

Evaluation of the peak area
As mentioned before, we used three entirely

different methods for the estimation of the
second peak in the chromatogram.

Planimeter. Planimetry is the oldest and classi-

A
B
C
D
E
F
G

EXPERIMENTAL

with in the evaluation of the area of the second
peak. In this paper we compare three different
techniques for the evaluation of the area of the
second peak: planimeter, integrator and geome
try. The first two techniques are not new, where
as the third one perhaps is the first time to be
described in detail in HPLC. Since the evalua
tion of the area of a curve is a common problem
in many fields such as diffusion and sedimenta
tion, we believe the techniques we learn in
HPLC could be extended to the other ex
perimental fields and vice versa. As a test sys
tem, we choose L-tryptophan-bovine serum al
bumin (BSA) binding for study. Not only the
subject is of great interest in biochemistry and
pharmacology [9-11], but also data obtained
from different experimental methods, e.g.
equilibrium dialysis, is abundant in literature.
Hence, it is relatively easy to asses the validity of
a new method to be introduced.

Materials
L-Tryptophan (lot No. 6766) was obtained

from Mann Research Lab. (New York, NY,
USA) and BSA (lot No. 29F9315) was a product
of Sigma. Sodium hydrogenphosphate and sodi
um dihydrogenphosphate were reagent grade of
J.T. Baker. All the chemicals were used as
received. Glass-distilled water was used in all
experiments.

Preparation of solutions
The procedure for the preparation of solutions

was similar to the one described in previous
publications [4,5]. Table I describes the prepara
tion of the mobile phase of L-tryptophan solu
tions and Table II describes the preparation of
protein-tryptophan samples to be injected onto
the column. In the preparation of mobile phase,
we diluted the stock solution (77.2 p.,M) into five
different concentrations. Those mobile phases
selected in Table I are best for the internal
calibration measurement. Samples A, B, C, D, E
in Table II were prepared for the internal cali
bration technique and F and G were prepared
for the external calibration technique.
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cal technique. It is reasonably reliable and it can
be applied to any shape of the graph. But it is
tedious and it requires the techniques of the
user. In previous publications [4,5] this tech
nique was used exclusively for the evaluation of
area.

The integrator. The integrator available to us
such as Hewlett-Packard 3395 cannot be used for
the evaluation of the area of a negative peak.
For this reason it cannot be used for the external
calibration method to determine the binding
parameters. It can only be used for the internal
calibration method with a two-positive-peak elu
tion profile. However, since the data of the area
are automatically printed out, the integrator is
the best tool to save time in reading the area.

Affine geometry. We believe this is the first
time affine geometry is introduced to estimate
the area of a peak in scientific research. For this
reason, we shall describe the geometry briefly.
According to affine geometry, for any triangle
ABC with the coordinates of three vertices
known, namely, A(XI'YI)' B(xz,yz) and
C(X3'Y3)' the area can be accurately calculated in
terms of the following determinant:

Xl Yz 1
A = 1/2 X z Yz 1

x3 Y3 1

I •

(I.H.I.tsl 10.S.I./SI
--,r----~

: (' :IS.'.'11

I I

(/.11.1. III

327

I .s. I .111

This theorem has been rigorously proved [12]. In
a HPLC chromatogram, the peak or trough is
often shown almost as a triangle. This is particu
larly so when the column is new or the number
of theoretical plates is high. If the units of X and
Y coordinates are cm, then the area is in cmz; if
in inch (1 in. = 2.54 cm), then in? We can even
choose any arbitrary units as is the case with
integrator, since the final scale is the concen
tration of the ligand.

RESULTS AND DISCUSSION

Fig. 1 shows a representative elution profile of
L-tryptophan-BSA binding. This is a regular
Hummel-Dreyer pattern with one positive peak
followed by a negative peak. Here we used the
external calibration method. The left part profile
has one peak only, (the negative peak), which is

Fig. 1. Elution profile of the binding of L-tryptophan to
BSA. Column: Protein Pack 1-125 (Waters Assoc.), Detec
tor: UV at 280 nm, 0.4 AUFS. Flow-rate: 1.0 ml/min.
Mobile phase: 10.29 iLM (see Table I). Sample: 100 iLl of G
and F (see Table II).

used for the correlation of the peak area with the
concentration of the L-tryptophan. Such a corre
lation is expressed in Fig. 2. Since our integrator
was not used for the external calibration method,
we do not have integrator data for the correla
tion. Fig. 2 presents the results of only two
techniques. The standard deviation for each
value of the area is not shown in order to
maintain the clarity of the graph. The uncertain
ty is within 2%. For example, the numerical
values for the first pair in Fig. 2 are 0.74 ± 0.01
(planimeter); 0.82 ± 0.02 (geometry), both in the
unit of cmz.
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TABLE III

L-TRYPTOPHAN-BSA BINDING BY EXTERNAL
CALIBRATION ([p] = 66.09 p.,M; P = protein)

[L], [Llb r= [Llb/[p] r/[Ll,
(p.,M) (p.,M) X104

Planimeter
10.3 17.5 0.265 2.60
20.6 28.9 0.437 2.10
25.7 33.0 0.499 1.90
30.9 38.1 0.576 1.90
41.2 45.4 0.687 1.70

