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CHROMATOGRAPHY A

Preface

The term ‘“‘analytical biotechnology” has been
used to describe the analytical characterization
of biosynthetic products, especially proteins.
This field has become increasingly important due
to the rapid growth and success of the bio-
pharmaceutical industry. Analytical characteriza-
tion standards for pharmaceutical products are
rigorous, and when applied to proteins, meeting
these standards requires the use of state of the
art technology. Over the past 10-15 years re-
volutionary advances have been made in ana-
lytical technology for protein characterization.
HPLC applications for proteins have continued
to expand with the advent of rapid separation
systems. Capillary electrophoresis has become a
useful tool, supplementing HPLC and traditional
electrophoresis separation capabilities. Advances
have been made in trace level N-terminal se-
quencing technology, and practical strategies for
C-terminal sequencing have become available.
Mass spectrometry has become routinely used
for protein characterization, greatly increasing
our ability to detect small structural changes in
proteins (e.g. chemical degradation events dur-
ing product storage).

This special issue consists of a collection of
papers which review some of the more important
analytical techniques in this field, with an em-
phasis on separations, as well as papers describ-
ing specific applications. The field of high speed
HPLC separations is reviewed by Chen and
Horvath. Nguyen et al. review the field of
protein mass spectrometry, and include a num-
ber of recent, specific examples demonstrating
the power of MS in determining protein struc-

SSDI 0021-9673(94)01248-2

ture. Bailey reviews the important field of chemi-
cal sequencing methods for proteins —both N-
terminal and C-terminal strategies. The use of
isoelectric focusing (IEF), with particular em-
phasis on the determination of post-translational
processing and chemical modifications of pro-
teins is covered by Gianazza. IEF, while not a
quantitative technique, has the advantages of
being widely applicable to proteins and offering
good resolution of closely related structures. Hu
describes a very recent technique, fluorophore-
assisted carbohydrate electrophoresis (FACE)
which is now widely used to characterize the
oligosaccharide structures comprising glycopro-
teins. Eaton reviews the strategies which have
been used to determine the levels of host cell
protein (HCP) contaminants in protein pharma-
ceutical products. The determination of HCPs is
challenging since one is faced with the task of
detecting a complex mixture of proteins at trace
levels in the presence of a large excess of the
protein product. Thus both good sensitivity and
definable selectivity, for a group of complex
analyte proteins are requirements for such as-
says. The strategies for accurately determining
moisture content in proteins, which is a rather
more complex task than one might first assume,
is reviewed by Towns. Protein stability is gener-
ally highly dependent on moisture level, hence
moisture content must be accurately measured
and controlled. Proteins are hygroscopic and
thus readily adsorb or release moisture to the
atmosphere, depending on the relative humidity
in the surrounding environment.

Harris describes a finding with regard to pro-



2 G.C. Davis, R.M. Riggin /| J. Chromatogr. A 705 (1995) 1-2

tein structures from mammalian cell cultures, the
post-translational removal of C-terminal lysine
and arginine residues, presumably due to the
presence of carboxypeptidase in the process.
This finding offers a unique analytical challenge,
given limited capabilities in C-terminal sequence
analysis techniques. Kalman et al., describe a
practical application of capillary electrophoresis
to the characterization of protein mutants.
Strege and Lagu describe the use of micellar
HPLC to the characterization of human growth
hormone in fermentation samples. An applica-
tion of a biospecific affinity sensor for the detec-
tion of neu differentiation factor in chromato-
graphic separations is presented by Liu et al.
This technique offers the ability to rapidly detect
trace levels of a protein with high specificity,

based on binding to a selective ligand (e.g. an
antibody or receptor).

As one can see from the diversity of analytical
methods described in this special issue, the

- amount of effort required to characterize bio-

synthetic products is substantial. While it may be
hoped that as these methods become more
sophisticated, the number of methods needed to
describe the purity, identity, and potency of
biopharmaceuticals will decrease, the reality may
be just the opposite. For the more we learn, the
more complex the questions and the further need
to push our analytical capabilities.

G.C. Davis
R.M. Riggin

Indianapolis, IN, USA
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High-speed high-performance liquid chromatography of
peptides and proteins

H. Chen, Cs. Horvath*

Department of Chemical Engineering, Yale University, New Haven, CT 06520, USA

Abstract

Over the last thirty years the name HPLC has been synonymous with high-speed liquid chromatography and
during the last ten years we have experienced a dramatic increase in the speed of analysis particularly as far as the
separation of biological macromolecules, such as proteins, is concerned. With a solid grounding in the chromato-
graphic theories, column technology has been mainly responsible for the advances in this field. Recent development
shows that columns packed with micropellicular or gigaporous stationary phases of the bidisperse or the bimodal
type facilitate rapid mass transfer between the mobile and stationary phases and thus can deliver high resolution
separations in a very short time. This suggests that HPLC has the potential to be the prime analytical technique for
on-line monitoring of biotechnological processes in real time. Further enhancement of the speed of separation
comes from the use of elevated temperatures. The role of temperature in HPLC has largely been ignored and most
commercial instruments are not equipped with appropriate temperature control. Results presented here strongly
suggest, however, that elevated column temperature may find increasing use in the HPLC of large molecules. In
such analytical applications temperature programming may also play a major role provided columns with low heat
capacity, such as packed fused-silica capillaries, gain wider employment in HPLC.
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1. Introduction

The development of the technique, which we
call by the acronym HPLC, commenced about 30
years ago [1]. At that time the high pressure was
the dominant new operational and instrumental
characteristic and the relatively high speed of the
technique was the most important measure of
performance. For this reason the name ‘“high-
speed liquid chromatography” was also used
concurrently with “high-performance liquid
chromatography” to denote the new technique
[2,3]. Although it has acquired over the years all
features associated with high performance, the
high speed of separation is still a cardinal feature
of HPLC.

High-speed HPLC has been widely used in
routine analytical work, method development,
process monitoring and quality control, and
further progress in these area depends on the
development of efficient means for more rapid
separations. It is particularly important due to
the sequential nature of the separation by col-
umn chromatography that allows the separation
of only one sample at the time in contrast to
planar chromatographic and electrophoretic
techniques which facilitates simultaneous sepa-
ration of several samples. With advances in data
acquisition and processing, sample preparation
and the chromatographic separation steps are the
weakest links in the chain of analytical infor-
‘mation gathering and transfer as shown in Fig. 1.
Since the preparation of a large number of
samples can be carried out parallel, however, the
ultimate limiting step remains the chromato-
graphic separation per se.

Recently, process monitoring and control have
drawn attention in biotechnology in response to
the requirements by federal regulatory agencies
[4]. At the present, mostly off-line analytical
procedures [5], which may take several hours or
even days, are employed for “in-process analy-
sis”. The need for on-line monitoring by rapid
analytical methods is increasingly recognized to
carry out real time monitoring and thus avoid the
loss of product and to reduce the total process
time and cost [6-8].

Recent advances in HPLC with concomitant

PROCESS OR USE OF
PRODUCT INFORMATION

1\

FAST TRANSMISSION

OF INFORMATION
CHROMA-
TOGRAPHY

}
SLOW
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PREPARATION

DATA
| PROCESSING

FAST

SLOW

Fig. 1. Schematic illustration of the sample and information
flow. Due to the sequential nature of sample handling by
column chromatography, HPLC separation is usually the
rate-limiting step of the processes. Sample preparation can be
carried out in a parallel fashion so that a large number of
samples can be simultaneously processed.

enhancement of the separation speed and ef-
ficiency strongly suggest that HPLC has the
potential to become an important method for
on-line monitoring [9]. Although much is ex-
pected from the development of various sensors
[10] for such purposes, the capability for rapid
sequential multicomponent analysis makes a
suitable liquid chromatograph to be the ultimate
sensor, particularly when the advances antici-
pated in miniaturization lead to a new generation
of instruments. As a separation technique with
high resolving power, HPLC is superior in moni-
toring the concentration of several components
over other conventional on-line methods, such as
spectroscopic or electrochemical measurements.
In the past few years, different approaches have
already been developed to monitor by HPLC the
fermentation process [11-14] or the effluents
from down-stream processing operations [15-
17]. By and large HPLC is poised to become a
quasi-real time monitoring tool for processes in
biotechnology.

Rapid analytical HPLC methods will offer
significant advantages also in routine analytical
work in the laboratory. Furthermore, analytical
HPLC is increasingly used in molecular chroma-
tography to obtain information on the structure
of biopolymers, such as proteins, and to study
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molecular interactions as well as the chromato-
graphic process proper at the molecular level
[18~20]. By increasing the speed of analysis, the
analytical productivity and efficiency of both the
operator and the instrument can greatly be
improved. On the other hand, multidimensional
liquid chromatography with coupled columns
[21] entails a large number of individual chro-
matographic runs and is therefore, greatly lim-
ited today by the total amount of time required
for a complete analysis. Further reduction in the
time required for each of the separation steps is
necessary to develop the full potential of this
highly promising technique and to make multi-
dimensional HPLC, with appropriate automated
instrumentation, a powerful analytical method
that can be widely used for the determination of
the composition of samples containing many
components.

In the present report, we shall discuss recent
advances and some approaches to achieve rapid
analysis of peptides and proteins by HPLC, the
peculiarities of the attendant instrumentation
and the operational parameters of high-speed
HPLC.

2. Theory

The time of chromatographic analysis can be
defined as the retention time, t,, of the most
retained sample component. Under isocratic
conditions it is given by

L
tg="-"(L+k') ¢y

where k' is the retention factor of the last peak,
L is the column length and u is the linear flow
velocity of the mobile phase. The column length
depends on the number of theoretical plates, N,
required for the multicomponent separation and
on the reduced plate height, A, as

L=Ndh @)

where d, is the particle diameter. On the other
hand u can be expressed by the reduced flow

velocity, », which is also termed Peclet number

in the chemical engineering literature, as
D, v

“Td

P

3

where D, is the eluite diffusivity in the mobile
phase.

According to Darcy’s law, the pressure drop
across the column is

uln
42

14

AP = )
where AP is the pressure drop and 7 is the
viscosity of mobile phase. The parameter ¢ is
given by 180(1 + w)(1 —€)’/e’, where € is the
interstitial porosity, 0.4 for random packing, and
o is the volume ratio of the intraparticulate and
interstitial void spaces. The latter can be as-
sumed to be unity for totally porous and neg-
ligibly small for pellicular sorbents.

For fixed pressure drop and plate number, the
shortest analysis time, g, is achieved at the
optimum flow velocity, v, [22] at which the
reduced plate height has its minimum value, A,.
Under such conditions ¢; can be expressed as

. _ Nhony

= AP '(1+k,) (5)

and the particle diameter d, is obtained as

hovND,n
d,= V_—AF— (6)

In the chromatography of small molecules, D
can be taken as 1-107° cm’/s. If we set N to
5000, AP to 300 bar, k' to 3, hy to 2, v, to 3 and
m to 1072 g em™' s, the separation time
calculated from Eq. 5 is approximately 10 s. In
this particular case the column length, flow
velocity and particle size were evaluated as 1 cm,
0.3 cm/s and 1 um, respectively, by using Egs.
2, 3 and 6 with the minimum reduced plate
height and optimum reduced velocity.

In the chromatography of large molecules
having much smaller diffusivities, however, the
requirements may change dramatically. If we use
D,, of 5-1077 cm?/s instead of 1-10~° cm®/s in
the case above, we find that for an analysis time
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of 10 s, the column length, flow velocity and
particle size typically required in macromolecular
chromatography would be 0.2 cm, 0.08 cm/s and
0.2 um, respectively. Whereas such particles are
too small for use in packed columns at present, a
thick membrane or a stack of thin membranes
having 0.2-um pores, suitable retentive prop-
erties, and favorable pore morphology could
serve as a chromatographic column for such
rapid separations [23].