Geometric calculation
10.3 18.0 0.272 2.60
20.6 28.4 0.430 2.10
25.7 34.7 0.524 2.00
30.9 37.8 0.572 1.90
41.2 45.9 0.695 1.79

these two parameters are reasonably in agree
ment to each other. The n values are higher than
those reported in the previous publication [5].
This is due to the fact that in ref. 5 the plot was
not started from the origin. We believe that the

2.0

TABLE IV

L-TRYPTOPHAN-BSA BINDING BY INTERNAL CALI-.
BRATION (p = 66.09 .10-4 p.,mol; p = amount of protein)

Mobile phase Intercept r= Lblp r/[L],
[L],(p.,M) L b (X10- 4 p.,mol) X104

Integrator
10.3 14.0 0.212 2.06
20.6 24.0 0.363 1.76
25.7 28.0 0.424 1.65
30.9 32.0 0.484 1.60
41.1 38.0 0.575 1.40

Geometric calculation
10.3 19.1 0.289 2.81
20.6 29.8 0.451 2.19
25.7 34.2 0.517 2.01
30.9 38.2 0.583 1.89
41.2 46.1 0.698 1.69

Planimeter
10.3 17.4 0.263 2.55
20.6 29.4 0.445 2.16
25.7 33.6 0.509 1.98
30.9 37.0 0.559 1.81
41.2 45.2 0.683 1.66

Fig. 7. Scatchard plot for the binding of L-tryptophan by
BSA.• = Internal by integrator; /'; = internal by geometric
calculation; 0 = internal by planimeter; 0 = external by
planimeter; 0 = external by geometric calculation.

results reported in this paper are more reliable
than all those previously published including
those classical ones [9-11]. The reason is that we
reached the conclusions with two different meth
ods (i.e. external calibration and internal cali-

TABLE V

BINDING PARAMETERS OF L-TRYPTOPHAN-BSA
SYSTEM

Area evaluation Internal (1) or n k x 104

method external (E)

Planimeter I 1.41 2.22
E 1.44 2.22

Geometric I 1.29 2.72
calculation E 1.43 2.21

Integrator I 1.35 1.80
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+ B

Fig. 1. Structural organisation of CBH 1. C = Core, consist
ing of 425 amino acid residues; B = connecting region,
consisting of 35 amino acid residues; A = cellulose-binding
domain, consisting of 35 amino acid residues. Papain cleaves
at the arrow.

graphic performance depends on the amount of
protein as well as on the method used to immo
bilize it on the support [7]. A BSA-silica CSP
obtained by adsorption of BSA on the silica was
unable to differentiate between enantiomers of
some sulphoxides [8] which were separable on
the CSP with covalently immobilized BSA
[9,10].

Compared to that for the intact protein, the
column efficiency of chiral solutes on a CSP
based on a fragment should be improved if the
fragmentation strips off non-specific binding sites
with high affinity and/or multiple stereospecific
sites of the analyte. However, if the dominant
stereospecific site shows slow adsorption and
desorption kinetics for the analyte, i.e., is rate
determining, no significant improvement of the
efficiency should be expected. As a consequence
of the lower molecular mass of the fragment
compared to the intact protein it should be
possible to covalently bind a higher molar
amount of fragment sites to the support and thus
improve the loadability of analytes.

The cellulase, cellobiohydrolase I (CBH I),
can easily be cleaved enzymatically into two
fragments, as indicated by the arrow in Fig. 1,
both of which can be purified by conventional
methods. The purpose of this study was to
immobilize these fragments on silica, to evaluate
the chromatographic performance of the ob
tained CSPs and to locate stereospecific site(s).

EXPERIMENTAL

Apparatus
The pumps used were a 114 M solvent delivery

module in the micro mode (Beckman Instru
ments, Fullerton, CA, USA) and a Model 2150
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dual-piston high-performance liquid chromato
graphic pump (Pharmacia LKB Biotechnology,
Uppsala, Sweden). The injectors were a Model
7520 with a 0.5- or 1-Jd loop and a Model 7125
with a 20-1L1 loop (Rheodyne, Cotati, CA,
USA). The variable-wavelength detectors Spec
troMonitor 3100, fluid cell volume 1 Jd (3 mm
path length) and SpectroMonitor D, fluid cell
volume 14 ILl (10 mm path length) (LDC Ana
lytical, Riviera Beach, FL, USA), were con
nected to a recorder Model BD 40 (Kipp &
Zonen, Delft, Netherlands).The columns were
made of stainless steel (Skandinaviska GeneTec,
Kungsbacka, Sweden) with PTFE-coated (Sve
fluor, Uppsala, Sweden) inner surface.

A water bath type 02 PT 923 (Heto, BirkeH7}d,
Denmark) was used to thermostat the mobile
phase reservoir and the columns at 20.0 ± O.l°C.

The pH meter was a Model E 623 equipped
with a combined pH glass electrode (Metrohm,
Herisau, Switzerland).

The spectrophotometer was a Model UV-160
A (Shimadzu Europa, Duisburg, Germany).

Chemicals
Concentrated culture filtrate from the fungus

Trichoderma reesei chain QM9414 was a kind gift
from VTT, the Technical Research Centre of
Finland (Espoo, Finland). Papain was supplied
by Boehringer Mannheim Scandinavia (Brom
ma, Sweden). Spherical diol-silica (300 A, 10
ILm, 60 mZ/g, 5 ILmol/m z of diol) was obtained
from Perstorp Biolytica (Lund, Sweden). Spheri
cal aminopropyI modified silica, Nucleosil 100
10NHz (100 A, 10 ILm, 350 mZ/g of the un
modified silica, 5 ILmol/mz of NHz) and Nu-

• 0 Z
cleosIl 300-7NHz (300 A, 7 ILm, 100 m / g of the
unmodified silica, 5 ILmol/mz of NHz), was
obtained from Macherey-Nagel (Diiren, Ger
many). N-Hydroxymaleimide, triethylamine
(TEA), tetrabutylammonium hydrogensulphate
(TBA) and 1-hexanesulphonic acid sodium
salt monohydrate (HS) were from Fluka
(Buchs, Switzerland). 1-Ethyl-3-(3-dimethylam
inopropyl)carbodiimide hydrochloride (EDC) ,
p-nitrophenyl !3-D-Iactopyranoside, (R)-, (5)
and rae-propranolol hydrochloride, rae-warfarin,
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(D)- and (L)-N-tert.-butoxycarbonyl-phenyl
alanine (N-t-Boc-phenylalanine), and (R)- and
(S)-I-phenylethanol were from Sigma (St. Louis,
MO, USA). N,N-Dimethylethylamine (DMEA),
N,N-dimethyloctylamine (DMOA), I-dodecane
sulphonic acid sodium salt (DS), l-octanesul
phonic acid sodium salt monohydrate (OS) and
(+ )-norephedrin hydrochloride were from Jan
ssen Chimica (Beerse, Belgium). rac-Omepra
zole, rac-oxprenolol hydrochloride, (R)- and
(S)-alprenolol tartrate monohydrate, rac-al
prenolol hydrochloride, (R)- and (S)-metoprolol
hydrochloride, rac-metoprolol and rac-H 125/72
hydrochloride were kindly supplied by Astra
Hassle (M61ndal, Sweden). (RR,SS)-Labetalol
hydrochloride was supplied by Glaxo Group
Research (Greenford, UK). (R)- and (S)-war
farin were kindly supplied by Dr. Istvan Szinai,
Central Research Institute for Chemistry of the
Hungarian Academy of Sciences (Budapest,
Hungary). (R)-, (S)- and rac-prilocaine hydro
chloride were kindly supplied by Astra Pain
Control (S6dertalje, Sweden). The organic sol
vents as well as the acids and salts used for the
preparation of buffers were of analytical grade.

N-Hydroxysulfosuccinimide sodium salt
(HSSI) was prepared from N-hydroxymaleimide
according to a previously reported method [11].

The solute structures are shown in Fig. 2.

Preparation and isolation of intact and
fragmented eBR I

CBH I was isolated from the crude concen
trated culture filtrate of T. reesei by chromato
graphic techniques as described previously [12].
Limited proteolysis of CBH I (M

f
65 000) by

papain yielded the enzymatically active core
protein (M

f
56 000) and a C-terminal protein (M

f

9000) [13] consisting of a part of the connecting
region, B, plus the cellulose-binding domain, A
[14]. The two fragments, core and BA, were
baseline separated and purified by gel filtration
according to ref. 13. The purity of the BA
fragment was controlled by amino acid analysis
[14] and by reversed-phase chromatography on a
C I8 column.

Different batches of crude culture filtrates

Fig. 2. Solute structures.

were used for the preparation of intact CBH I
and its fragments.

Preparation of protein solid phases
Immobilization on aldehyde silica. The oxida

tion of diol-silica to aldehyde silica and the
subsequent immobilization of CBH I via the
amino groups of the protein have been described
previously [12]. In this study 150 mg, 75 mg and
38 mg CBH I were allowed to react per gram of
aldehyde silica in order to obtain CBH I silicas
with different amounts of protein. The core silica
was prepared as done with the CBH I-silica [12]
and 150 mg of core fragment were added to the
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EXPERIMENTAL

detection and assay of one or more of the known
breakdown products as well as the assay of the
parent compounds.

obtained from Fluka (Germany) and l-octane
sulphonic acid sodium salt (1-0SA) from Sigma.

Other reagents were analytical grade.
Acetonitrile was HPLC grade purchased from

Waters Division of Millipore (USA), and dis
tilled water was deionized by a Milli-Q water
purification system (Millipore, USA).

Samples of autoinjectors containing a solution
of atropine sulphate and obidoxime chloride
(Combopen, Duphar, Amsterdam, Netherlands)
or atropine sulphate and HI-6 (Astra Meditec,
M6lndal, Sweden) were obtained from the Aus
tralian Department of Defence, Canberra, Aus
tralia.

Chromatography
Isocratic, reversed-phase HPLC was carried

out using a Waters system comprising a 510
pump, 712 WISP autoinjector, 481 variable
wavelength UV detector and 730 data module. A
Zorbax RX-C18 column (25 cm x 4.6 mm I.D.)
and guard column (1.25 cm x 4.0 mm I.D.)
(particle size 5 jLm) (Rockland Technologies,
USA) was chosen for the analyses. The column
temperature was maintained at 25°C.