In practice, the separation of large molecules
is generally carried out by using gradient elution.
Under linear solvent strength gradient condi-
tions, the analysis time can be estimated by the
relationship [24]

Lt
e~ + ™
%

where ¢ is the gradient time and &, and k, are
the respective isocratic retention factors of the
most retained sample component at the initial
and final mobile phase compositions.

Under gradient conditions the plate number of
the column can be estimated at high flow veloci-
ties by using the expression [25]

N tsD,, ®

"
’ 32 0
L15C'd;k log 7

} where £ is the retention factor at the midpoint of
the column and the parameter C’ depends on the
porosity and structure of the packing, the
. equilibrium constant and the stationary phase
configuration, which represents the particular
form and structure of the support and the
stationary phase proper. Certain novel stationary
phase configurations, such as pellicular, gigapor-
ous, and gel-in-a-shell type are of interest in
high-speed HPLC of large molecules and will be
discussed later.

At fixed plate number and the pressure drop,
the advantages of small particle size for a given
separation are evident from Eqgs. 4 and 8. Both
the column length and gradient time decrease
with df, and as a result the reduction in d, yields
fast separations as seen from Eq. 7. However,

there is a lower practical limit for the particle
diameter and therefore further gains would re-
quire the use of stationary phases of special
configuration that yields small values of parame-
ter C' in Eq. 8. The resolution in gradient
elution does not depend on the. column length
and the flow velocity [25], thus, flow velocity can
be increased, and at the same time the column
length reduced, to- achieve fast separations at a
fixed column inlet pressure.

As seen from Eq. 4, the mobile phase velocity,
at the fixed pressure drop, can be increased upon
reducing the eluent viscosity by using elevated
temperature and thus practicing ‘“superheated”
liquid chromatography [26] or even supercritical
fluid chromatography with eluents commonly
employed in HPLC. Such conditions also lead to
an enhancement of the eluite diffusivity in the
mobile phase, thus to a reduction of the time of
analysis with the same column at a fixed plate
number according to Eq. 8 provided the station-
ary phase is stable at elevated temperatures.

In summary, the employment of small par-
ticles, stationary phase configurations with favor-
able mass transfer properties, and elevated col-
umn temperatures combined with the use of
steep gradients, high flow velocities, and short
columns can be a very effective means to bring
about rapid separations of large molecules, such
as peptides and proteins.

3. Column design
3.1. Particle size

The effect of the particle size on the analysis
time is well understood when using columns
packed with conventional sorbents [22,27-30].
Small particles yield enhanced column efficiency
by virtue of the relatively small intraparticulate
mass transfer resistance due to the short diffu-
sion distances and to a lesser extent due to the
small contribution of “eddy diffusion” to the
plate height [31]. The enhancement of intrapar-
ticular mass transport is particularly important
for the rapid separation of large molecules hav-
ing low diffusivities.
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For fixed plate number the retention time can
be calculated as a function of particle diameter
d, by combining Egs. 1-3 as

1+ k")YNh
tR = DmV - dp (9)

As we mentioned in the previous section,
high-speed chromatography of large molecules is
often carried out at high reduced velocities.
Under such conditions the magnitude of in-
traparticle diffusion resistances in columns
packed with porous adsorbents determines the
dependence of the reduced plate height on the
reduced velocity. In certain practical cases h can
be considered to be linearly dependent on v and
the slope of the & vs. v plot at k" =3 is found to
be approximately 0.3 [32]. The results obtained
by using Eq. 9 with this assumption and for a
given set of practical conditions_ used in macro-
molecular separations are shown in Fig. 2. It is
seen that columns packed with 1-3-um monodis-
perse particles can yield 2000 theoretical plates
within a few minutes in the separation of large
molecules.

Columns packed with 1.5-um [33] and 2-um
[34] pellicular as well as 2-um [35] porous
stationary phase particles have been employed in
rapid analysis of peptides and proteins. Columns
packed with small particles, however, have low
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Fig. 2. Dependence of analysis time and pressure drop on
particle size at a given plate number for totally porous
materials. k' =3, h=0.3», D, =5-10"" cm’/s, L=3 cm,
7=0.9 cP, e = 0.4, and the required N is shown in the figure.

permeability and require high column inlet pres-
sure at flow velocities employed for fast sepa-
rations. The inlet pressure required for columns
packed with conventional porous spherical
stationary phase particles and operated at high
reduced velocities can be determined by

L 0D,

AP = 10
0.3Nd, o=

The dependence of the column inlet pressure
on the particle diameter was calculated by Eq. 10
and the results are also depicted in Fig. 2. Since
the pressure is inversely proportional to the
fourth power of particle diameter, it increases
rapidly with decreasing particle size. As a result
the potential of microparticulate stationary
phases in HPLC of large molecules is limited by
the low column permeability. In such cases, it
may be particularly appropriate to reduce the
viscosity of the mobile phase by carrying out
chromatography at elevated column tempera-
tures with columns having adequate stability for
operation at high temperatures. The peculiarities
of HPLC at high temperatures will be discussed
later in this paper.

3.2. Stationary phases of novel configuration

In addition to the particle size. the configura-
tion of the stationary phase also plays an im-
portant role in determining the speed and ef-
ficiency of separation. For rapid HPLC station-
ary phases of novel configuration, e.g., micropel-
licular, gigaporous, or gel-in-a-shell type were
developed during the past few years and found
to have mass transfer properties superior to
conventional column packings. Indeed, columns
packed with such stationary phases are eminently
suitable for the HPLC of biological macromole-
cules at high efficiency and high speed.

3.2.1. Micropellicular stationary phases
Pellicular stationary phases with an average
particle size of 40 wm were first introduced in the
mid-1960s [36] after the felicitous experience
gained with such stationary phase structure in
gas chromatography [37]. Whereas pellicular
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stationary phases dominated HPLC in the early
years. they were largely replaced in the seventies
by totally porous microparticulate bonded phases
for the separations of small molecules upon the
availability of high performance air classifiers for
subsieve particles. Micropellicular stationary
phases having small particle diameter (d, = 1.5-
5 wm) shown in Fig. 3 regained interest in the
middle eighties for the rapid HPLC of biopoly-
mers [33,34,38-40] and are expected to play an
important role in analytical work.

As shown in Fig. 3 the configuration of the
actual stationary phase in micropellicular pack-
ings is a spherical annulus supported by a fluid
impervious, rigid microsphere. The main advan-
tage of such sorbents rests with the rapid mass
transfer between the mobile and stationary
phases because the diffusion distance in the thin
retentive layer of the particles is short. Owing to
the solid. fluid-impervious core of the micropel-
licular packings, columns are stable at high
pressures and elevated temperatures unlike those
packed with conventional porous materials.
Moreover. they also provide improved re-
coveries in the separation of proteins and pep-
tides. The cavernous interior of conventional
sorbents is considered to be responsible for the
entrapment of sample. The loading capacity of
columns packed with micropellicular stationary
phases is relatively low with small molecules. yet
with macromolecules it is not much smaller than
the loading capacity of totally porous sorbents

Thin retentive layer:
the configuration of

the actual stationary
phase is a spherical
annulus

v

Fluid-impervious support:
fused silica or highly
crosslinked, organic
polymer microspheres

}4—1.5 to 7,um—>{

Fig. 3. A schematic illustration of the pellicular stationary
phase configuration.
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[41]. Because of the small particle diameter (1.5—
3 wm) of the micropellicular packings, the per-
meability of the column is low. This impediment,
however, can be mitigated by carrying out the
separation at elevated temperature at which the
mobile phase viscosity is reduced. The combina-
tion of elevated column temperature and the
micropellicular stationary phase configuration
offers a powerful means to facilitate rapid and
efficient separation of large molecules [34,42].
Fast separation of a mixture of four proteins
depicted in Fig. 4 was achieved in 6 s at 120°C on
a 3-cm HY-TACH column packed with 2-um
pellicular ODS-silica. Fig. 5 shows peptide pro-
files of tryptic digests of B-lactoglobulin A and
methionyl human growth hormone produced by
recombinant DNA technology. The chromato-
grams were obtained on a HY-TACH column
similar to that used in Fig. 4. Whereas the quality
of the separation does not meet the high stan-
dards of the tryptic maps used in protein analy-
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Fig. 4. Rapid separation of standard proteins. Column, 30 x
4.6 mm, packed with 2-um pellicular ODS-silica; 12 s linear
gradient from 10 to 90% (v/v) acetonitrilc (ACN) in water
containing 0.1% (v/v) trifluoroacetic acid (TFA); tempera-
ture, 120°C; flow-rate. 5 ml/min; column nlet pressure, 240
bar. Peaks: 1=ribonuclease A: 2=cytochrome c¢; 3=
lysozyme: 4 = B-lactoglobulin B. From Ref. [42].
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Fig. 5. Chromatographic profiles of tryptic digests of (A)
B-lactoglobulin A and (B) methionyl human growth hor-
mone. Column, 30 x 4.6 mm, packed with 2-um pellicular
ODS-silica; linear gradient from 0 to 95% (v/v) acetonitrile
in water containing 0.1% (v/v) TFA in (A) 2 min at 5 ml/min
and (B) 6 min at 4 ml/min; temperature, 80°C; samples, 5 ug
of protein digest each. From Ref. {39].

sis, the time of separation is only a very small
fraction of that required by conventional means.

3.2.2. Gigaporous packings

More recently, supports having pore diameters
greater than one hundredth of the particle diam-
eter were introduced for fast protein chromatog-
raphy [43-45]. So far two major types of such
gigaporous stationary phases have received great
attention. One is prepared by using a bidisperse
rigid gigaporous support with an appropriate
retentive surface and the column is operated
under conditions when mass transfer inside the
stationary phase particles involves both in-
traparticle convection in the gigapores and diffu-
sive transport in the smaller pores. The convec-
tive transport in the gigapores is often referred
to in the literature as perfusion and such par-
ticles are termed perfusive [43]. The other type
has a so called “gel-in-a-shell” configuration
which is described as a rigid gigaporous support
particle filled with a retentive hydrogel [46].
Unlike conventional packed columns, the ef-
ficiency of columns packed with the first type of

stationary phase does not deteriorate much at
high flow velocities even with proteins under
conditions of no adsorption. This feature which
greatly facilitates high-speed separation of bio-
logical macromolecules is attributed to in-
traparticle convection in the gigapores [43.,47]. A
schematic illustration of the cross-section of such
stationary phase particles is presented in Fig. 6.
Columns with gigaporous packings of this type
usually have significantly lower loading capacities
despite the presence of the small pore regions
than those packed with conventional porous
column materials.

The favorable mass transfer properties of
gigaporous supports manifest in reduced in-
traparticle mass transfer resistances so that the
corresponding reduced plate height increment,

Biperas 18 given by [46]
D,
hintra = C : D 4 (11)

As discussed earlier, the magnitude of A,
dominates the reduced plate height at high flow
velocities in columns packed with conventional
porous materials and the value of A, is negli-
gible in columns packed with pellicular sorbents.
The effects of intraparticle convection is mea-
sured appropriately by the relation between the
effective diffusivity in the gigapores, D, and the
apparent effective diffusivity, D,,,, which in-
corporates the effects of both diffusion and
convection in the gigapores of a spherical par-

Gigapore with

convection \
i 2
e

o

Fig. 6. A schematic illustration of the bidisperse gigaporous
stationary phase configuration. After Ref. [43].

Diffusive pore
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ticle [43,47,48]. The latest of these theoretical
relationships [47] is given by

2v'
D,, =f(1 +H)De (12)

where v’ is the reduced velocity in the gigapores
and f is the correction factor for diffusive trans-
port in the small pores.