The limits of composition of the mobile phase,
which were optimized for each particular com
ponent and its degradation products, were: 50
mM sodium dihydrogenorthophosphate, 1-5
mM TMA, 0.5-1 mM 1-0SA and between 3.0
and 20% (v/v) acetonitrile in Milli-Q water. The
pH was adjusted to 3.5 with concentrated ortho
phosphoric acid. Finally the mobile phase was
filtered through a 0.45-jLm Millipore filter. Dur
ing analyses the flow-rate was 1 mllmin. Details
of the specific composition of each mobile phase
used for estimating the extent of degradation of
the different oximes or atropine are given in
Table I.

Detection wavelengths (Table II) were select
ed that would increase the sensitivity of the
HPLC analyses to the degradation products of
the oximes or better allow the detection of
atropine and tropic acid in the presence of up to
a 1l00-fold excess of oxime. Information in this
regard was obtained from absorbtion spectra of
0.1 mM solutions of the oximes and atropine and
known degradation products in a mobile phase
(pH 3.5) containing 50 mM sodium dihydrogen-

2CI -

m-6

Pralidoxime chlorideAtropine

Obidoximc chloride

OH OH
I I

H-C~ H-C~

61 61~N ~N
I I 2CI-

CHrO-CH2

Materials
Atropine sulphate, pralidoxime chloride

[2-«hydroxyimino)methyl)-I-methyl pyridinium
chloride] (2-PAM-CI) and pralidoxime methane
sulphonate (P2S) were obtained from Sigma
(USA). Obidoxime chloride [1,I'-(oxy-bis(meth
ylene» - bis(4 - (hydroxyimino)methyl) - pyridin
ium dichloride] (Toxogonin) was obtained from
E. Merck (Germany) and HI-6 {1-[«4-(amino
carbonyl)-pyridino)methoxy)methyl]-2[(hydroxy
imino)methyl]-pyridinium dichloride} from Drs.
P.A. Lockwood and J.G. Clement, Defense
Department, Canada. The structures are de
tailed in Fig. 1.

Other compounds, used as standards, were
DL-tropic acid, pyridine-2-aldoxime, pyridine-4
aldoxime, isonicotinic acid (pyridine-4-carboxylic
acid), isonicotinamide (pyridine-4-carboxylic
acid amide) and methyl paraben (p-hydroxy
benzoic acid methyl ester) (all from Sigma).
Phenol was obtained from International Bio
chemistry Industries (CT, USA) and a
picolinamide (pyridine-2-carboxylic acid amide)
from the Tokyo Chemical Industry Company,
Japan.

Tetramethylammonium chloride (TMA) was

Fig. 1. Structures of atropine and the oximes.
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ABSTRACT

Analytical HPLC methods were developed for the chiral resolution of verapamil and norverapamil using a cellulose-based
chiral stationary phase (Chiralcel OD) in the reversed-phase mode. The effect of pH, buffer concentration, and temperature on
the analytical chiral separation were investigated. It was shown that retention decreased slightly with increasing pH, while a and
resolution were unaffected by pH. Increasing buffer concentration from 0.01 to 0.125 M resulted in increased retention, while
concentrations above 0.125 M resulted in decreased retention. Separation was unaffected by buffer concentration, while
resolution increased with increasing buffer concentration. Maximum analytical resolution was obtained at subambient tempera
tures. Separation was unaffected by temperature, while an increase in temperature resulted in decreased retention. In addition,
the preparative resolution of the enantiomers of verapamil and norverapamil was investigated. The analytical methods were
scaled· up to preparative loadings and the chromatographic parameters varied to determine their effect on the preparative
separations.

INTRODUCTION

Verapamil (Fig. 1) is a calcium antagonist
which is used in the management of hyperten
sion. Norverapamil is the primary metabolite of
verapamil. Both verapamil and norverapamil
contain a chiral carbon and exist as enantiomers.
There are two approaches to obtaining enantio
merically pure chemicals. These are asymmetric
synthesis of the desired isomer and resolution of
a racemic mixture into individual isomers. Vari
ous synthetic methods to produce the individual
enantiomers of verapamil have been developed
[1]. Methods for the resolution of a racemic
mixture include recrystallization of diastereomer
ic salts, formation of diastereomeric derivatives

* Corresponding author.

followed by chromatographic resolution on an
achiral stationary phase, and direct chromato
graphic resolution of enantiomers using a chiral
stationary phase or a chiral mobile phase addi
tive. The resolution of verapamil by the re-

~
CH3

H3CO f , ~~OCH3
- CN ~_.

H3CO OCH3

VERAPAMIL

H3CO n Y - -1~oCH3
~~ ~-

H3CO OCH3

NORVERAPAMIL

Fig. 1. Structure of verapamil and norverapamil.
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TABLE II

EXPERIMENTAL AND CALCULATED RETENTION INDICES AND DESCRIPTORS EMPLOYED IN THE SELECT-
ED MODEL

CompoundQ Descriptor Calculated Experimental
retention retention index

NOCH3 XVo VOL DIMO index (i.u.) (i.u.)

Training set
1 0 3.464 88.618 0.000 674.9 681.3
2 0 3.163 93.558 1.995 664.0 664.1
3 0 4.591 102.304 1.837 878.6 877.9
4 0 5.371 105.972 1.392 989.8 979.6
5 1 4.387 105.096 0.068 784.9 788.2
6 0 4.795 113.870 1.072 926.2 923.6
7 0 5.921 127.585 2.242 1123.5 1131.7
8 2 5.309 121.642 0.001 893.7 889.2
9 1 4.086 110.077 1.960 773.1 777.7

10 1 6.294 122.492 1.384 1099.3 1096.3
11 0 5.070 110.923 0.667 953.2 940.9
12 0 6.497 119.634 0.463 1167.2 1174.4
13 1 5.513 118.808 1.826 987.8 989.2
14 0 4.494 118.855 2.353 908.6 910.6
15 0 5.921 127.506 1.096 1112.4 1126.0
16 1 5.718 130.453 1.534 1040.2 1029.6
17 2 5.309 124.332 0.061 900.5 892.0
18 0 6.497 119.596 1.585 1177.7 1179.0
19 1 6.294 122.387 1.378 1098.9 1100.0
20 1 4.086 110.058 1.998 773.5 778.0
21 1 5.513 118.779 1.827 987.7 990.9
22 0 4.290 107.228 1.873 849.1 835.4
23 0 7.278 123.271 1.315 1290.7 1287.7
24 0 5.717 115.941 1.744 1063.8 1060.5
25 1 5.718 130.495 1.459 1039.6 1013.5
26 0 5.922 127.615 2.482 1125.9 1135.6
27 0 5.Q70 110.900 2.743 972.8 959.6
28 1 4.086 110.085 1.952 773.1 777.4
29 0 4.494 118.910 2.674 911.8 919.7
30 2 5.309 121.534 0.073 894.2 916.2
31 0 6.497 119.609 2.490 1186.3 1197.6
32 0 4.290 107.171 3.123 860.8 862.0

Prediction set
1 0 4.290 107.289 0.204 833.4 840.5
2 1 5.718 130.396 1.077 1035.7 1029.5
3 1 5.513 118.782 1.786 987.4 986.3
4 1 6.294 122.415 1.345 1098.7 1095.7
5 0 4.494 118.780 1.263 898.1 908.5
6 0 5.070 110.889 1.771 963.6 932.8

Q The compounds are numbered as in Table I.

that encodes the size and degree of branching of molecule (NOCH3 ) is also a topological descrip-
the molecules. It contains corrections for the tor. The Van der Waals volume (VOL) is a
difference in the type of halogen in the mole- geometric descriptor. The presence of this de-
cules. The number of methyl groups in the scriptor in the model reveals the importance of









396

ness, dr' carrier gas used and the temperature
programme (initial oven temperature To and
oven heating rate r). In order to increase the
repeatability and reproducibility of the measure
ment of PTRI, Sadtler Research Laboratories
employed a highly sophisticated gas chromato
graph and high-quality fused-silica capillary
columns commercially available at that time.
Weber [15] stressed that in order to reproduce
the standard PTRI in the Sadtler Library by
other chromatographers, all the experimental
conditions should be strictly followed. In recent
years, we have investigated how to reproduce
PTRI under more flexible experimental condi
tions and found that rto/f3 is a characteristic
parameter for reproducing PTRI in program
med-temperature GC, where r is the oven heat
ing rate, to the gas hold-up time and f3 the phase
ratio [16]. As the average linear velocity of
carrier gas was unclearly stated in the Sadtler
Library, this characteristic parameter cannot be
found from the Library, which makes the use of
the PTRI standard data in it very difficult.

The objectives of this work were as follows:
(1) to optimize the average linear velocity of
carrier gas in order to reproduce the standard
Sadtler PTRI; (2) to show that for reproducing
standard PTRI on polar Carbowax 20M column
a more rigorous test for column performance is
needed; (3) to show that the initial oven tem
perature can be allowed to vary to a small extent
without seriously affecting the reproducibility of
PTRI; (4) to show that hydrogen is not the only
carrier gas that can be used; (5) to show that a
less sophisticated gas chromatograph can be
applied for reproducing standard PTRI satisfac
torily; and (6) to show the laboratory made
columns of various geometries and film thickness
can also be used, provided that the column used
is well deactivated.

EXPERIMENTAL

Instrumentation
Two gas chromatographs were used: a Varian

Model 3770, an instrument with constant pres
sure control, similar to the Hewlett-Packard
Model 5880A used for Sadtler standard PTRI
measurement, and a Shimadzu GC-9A, a con-
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stant flow-rate controlled gas chromatograph.
Flame ionization detectors were used in both
instances. The injector and detector tempera
tures were both held at 250°C. Shimadzu C-RIB
and C-R2B data processors were used, respec
tively. Injections were performed manually. No
autosampler was used. The calculation was com
pleted on an IBM PC/XT microcomputer.

Columns
The standard columns used, all purchased

from Hewlett-Packard, were as follows: (1) HP
ultra-performance OV-l, cross-linked polydi
methylsiloxane, 25 m x 0.32 mm J.D., dr= 52
/Lm, f3 = 150; (2) HP ultra-performance SE-54,
cross-linked 5% phenyl-polyphenylmethylsilox
ane, 25 m x 0.32 mm J.D., d r = 0.52 /Lm, f3 =
150; and (3) two HP high-performance Car
bowax (CW) 20M, 25 m x 0.32 mm J.D., dr =

0.32 /Lm, f3 = 250 (columns A and B). Both
columns passed the test given by the manufac
turer with a test mixture of ethyl undecanoate,
nicotine, heptanoic acid and ethyl tridecanoate,
giving four symmetrical peaks and excellent
column efficiency at 145°C.