The advantages of gigaporous bidisperse
stationary phases are most evident at high flow
velocities where the favorable effect of in-
traparticle convection on the apparent diffusivity
is greater than at low flow velocities. The effect
depends on the ratio of the diameter of the
gigapores to the particle diameter that is as-
sumed to be proportional to the square root of
the ratio of the intraparticle flow velocity to the
interstitial flow velocity. In Fig. 7 the theoretical
dependence of A on v is illustrated in the
absence of intraparticle convection and for three
cases with different gigapore to particle diameter
ratios as well as for pellicular packings with a
chromatographic surface completely exposed to
the eluent stream perfusing the column.
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Fig. 7. Hlustration of the reduced plate height for a retained
cluite (k' =2) as a function of the reduced velocity for
various types of column packings. For gigaporous particles,
the increasing level of intraparticle convection is expressed by
increasing values of the ratio d"/d;, which is equivalent to
the ratio of the mean gigapore diameter to the mean
interstitial channel diameter of the column packing. From
Ref. [47].

The reduced mass transfer resistance in open
gigaporous packings allows the use of relatively
large particles and high flow velocities thus
facilitates rapid analysis of large molecules. This
is illustrated in Fig. 8 by the fast separation of a
standard protein mixture on a 3 ¢cm long column
packed with 20-um gigaporous adsorbents [16].
It has been shown that the capacity of the
column packed with such gigaporous material of
bidisperse pore structure does not change strong-
ly with the flow velocity [43], and as a result,
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Fig. 8. Reversed-phase separation of proteins. Column, 30 X
2.1 mm, packed with 20-um highly cross-linked styrene-
divinylbenzene having 6000 to 8000 A gigapores; gradient
time, 24 s; flow-rate, 5 ml/min. Peaks: 1 =ribonuclease A;
2=cytochrome c¢; 3 =lysozyme; 4= B-lactoglobulin; 5=
ovabumin. From Ref. [16].
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columns packed with such material find use in
high-speed separation of peptides and proteins in
both analytical and preparative/process-scale
applications with modest plate requirements.
Nevertheless, in the latter application, the load-
ing capacity of columns packed with open
gigaporous stationary phases may be still consid-
ered low despite their enhanced mass transfer
properties due to intraparticulate convection.

The potential of gigaporous sorbents for rapid
chromatography has not yet been fully exploited.
For instance, gigaporous silica particles have
been available for some time (cf. Table 1), yet,
there is a paucity of literature data on their use
for fast separation of substances having high
molecular mass. Similarly, commercially avail-
able gigaporous ceramic hydroxyapatite may also
be a useful stationary phase for rapid separation
of proteins and nucleic acids.

A recent approach addresses the problem of
low capacity by filling the open pores in the rigid
support particles with a hydrogel which contains
appropriate retentive sites and is permeable at
least in part to the biopolymers to be separated.
This novel stationary phase configuration shown
in Fig. 9 is claimed to combine high loading
capacity of the soft gels with the mechanical
stability of the rigid particles so that the column
can be operated at relatively high flow velocities
[46]. Columns packed with this type of stationary
phase may offer a felicitous combination of
loading capacity, efficiency, speed, resolution,
recovery and stability in comparison to the
conventional stationary phases [45].

The novel stationary phase configurations of
enhanced mass transfer properties described
above are expected to find most efficient use in
different types of applications where their po-
tential can be fully exploited. Columns packed
with pellicular sorbents are the best in obtaining
rapid and high resolution analytical separations
of biomacromolecules. Their relatively low load-
ing capacity, however, impedes their employ-
ment in preparative separations with the excep-
tion of micropreparative applications where high
speed and efficiency are required [49]. Columns
packed with bidisperse gigaporous particles are
designed for separations faster than those obtain-

able with conventional porous materials. They
are particularly suited for rapid separations
which do not require high efficiency as shown in
Fig. 10 {47]. The advantages of such columns are
manifest in high-speed analytical separations as
well as in preparative-scale purifications. Col-
umns packed with gel-in-a-shell stationary phases
may have significantly higher loading capacity
than those packed with open bidisperse gigapor-
ous sorbents but their efficiency likely to dimin-
ish much faster upon increasing the flow velocity
beyond a presently practical value. Thus both
types of gigaporous sorbents are expected to find
applications in high-speed, large-scale purifica-
tion of proteins.

3.3. Column dimensions

Several studies have suggested that the res-
olution of macromolecules is rather insensitive to
column length and flow velocity under conditions
of gradient elution [25,28,50,51]. Therefore fast
separation of peptides and proteins is usually
carried out by gradient elution with short col-
umns at high flow velocities often at the maxi-
mum permissible column inlet pressure of the
system as discussed in the Theory section. Since
the number of theoretical plates increases only
with the square root of column length under
isocratic conditions, also in this case the length
of the column should be kept at a minimum for
fast separations. The separation of B-lactoglobu-
lin A and B within 15 s on a 1 cm long HY-
TACH column packed with micropellicular octa-
decyl-silica under isocratic elution conditions is
illustrated in Fig. 11 [34]. This seems to be an
extreme case of short columns because in gener-
al, 3-5 cm long columns are used for the sepa-
rations of proteins in contrast with the 10-25 cm
long columns employed for analysis of peptide
mixtures [51].

The column diameter in the present practice of
HPLC ranges mostly from 3 to 5 mm. However,
the use of narrow-bore columns having a diam-
eter between 0.5 and 2 mm and micro-bore
columns with a diameter smaller than 0.5 mm is
gaining significance. Columns with 1 mm inner
diameter were used already in the mid-1960s [36]
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Rigid support

Retentive gel

Fig. 9. Artist’s rendition of the so called “gel-in-a-shell”
stationary phase configuration.

but the instrumental constraints hampered the
general acceptance of such narrow-bore columns
at the dawn of HPLC. The broad impact of
fused-silica capillaries on the practice of gas
chromatography and capillary electrophoresis is
likely to make capillary liquid chromatography,
i.e., micro HPLC with packed quartz capillaries,
the method of choice for analytical HPLC. The
miniaturization of the column diameter will per
se probably not augment separation speed or
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Fig. 10. Separation time versus plate number calculated for 5
cm long columns packed with 8-um particles of various pore
sizes as indicated. Conditions correspond to D,, = 107 cm®/
s, molecular diameter of the eluite is 40 A, k' =3.3, and the
ratio of intraparticulate and interstitial flow velocities u'/u =
107%. From Ref. [47].
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Fig. 11. Separation of B-lactoglobulin B and A by isocratic
elution. Column, 10 X 4.6 mm, packed with the micropellicu-
lar sorbent; eluent, 36.75% (v/v) acetonitrile in water con-
taining 0.1% (v/v) TFA; flow-rate, 3 ml/min; temperature,
80°C; column inlet pressure, 14.7 MPa; sample size, 10 ng;
detection at 210 nm. From Ref. [34].

efficiency in a major way. Yet, there are numer-
ous other considerations, such as environmental-
ly correct low solvent consumption, high mass
sensitivity, low heat capacity, and easy conjuga-
tion with other analytical techniques, e.g. capil-
lary electrophoresis and mass spectrometry, that
may contribute to the progress in the miniaturi-
zation of HPLC.

4. Operational parameters
4.1. Temperature

Temperature has been an underrated oper-
ational parameter in HPLC and the potential
advantages of elevated column temperatures,
such as enhanced kinetic and transport prop-
erties, have yet to be widely exploited for rapid
analysis of biological macromolecules by HPLC.
The disinterest in controlling temperature in
HPLC is due to the relatively small effect of
temperature on selectivity and retention in
HPLC of small molecules and to the fact that the
magnitude of retention in liquid chromatog-
raphy, unlike in gas chromatography, can con-
veniently be modulated by manipulating the
mobile phase composition. Thus the relatively
high complexity of the instrumentation required
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for appropriate temperature control in HPLC at
high temperatures and the lack of columns that
are stable enough to withstand the harsh con-
ditions at elevated temperatures over an extend-
ed period of time have deterred the development
of suitable equipment.

Peptides and proteins are delicate molecules
which can degrade at elevated temperatures.
Therefore they are usually chromatographed at
ambient or even sub-ambient temperatures in
order to preserve the integrity of the molecular
structure. Only recently has the need for rapid
analysis of biological macromolecules drawn
attention to the use of elevated column tempera-
tures, so that analytical HPLC is routinely car-
ried out at temperatures 20-40°C above ambient
temperature [51]. Results obtained by using
columns packed with thermally and hydrolytical-
ly stable micropellicular stationary phases at
temperatures up to 120°C [34,40,42] have dem-
onstrated the advantages of high-temperature
HPLC in rapid protein separations.

The effect of temperature on the separation of
large molecules has been investigated both theo-
retically and experimentally [26,42]. At high
temperatures the mobile phase viscosity is re-
duced as shown in Fig. 12, and concomitantly,
the diffusivity of the eluite is enhanced. More-

1.0 T T T ¥

Viscosity [cP]

0 20 20 60 5 100
Percent (v/v) ACN in water
containing 0.1%TFA

Fig. 12. Viscosity of acetonitrile—water mixtures at different
temperatures as a function of the composition. A 30 X 4.6
mm column packed with 2-um pellicular ODS-silica was used
for the measurements and the mixtures contained 0.1% (v/v)
TFA. From Ref. [42].

over, the sorption kinetics of the eluite is also
accelerated with increasing temperature. Conse-
quently, column efficiency is expected to be
higher at elevated column temperatures and this
is seen in Fig. 13 from the Van Deemter plots of
data obtained at high flow velocities. The effect
of temperature on the separation of standard
proteins and of the peptides present in the
tryptic digest of B-lactoglobulin B obtained on
HY-TACH columns is shown by the chromato-
grams in Figs. 14 and 15, respectively. The two
sets of chromatograms illustrate that at super-
ambient temperatures where high flow velocities
are permitted the separation time was signifi-
cantly reduced without compromising the res-
olution as discussed in the Theory section.

In addition to the above described means of
reducing particle size and selecting a stationary
phase configuration of relatively low mass trans-
fer resistance (pellicular or gigaporous sorbents),
the use of elevated column temperature may
serve as another useful concomitant for speeding
up a separation. Of course, chromatography at
high temperatures is a catholic approach to rapid
analyses and can be carried out by using any
column packed with a sufficiently stable station-
ary phase.

600 .
30°C
—_ .
£ . 50°C
= 400 | i
-
K=
k=l 80°C
Q
K =
@ 200 /@oec |
]
= /
o
0 0.1 0.2 0.3 0.4 0.5

Flow velocity [cm/s]

Fig. 13. Plots of plate height versus linear flow velocity
measured with ribonuclease A at elevated temperatures in
the domain of high reduced flow velocities. Column, 30 X 4.6
mm, packed with 5-um macroreticular cross-linked poly-
styrene. Concentration (v/v) of acetonitrile in water con-
taining 0.1% (v/v) TFA: Q=25%; Q=23.5%; & =22%;
A =18%. From Ref. [42].
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(0.1% TEA)

%({v/v) ACN in water

Milliabsorbance at 215nm

SECONDS

Fig. 14. Chromatograms of standard proteins obtained on a
30 X 4.6 mm 1.D. column packed with 2-um pellicular ODS-
silica under three different temperature and flow-rate con-
ditions: (a) 30°C, 2 ml/min; (b) 80°C, 4 ml/min; (c) 120°C, 5
ml/min. Linear gradient of 2.5 ml from 10 to 90% (v/v)
acetonitrile in water containing 0.1% (v/v) TFA. Peaks:
1 =ribonuclease A; 2 = cytochrome c; 3 = lysozyme; 4 = 8-
lactoglobulin B. From Ref. [42].