Laboratory-made fused-silica open tubular
(FSOT) columns were also used. Fused-silica
tubing with J.D. 0.22, 0.25 and 0.32 mm was
purchased from Yongnian Optical Fibre Factory
(Yongnian, Hebei Province, China). Columns of
various lengths were coated statically [17] with
SE-54 and OV-l stationary phases purchased
from Chrompack (Middelburg, Netherlands).
The phase ratio of the column to be coated was
estimated from the concentration of the station
ary phase in the coating solution and determined
experimentally by measuring the capacity factor
of benzene on the column prepared and the
standard column at an oven temperature of 60°C
and then calculated using the equation

where f3x and f3s are the phase ratios of the
laboratory made and Hewlett-Packard standard
columns, respectively, and kx and k s are the
capacity factors of benzene measured on the two
column. The phase ratios of the standard
columns were reported to be 150 and those of
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ABSTRACT

The dependence of the programmed-temperature vaporizer (PTV) solvent split sampling technique on eight experimental
variables affecting the introduction of large sample volumes in capillary GC was evaluated. The simplex method was used to
improve the sensitivity of the analysis significantly by optimization of the operating conditions, namely sample volume, flow-rate
during sampling, initial PTV temperature, length of the adsorbent bed, nature of the trapping material used in the glass liner,
speed of sample introduction, elimination volume and solvent elimination temperature. With this method, reliable determinations
of several volatile components at sub-ppb concentrations were obtained using a flame ionization detector, without the need for
prior enrichment of the sample.

INTRODUCTION

Introduction of large volume samples in capil
lary GC is of special interest for the determina
tion of trace compounds in strongly diluted or
low-concentration samples. Also, injection of
large amounts is usually required for on-line
LC-GC coupling.

The determination of trace compounds by
capillary GC has commonly been performed by
using the so-called Grob-type splitless injection,
which involves direct introduction into the chro-

* Corresponding author.

matographic column of dilute solutions [1-3].
An evident disadvantage of this technique, how
ever, is the high loading of the column with large
amounts of solvents, as it may cause several
problems mainly due to flooding sample liquid in
the first portion of the capillary column, thus
favouring phase stripping. The use of uncoated
column inlets with a reduced retention power
(retention gaps) has proved suitable for recon
centrating the initial solute bands broadened in
space. This reconcentration results from the
accelerated movement of the solute materials
through the uncoated inlet compared with the
coated column [4]. Other approaches require the
concentration of the sample prior to its intro-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserve.d
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Gas chromatographic analysis
Helium at 36 p.s.i.g. (1 p.s.i. = 6894.76 Pa)

was used as the carrier gas and the detector was
operated at 250°C. Gas chromatographic separa
tions were carried out on a SGE (Ringwood,
Australia) fused-silica column (50 m x 0.22 mm
I.D.) coated with cross-linked BP-21 (film thick
ness 0.25 /-Lm). The column temperature was
held at 35°C for 8 min, then programmed to 60°C
at 2°C/min and to 180°C at 4°C/min.

The initial PTV temperature was varied, as
mentioned below, according to the optimization
procedure. The final PTV temperature (250°C)
was established taking into account the thermal
stability of the trapping materials used and the
need to achieve thermodesorption of the trapped
solutes. After reaching the final temperature in
the injector, it was maintained for 5 min and
then cooled.

A silylated quartz insert (90 mm x 1 mm
I.D. x 2 mm a.D.) from the PTV injector was
packed with different lengths of packing material
and plugged at both ends with silanized glass
wool. The packed liners were conditioned for
120 min at 255°C under a purge gas (helium)
flow. According to our previous experience, the
use of both Tenax TA and Gas Chrom 220 as
alternative sorbents is of interest for trace en
richment because of their complementary
characteristics. In order to evaluate the influence
of the functionality of the trapping material (i.e.,
the affinity of the sorbent for different organic
compounds) on the performance of the analysis,
a mixture of the two adsorbents mentioned
above was finally considered to be one of the
eight variables to be optimized. In all instances,
the trapping material had been previously
washed with acetone and subsequently dried and
conditioned under a stream of nitrogen which
was maintained either for 30 min at 90°C, 30 min
at 180°C, 60 min at 300°C and 120 min at 350°C
(for Tenax TA) orfor 30 min at 90°C, 30 min at
180°C and 120 min at 250°C (for Gas Chrom
220).

Operating conditions
Table I shows the eight variables which were

optimized for large sample introduction in the
PTV: sample volume (VIO ) , flow-rate during
sampling (F), initial temperature of the PTV
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TABLE I

BASE LEVEL, STEP SIZE AND EXPERIMENTAL
VARIABLES CONSIDERED FOR THE SIMPLEX
OPTIMIZATION OF THE PTV SOLVENT SPLIT SAM
PLING OF LARGE VOLUMES

Experimental variable Base level Step size

Sample volume, ~o (ILl) 300 150
Flow-rate during sampling, 600 300

F (ml/min)
Initial PTV temperature, Ti ("C) 40 15
Length of adsorbent, L (cm) 2 2
Gas Chrom 220 in the 0 45

adsorbent (%)
Speed of sample introduction, 0.2 0.07

Vi (1LIIs)
Elimination volume, VOE (ml) 3000 3000
Solvent elimination temperature, 20 15

Te ("C)

(TJ, length of the adsorbent in the glass liner
(L), percentage of Gas Chrom 220 in the mix
ture of adsorbents used as a trapping material
(%), speed of sample introduction (vJ, volume
of gas that is purged during the splitting period
(elimination volume, VOE ) and solvent elimina
tion temperature (Te>. Prior to the sample intro
duction, the column end was withdrawn from the
injector body so that solvent elimination was
effectively performed through the injector bot
tom.

The simplex optimization was initiated accord
ing to the matrix of mathematical coordinates
proposed by Spendley et al. [27]. The following
equation was applied to calculate the physical
values of the experimental variables:

(1)

where X o is the starting physical value of the
variable X (base level), XphyS its actual physical
value, Xmath the corresponding mathematical
coordinate in the Spendley matrix and Sz (the
so-called step size) the physical value corre
sponding to a mathematical unit of the variable
X.

Table I also includes the base level corre
sponding to the studied variables and the step
size that was considered for each experimental
variable.
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as the base peak (Table I). Kjaer et at. [7]
reported that the ion at m/z 115 was prominent
in the EI-MS of linear alkyl isothiocyanates with
chain lengths greater than Cs' The spectra of the
longer-chain (i.e. > Cs) isothiocyanates are also
characterized by moderately abundant M+ and
(M + It ions (Table I). These features help
distinguish the isothiocyanates from the isomeric
thiocyanates.

The ease of distinction between alkyl
thiocyanates and isothiocyanates by NH3-CI-MS
is typified by the spectra of the sec.-butyl isomers
(Fig. 2c and d). Whereas the spectrum of the
thiocyanate (Fig. 2c) contains only adduct ions,
considerable fragmentation of the isothiocyanate
is apparent (Fig. 2d). In this respect the NH3-CI
MS of allyl thiocyanate (Fig. 1c) and benzyl
thiocyanate (Fig. 2a) are anomalous as they
indicate fragmentation similar to the corre
sponding isothiocyanates (Figs. 1d and 2b, re
spectively). This anomaly is also seen in the
NH3-CI-MS of phenyl thiocyanate and 2
phenylethyl thiocyanate (not shown) and may
indicate that the presence of allyl or aromatic
residues stabilizes these ions relative to their
alkyl counterparts. Alternatively, this anomaly
may be due to partial isomerization of the allyl
and aromatic isomers in the ionization source.
The tendency of allyl thiocyanate to isomerize to
isothiocyanate is well known [3,5,14], and the
reverse isomerization by brief exposure to tem
peratures greater than 150°C has also been
demonstrated [3]. However, isomerization of
aromatic thiocyanates is less well documented
and no isomerization was detected in the present
work using injector temperatures up to 200°C.

Isothiocyanates are known to react with am
monia to give thioureas (2) and some of the
spectra do show minor ions at m/z (M + NH3 )

but this ion is prominent only in the spectrum of
tert.-butyl isothiocyanate (Table I). However,
the NH3-CI mass spectra of the isomeric butyl
thioureas (not shown) are identical and contain
the ion at m/z (M + 1) {i.e. m/z 133 == (M +
NH4 ) + for the parent isothiocyanate} as the base
peak and the adduct ion (M + NH4 ) + at ca. 3%
relative abundance. The NH3-CI-MS of other
alkyl thioureas, and benzyl thiourea, also give
the (M + H)+ ion as base peak and different

fragments than the parent isothiocyanates (not
shown). These observations suggest that little or
no thiourea is formed during NH3-CI-MS of
isothiocyanates.

The fragmentation of the isothiocyanates under
NH3-CI conditions can be rationalized by post
ulating elimination of various neutral species
from the adduct ions. For allyl isothiocyanate
(Fig. 1d) the ions at m/z 77, 75 correspond to
loss of cyclopropene and propylene, respectively,
from the adduct (M + NH4 ) +. However, high
resolution MS showed the ion at m/z 72 has the
same composition (CHzNCS) as in the EI mass
spectrum and is most likely derived from the
relatively abundant molecular ion. Similarly, in
the spectrum of sec.-butyl isothiocyanate (Fig.
2d) the molecular ion and the ion at m/z 72 are
also abundant and other ions such as m/z 74, 91
appear to arise by loss of HNCS from the (M +
NH4 ) + and (M + NH4 • NH3 ) + adducts, respec
tively. Similar losses to give the base peak at m/z
108 and the ion at m/z 125 in the spectrum of
benzyl isothiocyanate (Fig. 2b) were confirmed
by high-resolution MS. The ion at m/z 108 is
also the base peak in the spectrum of 2
phenylethyl isothiocyanate and is accompanied
by the ion at m/z 125 (Table I). These ions are
also prominent in the NH3-CI mass spectrum of
toluene which was used as a retention time
reference. For toluene the ions at m/z 108, 125
obviously arise from adduct ions and can be
represented by the elimination of Hz from the
(M + NH 4t and (M + NH4 • NH3t ions, re
spectively. The presence of the ions at m/z 108,
125 in the NH3-CI-MS of these compounds
suggests that these fragments are diagnostic for
the benzyl group.