Column stability at the anticipated operating
temperatures over an extended period of time is
a prerequisite of high-temperature HPLC. Col-
umns packed with pellicular stationary phases
have been shown not to change their properties
at temperatures up to 120°C for at least 1000 h of
operation [42]. Though the thermal stability of

ABSOHKBANCE AT 210 nm

% (viv) ACN

MINUTES

Fig. 15. Effect of temperature and flow-rate on the sepa-
ration of the tryptic fragments of B-lactoglobulin B. Column,
75 x 4.6 mm, packed with micropellicular C g silica; tempera-
ture and flow-rate, (A) 25°C, 0.8 ml/min; (B) 50°C, 1.3
ml/min; (C) 80°C, 2.0 ml/min. The initial column inlet
pressure was 34.3 MPa in each case. Sample: 4 ug of reduced
and S-carboxymethylated B-lactoglobulin B digest in 20 ul.
From Ref. [39].

porous stationary phases especially silica-based
porous sorbents in contact with the mobile phase
is generally not satisfactory, porous siliceous
sterically protected bonded C ;4 stationary phases
have been reported to withstand the operating
conditions at elevated temperatures up to 90°C
[30].

So far the HPLC analysis of proteins at ele-
vated temperatures has been carried out almost
exclusively by reversed-phase chromatography.
Since this technique employs denaturing con-
ditions even at ambient temperature, further
denaturation due to the combined use of the
acidic hydro—organic medium, strongly hydro-
phobic stationary phase, and high temperatures
does not cause further complications. Protein
analysis at elevated temperatures by using other
branches of HPLC may be associated with unde-
sirable conformational changes or further chemi-
cal reactions lest the separation is sufficiently fast
to avoid such interferences.

HPLC at temperatures above the atmospheric
boiling point of the mobile phase may be termed
“superheated” liquid chromatography [26] that
in many respects, is similar to supercritical fluid
chromatography. Both take advantage of en-
hanced transport properties of the mobile phase
to obtain high chromatographic speed and ef-
ficiency [26]. The advantages of using super-
heated or supercritical fluid as the mobile phase
over the traditional eluents in HPLC at ambient
temperature illustrated in terms of column ef-
ficiency by the Van Deemter plots in Fig. 16.
Upon the availability of appropriate instruments
and columns, superheated liquid chromatog-
raphy may be superior to supercritical fluid
chromatography by offering a greater choice of
mobile phases and thus facilitating the modula-
tion of chromatographic retention and selectivity
in a wide range [26]. Supercritical fluid chroma-
tography, on the other hand, may be more
suitable for the analysis of thermolabile sub-
stances and in those instances when the peculiar
solvent properties of supercritical carbon dioxide
can be utilized for enhanced chromatographic
efficiency.

At elevated temperatures undesirable on-col-
umn reactions may be accelerated to an extent
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Fig. 16. Van Deemter plots for conditions typical in super-
critical fluid chromatography, superheated liquid chromatog-
raphy, and liquid chromatogaphy at ambient temperatures.
Porous 3-um particles. The diffusivities of the eluite in the
three case are 10™* 107 and 5-107° cm’ /s, respectively.
From Ref. [26].

that may interfere with the chromatographic
process. The interplay of the retention process
and the on-column reaction is quantitatively
measured by the Damkohler number (Da),
which is defined as the ratio of the residence
time in the column to the relaxation time for the
on-column reaction [52]. Large Da values indi-
cates that the reaction is completed in the
column so that only the product(s) of the reac-
tion exit at the column outlet. On the other
hand, when Da is much smaller than unity, the
reaction, such as protein degradation, does not
take place to any significant extent during the
residence time of the reactive eluite. Although
the rate of most on-column reaction increases,
the retention time decreases with increasing
temperature. Consequently, under conditions of
rapid analysis Da may remain small and thus
significant degradation of the sample may not
take place in the column [26].

The retention enthalpies of large molecules
are generally greater than those of small ones.
This is seen in Fig. 17 from the Van ’t Hoff plots
of lysozyme and nitrobenzene data obtained in
reversed-phase chromatography. For large mole-
cules, therefore, their retention is generally quite

Chromatogr. A 705 (1995) 3-20
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Fig. 17. Plots of the logarithmic retention factor versus the
reciprocal absolute temperature in the reversed-phase chro-
matography of lysozyme (solid lines) and nitrobenzene
(dashed lines). The percentage of acetonitrile in the aqueous
mobile phase is shown for each set of data. Column, 30 X 4.6
mm, packed with 5-um macroreticular cross-linked poly-
styrene; flow-rate: 1 ml/min. In the chromatography of
lysozyme the mobile phase contained 0.1% (v/v) trifluoro-
acetic acid. From Ref. [42].

sensitive to the changes in temperature that can
thus be an effective retention modulator besides
affecting the efficiency of the column. This
suggests that temperature programming could be
a powerful adjunct or even an alternative to
mobile phase gradients in the analytical sepa-
ration of macromolecules by reversed-phase
chromatography with columns having low heat
capacity.

Temperature programming is eminently suit-
able for eluting sample components having a
wide volatility range and has been widely used in
gas chromatography [53]. However, this aniso-
cratic elution mode [21] is rarely used in liquid
chromatography although for the separation of
large molecules having high retention enthalpies,
temperature programming is offers certain ad-
vantage. It has been observed, for instance, that
the change in selectivity upon changing the
temperature is different from that upon changing
the mobile phase composition in the separation
of peptides [54]. Consequently temperature pro-
gramming could complement gradient elution.
Further, temperature programming might open a
narrow elution window for closely related species
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and permit a finer tuning of their retention
behavior than gradient elution.

Nevertheless, temperature programming can
find wide practical applications only when appro-
priate narrow- or micro-bore columns having low
heat capacity and high thermal conductivity are
available to facilitate rapid heating and cooling
without untoward radial temperature profiles. If
packed fused-silica capillaries prevail in the fu-
ture of HPLC, they may elicit a growing use of
temperature programming since it is much easier
to program the column temperature than to
generate eluent gradient at flow-rates of a few
wpl/min or nl/min [55}.

4.2. Gradient time and flow velocity

As mentioned above, gradient elution is the
widely used anisocratic elution mode in the
HPLC of peptides and proteins. The magnitude
of retention under gradient conditions depends
on the flow velocity, the gradient time and
volume as well as the starting and final mobile
phase compositions. In gradient elution with
linear solvent strength gradient, the retention
factor at the column midpoint, &, is given by [28]
utg

k= T (13)
0
1.15L log E
Eq. 13 indicates that the magnitude of re-
tention can be easily modulated by changing the
gradient time and flow velocity.

With gradient elution, the total analysis time is
the sum of the retention time of the last peak
and the column regeneration time, i.e., the time
it takes to return the column to its initial con-
dition after the gradient run is completed. Col-
umns packed with micropellicular or gigaporous
stationary  phases require much shorter
reequilibration times than those packed with
traditional porous stationary phases [43,56].
Thus, such stationary phases of advanced con-
figuration are particularly suitable for use with
rapid gradient runs as both the actual separation
time and the regeneration time can be signifi-
cantly reduced.

Whereas gradient elution is used in the sepa-
ration of sample components having retention
factors widely different, in the chromatography
of very closely related proteins, isocratic elution
with highly efficient columns may be more
appropriate as shown in Fig. 11. In addition to
the greater resolution, the use of isocratic con-
ditions for closely related sample components
has the advantage that the column need not be
regenerated and concomitantly the analysis time
may be reduced.

5. Instrumentation

Rapid HPLC requires not only stationary
phases of low mass transfer and Kkinetic resis-
tances, but also specially designed instrumen-
tation capable to generate fast eluent gradients
and provide temperature control over a wide
super-ambient temperature range [8]. Other de-
manding features of the instrument having low
overall system dead volume include a precise
sample introduction device with low dispersion
as well as a highly sensitive detector with short
response time and small flow-cell volume. For
separations with high speed and high efficiency
by using narrow-bore or micro-bore columns, the
demand for very small extra-column dispersion is
extremely stringent and consequently the extra-
column volume has to be drastically reduced.

As mentioned before it is necessary to control
the column temperature in liquid chromatog-
raphy in order to exploit the potential of high-
temperature HPLC and to obtain reproducible
results. The HPLC unit must have means for
heating the column to the desired temperature
without radial temperature gradients that are
known to deteriorate its efficiency [57-59]. In
Fig. 18 two alternative configurations are shown
of an HPLC unit designed for use at elevated
temperatures. In configuration A the entire fluid
line between pumps and column is located inside
the oven, on the other hand, in configuration B
the heat exchanger, the mixer, and the injector
are outside the oven and the eluent is heated
immediately after leaving the injector to the
oven temperature by a flash-heater [42]. Selec-
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Waste

Fig. 18. Flow sheets of the two configurations of the liquid
chromatograph for use at temperatures over 100°C with the
sample injector inside (A) or outside (B) the oven. 1=
Reservoirs and pumps; 2=in-line filters; 3=heat ex-
changers; 4 = mixer; 5 = inverse in-line filters; 6 = sampling
valve; 7a=flash heater; 7= high-temperature oven; 8=
column; 9=cooling device; 10=UV detector; 11=
restrictor; 12 = data processor. From Ref. [42].

tion of the HPLC unit configuration depends on
the preferred operating conditions. Configura-
tion A is suitable only for the analysis of samples
dissolved in solvents with boiling point higher
than the column temperature. In contrast, con-
figuration B places no restriction on the sample
solvent and provides the flexibility and con-
venience needed for quantitative sample intro-
duction over a wide range of super-ambient
column temperatures. However, in this case the
extra-column dead volume is relatively large due
to the flash heater placed between the injector
and column.

For high-temperature HPLC the instrumental
specifications call for a heat exchanger that can
bring the eluent rapidly to column temperature.
Specially made thin-walled capillary tubing,
called “serpentine tubing”, is often employed in
such applications [60]. The design of the HPLC
system is particularly critical when temperature
programming is used, because it requires in-
stantaneous temperature change of both the
column and the incoming mobile phase. In

general, inadequate heat exchange due to poor
construction of the instrument can annihilate the
advantages of HPLC at high temperatures [58].

Steep eluent gradients and short columns are
often used in the rapid separation of peptides
and proteins. The generation of such gradients in
a reproducible fashion requires precise and
pulseless eluent delivery from the pumps, an
efficacious mixing device and low dwell volume.
It is recalled that the dwell volume is the volume
of the connecting tubing between the inlets of
the mixer and the column. Large dwell volume
not only delays and distorts the gradient, but
also increases the time required for reequilibra-
tion of the column. Systems having a dwell
volume low enough to obtain dwell times as
short as 10 s or less have been used in rapid
analysis of peptides and proteins [6,7,56].

One of the most important potential applica-
tions of rapid HPLC is in on-line process moni-
toring, where the design of the sampling system
is of particular importance. Especially in-process
analysis in biotechnology can benefit from rapid
HPLC that can be considered as the ultimate
“multi-analyte sensor”. In biotechnological ap-
plications on-line monitoring of the concentra-
tion of certain substances in the fermentation
broth usually requires a more elaborate sampling
system than that in the effluent from some
chromatographic or membrane purification
steps. “Dirty” samples from the fermentor, for
instance, may require the removal of particulate
matter by filtration or dialysis [61,62]. Some-
times it is necessary to dilute the sample before
introducing it into the column. Generally, the
sampling device should be sterilized in order to
avoid contamination of the process stream or the
fermentor.

In rapid HPLC separations the band width
may be on the time scale of a few seconds and
the time constant of the detection system should
be less than 100 ms. In the future, separations
may be carried out on the millisecond scale and
then the time constant of the HPLC unit has be
proportionally smaller. In any case, in such
applications computers are indispensable for
data acquisition and processing. With the aid of
high-speed computers, data processing is no
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longer the speed-limiting step in the comprehen-
sive analysis scheme. The computer also plays a
very important role in the automation of HPLC
systems by facilitating the remote control of the
instrument and of data collection. Thus the
reproducibility and accuracy of the results are
enhanced and the analytical results are made
available without delay. It should be emphasized
again, however, that further progress in high-
speed HPLC will inexorably call for concomitant
advances in prechromatographic sample treat-
ment.

Acknowledgements

The authors are grateful to one of the referees
for the information on siliceous gigaporous sup-
ports listed in Table 1. This work was supported

by grants No. GM 20933 from the National

Institutes of Health, US Department of Health
and Human Resources, No. BCS 9014119 from
the National Science Foundation, and a grant by
the National Foundation of Cancer Research.

References

[1] L.S. Ettre, in Cs. Horvath (Editor), High-Performance
Liquid Chromatography —Advances and Perspectives,
Vol. 1, Academic Press, New York, 1980, pp. 1-74.

[2] J.N. Done, J.H. Knox and J. Loheac, Applications of
High-Speed Liquid Chromatography, Wiley, New York,
1974.

[3] L.R. Snyder and J.J. Kirkland, Introduction to Modern
Liquid Chromatography, Wiley-Interscience, New York,
1979.

[4] S.K. Paliwal, T.K. Nadler and F.E. Regnier, TIB-
TECH, 11 (1993) 95.

[5] R.C. Dean, Genetic Eng. News, 9 (1989) 4.

[6] K.D. Nugent, in J.J. Villafranca (Editor), Current Re-
search in Protein Chemistry —Techniques, Structure,
and Function, Academic Press, New York, 1990, pp.

233-244.

[7] K. Nugent and K. Olson, Biochromatography, 5 (1990)
101.

[8] K.C. Olson and R.L. Gehant, Biotechnol. Prog., 8
(1992) 562.

[9] K. Kalghatgi and Cs. Horvath, in C. Mant and R.
Hodges (Editors), HPLC of Peptides and Proteins
—Separation, Analysis, and Conformation, CRC Press,
Boca Raton, FL, 1990, p. 687.

[10] J.V. Twork and A.M. Yacynych (Editors), Sensors in
Bioprocess Control, Bioprocess Technology, Marcel
Dekker, New York, 1990.

[11] S.K. Paliwal, T.K. Nalder, D.I.C. Wang and F.E.
Regnier, Anal. Chem., 65 (1993) 3363.

[12] H. Lundstrom, M. Brohjer, B. Osterlof and T. Mokes,
Biotechnol. Bioeng., 36 (1990) 1056.

[13] K. Holzhauver-Rieger, W. Zhou and K. Schiigerl, J.
Chromatogr., 499 (1990) 609.

[14] J. Modller, R. Hidderssen, J. Niehoff and K. Schigerl,
Anal. Chim. Acta, 190 (1986) 195.

[15] J. Frenz, Ph. van der Schrieck and Cs. Horviath, J.
Chromatogr., 330 (1985) 1.

[16] S.P. Fulton, N.B. Afeyan, N.F. Gordon and F.E.
Regnier, J. Chromatogr., 547 (1991) 452.

[17] R.E. Cooley and C.E. Stevenson, Process Control
Qual., 2 (1992) 43.

[18] J. Frenz, W. Hancock, W. Henzel and Cs. Horvath, in
K.M. Gooding and F.E. Regnier (Editors), HPLC of
Biological Macromolecules —Methods and Applications,
Marcel Dekker, New York, 1990, p. 145.

[19] B. Whittman-Liebold (Editor), Methods in Protein Se-
quence Analysis, Springer, New York, 1989, p. 220.

[20] T.E. Hugli (Editor), Techniques in Protein Chemistry,
Academic Press, San Diego, CA, 1989, p. 339.

[21] Cs. Horvath and W.R. Melander, in E. Heftmann
(Editor), Chromatography —Fundamentals and Appli-
cations of Chromatographic and Electrophoretic Meth-
ods, Part A: Fundamentals and Techniques, Elsevier,
Amsterdam, New York, 1983, p. 27.

[22] G. Guiochon, in Cs. Horvath (Editor), High-Perform-
ance Liquid Chromatography —Advances and Perspec-
tives, Vol. 2, Academic Press, New York, 1980, p. 341.

[23] D.D. Frey, R. Van de Water and B. Zhang, J. Chroma-
togr., 603 (1992) 43.

[24] L.R. Snyder, in Cs. Horvath (Editor), High-Perform-
ance Liquid Chromatography —Advances and Perspec-
tives, Vol. 1, Academic Press, New York, 1980, p. 207.

[25] L.R. Snyder, M.A. Stadalius and M.A. Quarry, Anal.
Chem., 55 (1983) 1412.

[26] F. Antia and Cs. Horvath, J. Chromatogr., 435 (1988)
1.

[27] A.J.P. Martin and R.L.M. Synge, Biochem. J., 35
(1941) 1358.

[28] M.A. Stadalius, M.A. Quarry and L.R. Snyder, J.
Chromatogr., 327 (1985) 93.

[29] N.H.C. Cooke, B.G. Archer, K. Olsen and A. Berick,
Anal. Chem., 54 (1982) 2277.

{30} 3.J. Kirkland and C.H. Dilks, Jr., LC- GC, 11 (1993)
292.

[31] J.C. Giddings, Dynamics of Chromatography, Marcel
Dekker, New York, 1965.

[32] E. Katz, K.L. Ogan and R.PW. Scott, J. Chromatogr.,
270 (1983) 51.

[33] K.K. Unger, G. Jilge, J.N. Kinkel and M.T.W. Hearn,
J. Chromatogr., 359 (1986) 61.

[34] K. Kalghatgi and Cs. Horvath, J. Chromatogr., 398
(1987) 335.



20 H. Chen, Cs. Horvdth | J. Chromatogr. A 705 (1995) 3-20

[35] N.D. Danielson and J.J. Kirkland, Anal. Chem., 59
(1987) 2501.

[36] Cs. Horvith, B.A. Preiss and S.R. Lipsky, Anal.
Chem., 39 (1967) 1422.

{371 Cs. Horvéth, Trennsdulen mit Diinnen Pordsen Schich-
ten fir die Gaschromatographie, Johann Wolfgang
Goethe University, Frankfurt am Main, 1963.

[38] D.J. Burke, J.K. Duncan, L.C. Dunn, L. Cummings,
C.J. Siebert and G.S. Ott, J. Chromatogr., 353 (1986)
425.

[39] K. Kalghatgi and Cs. Horvath, J. Chromatogr., 443
(1988) 343.

[40] Y.-F. Maa and Cs. Horvéth, J. Chromatogr., 445 (1988)
71.

[41] L. Vérady, K. Kalghatgi and Cs. Horvath, J. Chroma-
togr., 458 (1988) 207.

[42] H. Chen and Cs. Horvath, Analytical Methods and
Instrumentation, 1 (1993) 213.

[43] N.B. Afeyan, N.F. Gordon, I. Mazsaroff, L. Varady,
S.P. Fulton, Y.B. Yang and F.E. Regnier, J. Chroma-
togr., 519 (1990) 1.

[44] L.L. Lioyd and F.P. Warner, J. Chromatogr., 512 (1990)
365.

[45] J. Horvath, E. Boschetti, L. Guerrier and N. Cooke, J.
Chromatogr., 679 (1994) 11.

[46] E. Boschetti, J. Chromatogr. A, 658 (1994) 207.

[47] D.D. Frey, E. Schweinheim and Cs. Horvath, Biotech-
nol. Prog., 9 (1993) 273.

[48] A.E. Rodrigues, L. Zuping and J.M. Loureiro, AICHE
Symp. Ser., 84 (1988) 80.

[49] K. Kalghatgi, 1. Fellegvari and Cs. Horvath, J. Chroma-
togr., 604 (1992) 47. '

{S0] R.M. Moore and R.W. Rodney, J. Chromatogr., 317
(1984) 119.

[51] MW. Dong, J.R. Gant and B.R. Larsen, BioChro-
matography, 4 (1989) 19.

[52] W.R. Melander, H.-J. Lin, J. Jacobson and Cs.
Horviéth, J. Phys. Chem., 88 (1984) 4527.

[53] W.E. Harris and H.W. Habgood, Programmed Tempera-
ture Gas Chromatography, Wiley, New York, 1966.

[54] W.S. Hancock, R.C. Chloupek, JI.J. Kirkland and L.R.
Snyder, J. Chromatogr. A, 686 (1994) 31.

[55] J. Bowermaster and H.M. McNair, J. Chromatogr. Sci.,
22 {1984) 165.

[56] K. Kalghatgi and Cs. Horvith, in Cs. Horvith and J.G.
Nikelly (Editors), Analyftical Biotechnology: Capillary
Electrophoresis and Chromatography, American Chemi-
cal Society, Washington, DC, 1990, p. 162.

[57] R.J. Perchalski and B.J. Wilder, Anal. Chem., 51
(1979) 774.

[58] F.V. Warren and B.A. Bidlingmeyer, Anal. Chem., 60
(1988) 2821.

[59] H.-J. Lin and Cs. Horvath, Chem. Eng. Sci., 36 (1981)
47.

[60] G. Liu, N.M. Djordjevic and F. Erni, J. Chromatogr.,
592 (1992) 239.

[61] D. Picque and G. Corrieu, Biotechnol. Biceng., 40
(1992) 919.

[62] X. Monseur and C.L. Motte, Anal. Chim. Acta, 204
(1988) 127.



JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 705 (1995) 21-45

Review
Protein mass spectrometry: applications to analytical
biotechnology
D.N. Nguyen*, G.W. Becker, R.M. Riggin

Lilly Research Laboratories, Eli Lilly and Company, Lilly Corporate Center, Indianapolis, IN 46285, USA

Abstract

The advent of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) and electrospray
ionization mass spectrometry (ESI-MS) in the last 5 years has greatly enhanced the area of protein mass
spectrometry. This paper presents an overview of the applications of protein mass spectrometry in the area of
analytical biotechnology, particularly as related to biopharmaceutical research and development. These applica-
tions include the determination of protein molecular mass, peptide mapping, peptide sequencing, ligand binding,
determination of disulfide bonds, active site characterization of enzymes, protein self-association and protein
folding/higher order structural characterization.
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1. Introduction

Various forms of mass spectrometry having the
ability to analyze protein structures have been
introduced over the past 10-15 years. These
techniques have served a central role in the
advancement of biotechnology during that time
period. The advent of matrix-assisted laser de-
sorption/ionization mass spectrometry (MALDI-
MS) and electrospray ionization mass spec-
trometry (ESI-MS) in the last 5 years has greatly
enhanced the area of protein mass spectrometry.
In many areas of research and development (e.g.
industrial biotechnology) these techniques are
now indispensable tools for examining protein
and peptide structures.

Protein mass spectrometry has been the sub-
ject of several extensive reviews [1-4], and we
therefore do not intend to include a comprehen-
sive review of the field in this paper. Instead, we
intend to present an overview of the applications
of protein mass spectrometry in the area of
analytical biotechnology, particularly as related
to biopharmaceutical research and development.
Ideally, this examination will prove a useful
guide to the general types of protein structural
studies which can be addressed by mass spec-
trometry.