Infrared spectroscopy
A series of alkyl and aryl thiocyanates and

isothiocyanates were examined by GC-FT-IR
FID (Table II ). Fig. 3a shows the FID response
and Fig. 3c the corresponding Gram-Schmidt
reconstructed FT-IR chromatograms, respective-
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Fig. 3. Capillary zone electropherograms of horse kidney
Cd,Zn-MT conducted at different pH values. MT was dis
solved at a concentration of 1.0 mg/ml in deionized water
and CZE was conducted as described in the caption to Fig. 1.
(a) pH 2.5, (b) pH 7.0, (c) pH 11.0.

order of migration for rat liver MT-1 VS. MT-2
was reversed when the pH of the buffer was
increased from 2.5 to 7.0 or 11.0. In contrast, pig
liver Zn-MT-1 (Fig. 11) and Zn-MT-2 (Fig. 12)
exhibited multiple peaks on CZE. The number
of peaks depended on the pH.

DISCUSSION

MTs isolated from rabbit liver and horse
kidney can be separated into three major peaks
using CZE. Further analysis of the two major
isoform classes from rabbit liver indicated that
two of the major peaks originated from the
MT-1 isoform group and the third was deter
mined to be MT-2. Our results clearly demon
strate the power of the alternative separation
selectivity associated with CZE. Verification of
these species as true MT isoforms must await
amino acid sequence analysis of the individually
collected peaks. However, our findings are con
sistent with the work of Klauser et at. [10] which
demonstrated by RP-HPLC that MT from rabbit
liver is comprised of at 'least four distinct species,

Time (min)

Fig. 4. Rabbit liver Cd,Zn-MT subjected to RP-HPLC at
different pH values. MT was dissolved at a concentration of
1.0 mg/ml in deionized water. A 50-ILl volume of the MT
sample was injected onto a Vydac Cs pH-stable column
(250 x 4.6 mm) and eluted at a flow-rate of 1.0 ml/min with a
two-step linear gradient of acetonitrile (CH3CN) in 10 mM
sodium phosphate buffer at (a) pH 2.5, (b) pH 7.0 or (c) pH
11.0 (0-30% CH3CN over 55 min).

while horse kidney MT is comprised of at least
three, each differing in their amino acid compo
sition. In addition, we were able to qualitatively
assess the stability of our MT standard solutions
prepared in deionized water using CZE. Even
after several months of storage at 4°C, there was
no evidence of additional peaks nor was there
any apparent change in MT isoform peak shape
or integrated peak area indicative of MT break
down [7]. These findings also argue against the
possibility that the peaks detected in our study
were artifacts arising from MT degradation or
modification produced prior to or during CZE.
The fact that rabbit liver and horse kidney MTs
contain both Cd and Zn could lead to the
possibility of MTs differing in their metal content
(i.e., metalloforms). Metalloforms could con
ceivably have different properties related to
differences in structure. However, we have
found that the type of metal bound to MT does
not appear to affect isoform migration time for

--CZE (unpublished results). Therefore, we do not
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Chiral separations using dextran and bovine serum
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ABSTRACT

A method utilizing dextran as a run buffer additive in addition to bovine serum albumin (BSA) for chiral separation by means
of affinity capillary electrophoresis (ACE) has been developed. By adding different amounts of dextran to the run buffer, the net
velocity of BSA can be adjusted to a desired rate. Enantiomers of some drugs [ibuprofen (18) and leucovorin (LV)] and amino
acids (dansyl-DL-leucine and dansyl-DL-norvaline) were separated on a capillary with 20 cm effective length by this method. The
effect of dextran concentration on the retention of BSA and resolution of sample enantiomers was studied. Enantiomers of
mandelic acid (MA), which have very weak affinity for BSA, were also resolved. Qualitative information pertaining to the
binding interaction of the samples with BSA can be obtained by this method.

INTRODUCTION

Many pharmaceutical drugs have asymmetric
centers with most of them being used clinically in
the racemic form. However, drug enantiomers
can have quantitative or even qualitatively differ
ent physiological actions. With the improved
understanding of the biological action of phar
maceutical drugs with respect to their stereo
chemistry, investigations concerning the pharm
acology and toxicology of individual drug en
antiomers have become more and more impor
tant. The pharmaceutical industry has, therefore,
a tremendous interest in techniques for enan
tioseparations to investigate the optical purity of
drugs. Some proteins, e.g. bovine serum albumin
(BSA) [1-3], a-acid glycoprotein (a-AGP) [4,5],
and ovomucoid [6,7], have been successfully
used in high-performance liquid chromatography
(HPLC) as stationary phases. However, protein

* Corresponding author.

immobilized columns in HPLC often show poor
efficiency [8].

Capillary electrophoresis (CE), which has de
veloped considerably during the past ten years,
represents an attractive alternative method to
HPLC in chiral separation due to its high ef
ficiency and selectivity [9]. Electrokinetic chro
matography (EKC), an extension of CE which
was introduced by Terabe et at. [10], is also very
useful in chiral separations. Early work applying
the principle of ligand-exchange electrophoresis
to CE was done by Zare et at. [11]. Cyclodextrin
and their derivatives [12,13] as well as chiral
crown ethers [14] have been widely used to form
inclusion complexes with enantiomers in CEo
Chiral resolution has been demonstrated in
micellar EKC which employs an ionic micelle as
a run buffer modifier [15-17]. Recently, a new
method for the determination of the (6R) and
(6S) stereoisomers of leucovorin (LV) using
EKC in the affinity mode has been developed in
our laboratory [18]. In this method, BSA was
used as a run buffer additive to incorporate

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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