The paper consists of two major sections. In
the first section the fundamental aspects of the
various modes of protein mass spectrometry are
only briefly described since they have been
discussed in great detail elsewhere. In the second
section various application areas in which mass
spectrometry of proteins serves a useful role are
discussed. These applications include the deter-
mination of protein molecular mass, peptide
mapping, peptide sequencing, ligand binding,
determination of disulfide bonds, active site
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characterization of enzymes, protein self-associa-
tion and protein folding/higher order structural
characterization. Each of these applications rep-
resents an important research area where many
tools can be used, but in which mass spec-
trometry is becoming increasingly significant.

2. Modes of mass spectrometry

The development and application of mass
spectrometry to the analysis of organic molecules
began in the late 1950s and early 1960s. During
this time period, electron impact (EI) ionization
was the only practical ionization technique [5].
The development of chemical ionization (CI) in
the late 1960s provided a complementary method
for ionization of organic molecules in the gase-
ous phase [6]. A disadvantage of both methods is
that the sample analytes must be in the vapor
phase before ionization can occur, often requir-
ing heat for vaporization. Because of their size,
involatility and thermal lability, proteins are
generally not candidates for study using EI or CI
methods.

2.1. Fast atom bombc;rdment mass spectrometry
(FAB-MS)

The role of mass spectrometry in protein
characterization underwent explosive growth in
1981 when Barber and co-workers [7,8] intro-
duced fast atom bombardment mass spec-
trometry. The application of FAB-MS allowed
scientists to obtain molecular masses of peptides
and small proteins routinely and, sometimes,
limited structural information was attainable.

In a typical FAB-MS analysis, the sample is
dissolved in a non-volatile, viscous matrix such
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as glycerol, thioglycerol or a mixture of dithio-
threitol and dithioerythritol. The sample matrix
mixture, usually about 1 ul, is then applied to a
sample probe tip and directly inserted into the
mass spectrometer. The sample matrix is bom-
barded with a high-energy (about 6-8 keV) beam
of xenon atoms (Fig. 1).

The mechanism of sample desorption and
ionization is not completely understood and is
still being investigated. It is likely that a combi-
nation of the following mechanisms is respon-
sible for ionization. There are currently two
equally favorable mechanisms in describing the
ionization process. The first requires that the
ions are preformed in the matrix through proto-
nation and complexation with metal ions (Na™,
K*) [9]. The second theory proposes that the
sample is desorbed as neutral molecules which
undergo gas-phase ionization in the high-pres-
sure region directly above the matrix—vacuum
interface [10]. In practice, the mechanism that
predominates the ionization process depends on
many factors such as the presence of metal ions
in the sample and/or matrix, the concentration
of the sample in the matrix and the pK, of the
analyte molecules. In many instances, sample
molecules which have extensive hydrogen bond-
ing with the matrix tend to form a homogeneous
solution with no concentration of the analyte in a
particular locus within the droplet. On the other
hand, hydrophobic analytes tend to concentrate
on the surface of the droplet. Thus, signal
suppression of hydrophilic peptides is often ob-
served in FAB-MS during the analysis of a
peptide mixture [11]. This limits one from rely-
ing on the FAB mass spectrum of a mixture to
determine the concentrations of the analytes
present in the sample unless internal standards
are carefully applied. Although FAB-MS can be

6-8 kV
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Fig. 1. Ionization source for FAB-MS.

used to analyze a mixture of peptides, practical
consideration must be taken. The sample mix-
ture must be free of salt and buffer, hence it
should be purified by HPLC or other suitable
chromatographic techniques. Peptides should be
stored in polypropylene vials to prevent com-
plexation with metal ions. Complete suppression
of the analyte signal may be observed if the
sample is contaminated with a high concentra-
tion of alkaline salts or buffer. When there is a
need to concentrate a peptide solution, it must
not proceed to dryness since irreversible ad-
sorption to the tube walls is likely. It is also good
practice to avoid contact with any glass surface
during sample preparation.

Several drawbacks associated with FAB-MS
should also be pointed out. The most obvious
drawback is the presence of background peaks in
the mass spectrum. The background signals are
present throughout the mass spectrum, but it is
particularly problematic in the low-molecular
mass region (below 300 u). Simply switching to a
different matrix allows one to discriminate the
background from the analyte signals. A different
drawback results directly from the nucleophilici-
ty of the matrix components. For example,
dithiothreitol could undergo an Sy2 reaction with
samples containing good leaving groups such as
halides. An experimental indication that the
analyte is reacting with the matrix can be ob-
tained by analyzing the sample using different
matrices. If different peak patterns are obtained
for different matrices, then it is likely the sample
has undergone chemical reactions with the ma-
trix. Other chemical reactions which could occur
in the matrix include the reduction of disulfide
bonds, the exchange of sulfur by oxygen atoms,
ring opening of lactones and hydrolysis [12].

A related technique, continuous-flow FAB
(CF-FAB), overcomes some of these problems.
In CF-FAB, the sample is introduced continu-
ously by a flow of volatile solvents such as water,
methanol and acetonitrile. The use of these
volatile solvents eliminates much of the matrix-
derived background, thereby lowering the detec-
tion limit. CF-FAB also provides mechanical
mixing of the sample and ultimately decreases
the ion suppressing effect [13]. This technique
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allows the analysis of a large number of aqueous
samples and can be used to monitor the purity of
a synthetic peptide.

Perhaps the greatest drawback of FAB and
CF-FAB is the inability to generate good signal
intensity with proteins of M, greater than about
15000, owing to involatility and thermal in-
stability of proteins, thereby limiting the general
applicability of this technique to large proteins.
The use of liquid secondary ionization mass
spectrometry (LSIMS), where the xenon beam
in FAB-MS is replaced with a stream of ions
such as Ar* or Cs*, has shown some success
with proteins in the M, range 15000-20 000.
However, these results are far from routine and,
in practice, FAB works best in the analysis of
proteins with molecular masses of no more than
about 5000.

2.2. Plasma desorption mass spectrometry
(PD-MS)

The first breakthrough in attempts to solve the
problems associated with protein mass spec-
trometry was the development of field desorp-
tion mass spectrometry [14]. In 1974, Friedman
and co-workers proposed that rapid heating of a
sample could lead to preferential desorption of
surface molecules [15]. At the same time, Mac-
farlane and co-workers discovered that when
high-energy fission fragments from >°°Cf ir-
radiated thin films of arginine and cysteine,
intact molecular ions were observed [16]. Thus, a
new ionization technique, plasma desorption,
was born. Today, PD-MS is used primarily for
molecular mass determination of proteins. This
technique provides very little fragmentation, and
therefore little structural information can be
obtained. The sensitivity of this technique can be
impressive with examples of spectra obtained on
proteins of M, about 45000 (ovalbumin) at the
picomole level [17]. Perhaps one of the most
useful applications of this technique is its use for
peptide mapping by in situ enzymatic digestion
[18]. This procedure is normally performed with
the same nitrocellulose-bound sample as already
used for molecular mass determination. An
enzyme solution is applied and after an appro-

Fission Fragment
Detector

priate time the digestion is terminated by remov-
al of buffer by spin-drying the target. The target
containing the digested peptide fragments can
then be analyzed by PD-MS.

PD-MS has been a particularly attractive
method because of its operational simplicity and
high reliability. A schematic diagram of a PD
mass spectrometer is shown in Fig. 2. PD-MS is
based on spontaneous fission of *°>Cf which
produces a pair of nuclear fragments such as
14Cs®®* and '%Tc®**. These fission fragments,
with MeV energy, move in opposite directions.
One of these fragments can be oriented to hit the
sample foil and ionize the sample molecules. The
sample foil containing the adsorbed protein,
often referred to as the target, is then mounted
on a wheel assembly which can accommodate
several samples at one time. The target wheel is
positioned on the axis of the cylindrical tube
called the flight tube. The ions are accelerated by
a grid maintained at ground potential. The main
function of the fission fragment detector is to
record the time of the fission. The masses of the
ions are calculated from the time of a fission
event and the time it takes for an ion to reach
the detector. The time an ion takes to traverse
the flight tube is dependent on its mass/charge
ratio. Both detectors produce an electronic pulse
when an ion is detected.

In principle, a time-of-flight (TOF) mass spec-
trometer has no upper mass limit. However,
there are several factors which limit the range of
samples that can be analyzed by PD-MS. It is
clear that the energy density developed by the
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Fig. 2. Schematic diagram of plasma desorption mass spec-
trometer.
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fission of ***Cf is too high and that most of the
protein molecules undergo pyrolysis. This prob-
lem is very apparent when the molecular mass of
the protein approaches 50000. In this mass
range, very few intact molecular ions are de-
tected. Since most of the plasma desorption ion
sources are coupled to a TOF analyzer (typical
resolution of about 1000), the mass accuracy is
far from desirable. This, perhaps, results from
the large kinetic energy distribution the ion
carries with it [19]. Broadening of the peak to
the extent that the isotopic pattern cannot be
resolved is a common phenomenon in PD-MS.
Therefore, the mass value derived from a PD-
MS is often the isotopically averaged value.

2.3. Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS)

The development of modern laser technology
has provided a means of directing a large amount
of energy into a sample, leading to desorption of
intact molecules rather than thermal decomposi-
tion. Matrix-assisted laser desorption ionization
was introduced by Tanaka et al. [20] and Karas
and Hillenkamp [21]. Two ranges of laser wave-
lengths, the far-infrared and the far-ultraviolet,
are used for desorption of sample molecules.
The most commonly used wavelength is between
266 and 366 nm, which is generated from a
neodymium/yttrium-—aluminum-garnet (Nd:
YAG) laser. The reason for choosing this wave-
length is that compounds containing 7-bonds can
be electronically excited. With regard to mass
spectrometry, lasers offer two important bene-
fits. First, lasers provide the capability to pulse
from a continuous wave down to femtosecond
(10" s). Most laser mass spectrometers use
pulses of 100 ns or less to prevent pyrolysis of
the proteins. Second, laser beams can be focused
to submicrometer diameters, allowing the
operator to control the laser beam precisely with
an appropriate microscope. The amount of
energy deposited in the sample is dependent on
laser irradiance or intensity (W cm™ ), the pulse
width and the absorptivity of the sample. In-
creasing the laser intensity will lead to an in-
crease in desorption; however, for large proteins

too high an intensity will certainly lead to exces-
sive fragmentation.

In MALDI-MS, the sample molecules are
mixed with a suitable matrix (1:10000 ratio).
The commonly used matrices are 3-methoxy-4-
hydroxycinnamic acid (ferulic acid) or 3,5-di-
methoxy-4-hydroxycinnamic acid (sinapinic acid)
dissolved in a mixture of acetonitrile and 0.1%
trifluoroacetic acid (TFA). The final concentra-
tion of the matrix is 5-10 g/l. The matrix—
analyte mixture is deposited on a silver support
and allowed to crystallize by slow evaporation of
the matrix solvents. Proper sample preparation is
essential in obtaining a good spectrum. Co-crys-
tallization of sample and matrix is critical and
will depend on the physical properties of both
sample and matrix. The presence of TFA has
been found to help achieve the co-crystallization.
As mentioned previously, the ability to focus the
laser beam precisely on the target allows the
accumulation of successive spectra from the
same and/or different areas. A simple schematic
diagram of a MALDI instrument is shown in Fig.
3. The impact of a laser pulse on the target
desorbs a large number of ions, which can cause
a saturation effect in the detector. The high
yields of low-mass ions saturate the detector,
which results in lower efficiency for the high-
mass ions because the detector cannot recover
fast enough. The solution to this problem is the
installation of an ion deflector which deflects the
low-mass ions. The detector is also located
slightly off-axis from the mass spectrometer. This
combination reduces about 80% of the low-mass
ions. The low-mass ions dominate the M, 0-500
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Sample -%i _____________ |
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Fig. 3. Schematic diagram of MALDI mass spectrometer.
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range and can extend up to 1000. However,
small noise background can be seen across the
mass spectrum. The low-level noise background
is probably the result of fragmentation due to
ions colliding with the surfaces in the spectrome-
ter.

The resolution of a MALDI mass spectrome-
ter is much less than desirable, in part due to the
use of a TOF mass analyzer. An interesting, but
not surprising, fact is that the resolution for
low-mass ions is much better than that for high-
mass jons. This effect is the result of the spread
of the initial kinetic energy of the ions, and also
the existence of non-resolved adduct ions [22].
The low resolution of high-mass ions results in
uncertainty in mass determination. The uncer-
tainty is about 10~50 u at M, 10 000 and 100—500
u for proteins of M, 100 000.

Despite the poor resolution, sensitivity is a
major advantage of MALDI-MS. A. good signal-
to-noise spectrum can be obtained with a few
laser pulses from a single spot on the sample
target. Since successive spectra can be obtained
from a single spot, it can be concluded that this
technique is non-destructive. In practice, the
actual amount of sample consumed is in the
femtomole range. Therefore, for samples avail-
able only in limited amounts, the sample can be
recovered after the analysis. It should be pointed
out that picomole amounts of sample are nor-
mally required to form uniform matrix—analyte
crystals for the analysis.

A related technique which is still at an early
developmental stage is continuous-flow MALDI
(CF-MALDI). In CF-MALDI, the sample is
introduced to the mass spectrometer via a probe
with a liquid matrix (aqueous TFA, ethanol,
ethylene glycol, and 3-nitrobenzyl alcohol). The
laser beam is set on the opposite side of the
probe with the flight tube perpendicular to the
probe. In this present configuration, mass spec-
tra of large peptides with molecular masses
above 10000 can be obtained [23-26].

2.4. Electrospray ionization mass spectrometry
(ESI-MS)

The electrospray ionization process was origi-
nally described by Dole et al. [27] in their studies

on synthetic and natural polymers of molecular
mass in excess of 100 000. However, it was not
until 10 years later that electrospray resurfaced
as a major technique in mass spectrometry. The
application of electrospray to mass spectrometry
was largely the result of two different groups
almost simultaneously. Yamashita and Fenn [28]
coupled atmospheric pressure electrospray to a
quadrupole mass spectrometer and Alexandrov
et al. [29] coupled it to a magnetic sector mass
spectrometer. A few years after the demonstra-
tion of the fundamental aspects of electrospray,
Fenn and co-workers demonstrated the ability of
electrospray to analyze high molecular mass
samples such as polyethylene glycol (M, 17 500)
bearing a net charge of up to +23 [30]. It is this
unique feature of producing ions with multiple
charges that allows electrospray to be used in the
analysis of large proteins in a mass analyzer with
limited mass range (m/z <2500 u) with an ac-
curacy of better than 0.01% [31,32].
Electrospray is produced by applying a high
electrical field to a relatively small flow of liquid
from a capillary tube. The electric field causes
the liquid surface to be highly charged and a
spray of charged liquid droplets forms at the end
of the capillary tube. The polarity of the charged
droplets can be controlled by the applied polarity
on the capillary. The mechanism by which the
molecular ions are formed from the charged
droplets is not fully understood. Iribane and
Thomson [33] proposed the field-assisted ion
evaporation model. In this model, the molecular
ion formation occurs when the field strength at
the surface of the droplet reaches a critical value
due to the evaporation of the solvent. Rollgen
and co-workers proposed a different mechanism
in which the disintegration of the charged drop-
let occurs via the Rayleigh jet mechanism that
leads to very small charged droplets [34]. The
bare molecular ions are formed when complete
evaporation of the solvent from these micro-
droplets occurs. Abbas and Latham [35] showed
in a very elegant experiment that the droplets
evaporate at a constant rate until the Rayleigh
limit (1.1 % 10° elemental charges) is reached.
The droplet then abruptly loses 20-25% of its
charge and mass. This process is presumed to
continue until a bare molecular ion is formed. A
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particle of 1 um requires about sixteen disinte-
grations to reach the ion evaporation limit. At
this point, molecular ion production from the
droplet can theoretically occur.

In the development of the electrospray mass
spectrometer, transmitting the ions produced at
atmospheric pressure into the vacuum chamber
of the mass spectrometer presented a tremen-
dous challenge. The major problem is the large
amount of condensable vapor produced from the
spray nozzle. This problem was overcome by
applying a counterflowing curtain gas (20-70°C)
to that of the spray and by nebulization. Nitro-
gen is used for counterflowing curtain gas. The
curtain gas is delivered in the opposite direction
to the flow of sample. This curtain of dry
nitrogen serves to exclude large droplets and
particles and to decluster the ions. The nebuliza-
tion gas is usually air or nitrogen. It is delivered
in the same direction of the flow of sample by
means of a metal sleeve which wraps around the
capillary. Chait and co-workers showed that
when the capillary nozzle was operated at
around 85°C, counterflowing gas was not neces-
sary [36]. However, thermal destruction of labile
peptides and proteins can result from operation
at elevated temperature. Fig. 4 shows a
schematic diagram of an electrospray source and
the formation of molecular ions from charged
droplets. These multiply charged ions result from
the attachment of protons and/or metal ions
(Na* or K™) to the basic and acidic sites on the

Countarflowing gas in / Cryopump surtace
Atmospheric /—,:] Z
Chamber /
— ) > -—— 1st Quadrupole

| N —

Ly —
Atmospheric air Focusing
inlet/outlat lens.

Orifice Cryopump
Electrospray Capillary/Holder

Fig. 4. Electrospray ionization source (above) and formation
of molecular ions (below).

molecules, respectively. For example, the e-
amino group of lysine can be protonated whereas
the side-chain carboxyl group of aspartic acid can
carry a sodium ion adduct. Thus, the electro-
spray mass spectrum shows a distribution of
these multiply charged ions. Proteins with a
molecular mass of more than 130 000, such as the
dimer of bovine serum albumin, have been
successfully analyzed by electrospray mass spec-
trometry [37].

The determination of molecular mass from an
electrospray mass spectrum is straightforward
given the following assumptions. First, the adja-
cent peaks represent species differing by only
one charge. Second, the charge is due to proto-
nation (or some other known ionic species) of
the molecular ion. Any two peaks are sufficient
to determine the molecular mass. The relation-
ship between the molecular mass (M,) and the
multiply charged ion (M,) with its charge (Z,) is
described, for the case where the charge is due
to protonation, by the equation

M,Z, =M, +1.0079 Z,
M,Z, =M, +1.0079 Z,

where M, > M. By solving the above equations,
the charge of M, can be calculated using the
following equation (Z,=Z, — 1):

Z, =M, —1.0079)/(M, — M,)

To date, electrospray has been most widely
applied using quadrupole mass spectrometers.
Other workers have demonstrated that electro-
spray can be coupled to other mass analyzers
such as magnetic sector [29], time-of-flight [38]
and Fourier transform ion cyclotron resonance
[39] types. Electrospray MS is gaining popularity
among protein chemists because of its simplicity
and versatility. The fact that electrospray MS can
be coupled directly to HPLC allows the routine
use of LC-MS. Applications such as peptide
mapping, which could take hours or days using
FAB-MS, can now be done with ESI-MS in a
few hours.

Unlike FAB-MS, where both positive and
negative ions are formed, only positive or nega-
tive ions are formed in ESI-MS. The charge of
the droplets can be controlled by the polarity of
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the applied electrical field. In most instances,
peptides and proteins work well in the positive-
ion mode. However, for molecules that contain
many negative charges, such as oligonucleotides,
the sample should be analyzed by negative-ion
ESI-MS [40]. The negative ion ESI mass spec-
trum is characterized by an envelope of multiply
charged molecular ions with the form (M —
nH)"". Negative-ion ESI-MS generally has lower
sensitivity than positive-ion ESI-MS. The de-
crease in sensitivity is the result of substitution of
sodium for hydrogen ions. As the molecular
mass of the oligonucleotide increases, the num-
ber of phosphate—sodium adducts also increases.
This results in a broadening of the peaks and
lowering of the measurable current for a given
ion. Thus, for samples which are subject to alkali
metal attachment, the measured molecular mass
will often be overestimated.

3. Protein applications
3.1. Molecular mass determination

The molecular mass of a protein is an im-
portant parameter in the biochemical characteri-
zation of that protein. Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE)
is a universal technique in protein molecular
mass determination. However, the accuracy of
SDS-PAGE, ranging from a few per cent for a
well behaved globular protein to about 30% for
a heavily glycosylated protein, makes the estima-

Table 1
Operating characteristics of commercial instruments

tion of protein molecular masses extremely tenu-
ous.

With the recent advances in ionization tech-
nology described in the previous section, mass
spectrometry has become a useful tool for pro-
tein molecular mass determination with excellent
accuracy. Techniques such as MALDI and ESI
allow the determination at low-picomole levels
of protein molecular masses exceeding 100 000.
Table 1 shows the typical operating characteris-
tics of commercially available instruments.

In the determination of the molecular mass of
a protein, it should be remembered that the mass
spectrometer will detect all isotopes of every
clement in the molecule. At high enough res-
olution, the ionic species consisting of different
combinations of isotopes will be resolved, but at
lower resolution, a single symmetrical peak will
be obtained. In ESI-MS and MALDI-MS, cen-
troiding the peak will afford the average molecu-
lar mass of the proteins. For protein analysis, it
is not necessary to carry out the analysis at high
resolution because the monoisotopic ion be-
comes undetectable, and even the most abun-
dant peak contains a large combination of iso-
topes which requires a very high resolution mass
spectrometer to achieve accurate analysis. Also,
higher resolution is obtained at the expense of
sensitivity.

The accuracy of ESI-MS is about 0.01%,
which is very good compared with SDS-PAGE.
Although ESI-MS can measure molecular masses
in excess of 100000, the analysis can be very
complicated. This is because ESI-MS requires

Ionization Mass range Analyzer Resolution Total sample
technique required for
determination
ESI 150 000* Quadrupole 2000 Picomoles
MALDI >250 000 Time-of-flight” 1000 Picomoles
Plasma desorption 45000 Time-of-flight 1000 Nanomoles
Magnetic sector 40 000 Nanomoles

FAB/LSIMS 5000
: 15000 (LSIMS)

* Assuming the proteins can be highly protonated.
® Theoretically, the mass range is unlimited.
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that the adjacent peaks be resolved from each
other, otherwise the charge state cannot be
determined. This is probably the main reason
why ESI-MS fails in analyzing glycoproteins
where heterogeneity from the carbohydrate moi-
ety can give rise to a large number of overlap-
ping peaks. In many cases MALDI-MS can be
used successfully to determine the molecular
mass of glycoproteins, since fewer charge states
are observed compared with ESI-MS.

3.2. Peptide mapping/MS

Peptide mapping is a technique whereby a
protein sample is digested either enzymatically
or chemically, and the resulting peptides are
separated and analyzed. This approach has been
used for years for the determination of protein
primary sequence. Overlapping sets of peptide
fragments were generated using different en-
zymes or chemical agents and the peptides were
separated and sequenced using standard Edman
degradation reactions. In 1981, Morris et al. [41]
used peptide mapping and FAB-MS to examine
or screen protein digests or degradation prod-
ucts. Nowadays, peptide mapping used in con-
junction with mass spectrometry (we shall refer
to it here as peptide mapping/MS), is used in the
following situations: (1) confirmation of a pro-
tein sequence, especially of proteins produced
through recombinant DNA techniques, (2) de-
tection and identification of post-translational
modifications, (3) identification of protein degra-
dation products, (4) identification of protein
metabolites, (5) disulfide bond assignments, (6)
ligand binding and (7) characterization of en-
zyme active sites. Each of these applications will
be considered individually in the following sec-
tions. A general procedure for peptide mapping
is shown in Fig. 5. This scheme shows all the
options that are available; however, in practice
all of these options are seldom used and the
ultimate goal of the peptide mapping experiment
determines the experimental strategy chosen.
Briefly, the protein can be subjected to Edman
sequencing and carboxypeptidase digestion to
determine the N-terminal sequence and the C-
terminal residue, respectively. The failure to
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Fig. 5. Procedure for peptide mapping.

generate results from Edman sequencing sug-
gests that the N-terminus of the protein is
modified, most commonly by acetylation or
formylation. The protein can then be reduced
with DTT and alkylated with iodoacetic acid,
4-vinylpyridine or another alkylating agent. The
reduced/alkylated protein is then subjected to
chemical or enzymatic digestion. In some in-
stances it may be appropriate to omit the reduc-
tion/alkylation step (e.g., for proteins containing
only a few disulfide bonds or when assigning the
disulfide bonds). The protein can be digested
with two different enzymes in order to generate
overlapping peptide fragments for mass spectral
analysis. This option is used when prior infor-
mation on the protein sequence is not available
and it is necessary to align the peptides in the
final sequence. The digested fragments can be
analyzed directly or be fractionated by HPLC if
the mixture is too complex. If desired, the
digested fragments can be purified by HPLC and
subjected to Edman sequencing. The results
from Edman sequencing and mass spectral analy-
sis can be combined to deduce the primary
structure of the protein. When the N-terminus of
a digested fragment (20 residues or less) is
blocked by an acetyl group, the blocking group
can be removed by acylaminoacyl-peptide hydro-
lase [42-44]. Digestion of proteins can be carried
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Table 2
Chemical reagents and enzymes for digestion of proteins

Reagents/enzymes Site of cleavage
1. Trypsin C-terminus of Arg and Lys
2. S. aureus V8, pH 8 C-terminus of Glu and Asp
3. S. aureus V8, pH 4 C-terminus of Glu
4. Chymotrypsin C-terminus of Phe, Tyr, Trp, Leu and Met
5. Endoprotease Lys-C C-terminus of Lys
6. Endoprotease Asp-N N-terminus of Asp
7. Clostripain C-terminus of Arg
8. Pepsin C-terminus of Phe, Met, Leu and Trp
9. Thermolysin N-terminus of Leu, Ile, Val, Phe, Met and Ala
10. CNBr C-terminus of Met
11. Hydroxylamine Asn-Gly bond
12. Dilute acetic acid Asp-Pro bond
13. Cysteine cyanylation N-terminus of Cys
14. NCS C-terminus of Trp
15. Iodosobenzoic acid C-terminus of Trp

out chemically or enzymatically. Table 2 lists the
common chemical reagents and enzymes that are
used in peptide mapping.

As mentioned previously, certain ion suppres-
sion effects were observed in FAB-MS with
hydrophilic peptides. This effect is virtually non-
existent when peptide mapping is carried out
with PD-MS or ESI-MS. The capability of cou-
pling electrospray to HPLC allows the analysis of
the digestion fragments without any purification
or fractionation. With ESI-MS, full sequencing
information is often obtained by performing
collision-induced dissociation tandem mass spec-
trometry (MS—MS). The application of the MS—
MS technique in sequencing will be discussed
later.

3.2.1. Confirmation of sequence

With the proliferation of proteins being pro-
duced by recombinant DNA techniques using a
variety of expression systems, it is prudent to
confirm that the protein sequence obtained is in
agreement with that predicted from the DNA
sequence. Peptide mapping/MS is an ideal pro-
cedure for performing this confirmation of struc-
ture in a rapid fashion with minimal consumption
of protein sample. The molecular masses of
tryptic peptides from the predicted sequence are
compared with the molecular masses actually

determined from the peptide mapping/MS ex-
periment. This strategy was first suggested in
1984 by Gibson and Biemann [45], who used it
to confirm and correct regions from the amino
acid sequences of three large proteins,
glutaminyl- and glycyl-tRNA synthetase from
Escherichia coli and methionyl-tRNA synthetase
from yeast. Since that time there have been
several examples of this same approach applied
to other proteins [46-49]. In the past, peptide
mapping was a laborious process which included
optimization of the HPLC conditions, fractiona-
tion of all the digested peptide fragments and
analysis of all fractions by either amino acid
analysis, peptide sequencing or mass spec-
trometry or all three. With modern technologies
such as ESI-MS and MALDI-MS, peptide map-
ping/MS of a digested peptide mixture can be
performed in a much shorter time.

MALDI-MS has proven useful for peptide
mapping/MS and there are several advantages in
using these techniques. Since MALDI-MS can
tolerate the presence of buffer salts and other
impurities, a mixture of peptides obtained from,
for example, an enzymatic digest can be ana-
lyzed without prior purification. This technique
allows a mass spectrum containing ion masses for
all peptide fragments to be obtained in only a
few minutes after completion of the digest.
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Disadvantages of this technique are generally
related to the matrix in which the sample is
analyzed. The analytes must be uniformly dis-
tributed throughout the matrix crystals to ensure
that all peptides can be desorbed. The choice of
matrix is critical. Each of the common matrices
discriminates against mixture components in
ways that are sample and matrix specific, thereby
necessitating that data be acquired using more
than one matrix. Background signals are a prob-
lem with any matrix and with some the signals
are present up to M, 1000. Many peptide mix-
tures resulting from fragmentation of a protein
contain peptides with molecular masses well
below 1000. These problems are being slowly
overcome by the development of new matrices
and newer procedures for sample preparation.
Stults et al. [50] evaluated the effects of carbohy-
drate-containing matrices for MALDI-MS analy-
sis of in situ digests of proteins from two-dimen-
sional gels and found fucose-2,5-dihydroxyben-
zoic acid (DHB) to be the best. Several crys-
tallization methods for MALDI-MS have also
been reported, which include vacuum crystalliza-
tion [51] and stressed matrix crystallization
[52,53].

ESI-MS has one major advantage over
MALDI-MS, namely the ability to couple an
HPLC system directly to the mass spectrometer
and perform LC-MS. Application of ESI-MS in
peptide mapping/MS offers a rapid means to
confirm the primary sequence of proteins. In
general, the digestion mixture is separated by
RP-HPLC. The output from HPLC is split; a
small amount of effluent goes to the mass spec-
trometer and the rest goes to a fraction collector
or waste. Using this set-up the mass of a par-
ticular HPLC peak can be assigned readily. The
same peak can be collected for Edman sequenc-
ing. The results from Edman sequencing de-
termine the N-terminus of the peptide, whereas,
the obtained mass determines the C-terminus of
the peptide. This procedure can be applied for
all HPLC peaks to confirm the primary sequence
of proteins. The disadvantage of using ESI-MS
in peptide mapping is the time necessary for LC
analysis, which could range from 0.5 to 2 h. Fig.
6 shows an example of an LC-MS analysis of the

trypsin digest of carboxyamidomethylated hGH.
By examining the peaks in the TIC, one can
assign the masses to most of the HPLC peaks.
However, glycopeptides often show poor re-
sponse in ESI-MS.

3.2.2. Post-translational modifications

A large number of proteins undergo post-
translational modification after their biosynthe-
sis. In some cases, post-translational modifica-
tions are critical for the transport and bioactivity
of proteins. Post-translational modifications are
often not detected in Edman sequencing because
the modified residue is either not detected or is
destroyed under the harsh chemical environ-
ment. Mass spectrometry is probably the best
method for the detection of post-translational
modifications. Krishna and Wold [54] compiled a
useful list of post-translational modifications of
proteins. Some of the common post-transiational
modifications include acylation of the N-ter-
minus, phosphorylation of serine, threonine and
tyrosine, oxidation of methionine, glycosylation
of serine and asparagine, cleavage of N- and/or
C-terminal residues by proteolytic enzymes and
formation of C-terminal amides. For simple
modifications, such as acetylation or phosphoryl-
ation, the analysis is simple and can be carried
out using the normal peptide mapping procedure
[55]. Caprioli et al. [56] developed a procedure
to generate a ‘“‘sequence-ordered” map from a
protease digest by using the overlap information
produced from a time-course protease digest of a
protein. This technique is based on the fact that
the rate of cleavage can differ widely from site to
site and that all sites are not equally accessible.
Clostripain was used as a limited proteolytic
enzyme because it hydrolyzes only at the C-
terminal side of arginyl residues. Since not all
arginines are accessible to the enzyme, a time-
course digestion would produce peptide frag-
ments with large overlapping regions. One other
approach is to perform the digestion in oxygen-
18-enriched water; only the C-terminal fragment
will be unlabeled [57].

Perhaps the most common modification of
proteins is glycosylation. Analysis of glycopro-
teins by mass spectrometry is complicated by the
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Fig. 6. LC-MS of a trypsin digest of carboxyamidomethylated hGH using ESI-MS. Peak 1 contains an ion at m/z 626.4 which
matches the LEDGSPR (T,,) fragment of the protein. Every peak in the TIC chromatogram can be analyzed in the same manner

to confirm the primary sequence of the protein.

heterogeneity of the carbohydrate moiety. The
most reliable method of determining the molecu-
lar mass of a heavily glycosylated protein is
MALDI-TOF mass spectrometry; the complexity
derived from the multiple charge states present
in ESI-MS generally renders it impractical for
this purpose. However, when the glycoprotein is
digested into smaller fragments, FAB, MALDI
and ESI mass spectrometry can be successfully
applied to the analysis. A classical approach to
glycoprotein analysis is to deglycosylate com-
pletely using hydrazinolysis, isolate and purify
the polysaccharides and then perform structural
characterization. A major drawback of this tech-
nique is that sites of glycosylation on the protein
cannot be determined because of the destruction
of the protein. Application of mass spectral

techniques to glycoprotein analysis has provided

a means of characterizing these glycoproteins

efficiently. Sequence analysis of oligosaccharides
is outside the scope of this paper, although
Sutton et al. [58] have utilized MALDI-MS to
identify the site of glycosylation and to obtain
the sequence of the carbohydrate moiety. The
initial problem with an unknown protein is to
determine whether jt is glycosylated. One ap-
proach has been to apply a highly sensitive lectin
screen where a range of lectins must be em-
ployed to ensure that all of the common oligo-
saccharides will be detected [59]. Once a protein
is confirmed to be a glycoprotein, it is then
fragmented chemically or enzymatically. Hawke
et al. [60] have reported that, by using an affinity
column, most of the glycopeptides could be
separated. The remaining fractions were ana-
lyzed by HPLC and screened again for glycopep-
tides. The isolated glycopeptides were then sub-
jected to mass spectral analysis. The determi-
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nation of N-linked oligosaccharides can be per-
formed readily with a “pure” oligopeptide. Di-
gestion of the oligopeptide with peptide-N-
glycosidase F (PNGase F) in 50% '°O-labeled
water affords a pair of signals (MH" and MH" +
2) due to the partial incorporation of oxygen-18
into the B-carboxyl group of aspartic acid [61].
Unfortunately, there is no known enzyme which
can hydrolyze O-linked oligosaccharides. Carr et
al. [2] have proposed an elegant procedure using
LC-ESI-MS to identify selectively N- and O-
linked oligosaccharides in glycoproteins. The
glycopeptides are identified using a carbohydrate
marker .on. This is done by stepping the “orifice
potential” to enhance the low-m/z fragments, in
particular m/z 204. This experiment allows one
to confirm the presence of a glycoprotein and to
localize the glycopeptide fragments in the en-
zymatic digested chromatogram. By performing
a “precursor scan” of m/z 204, glycopeptides
can be selectively detected in the presence of
other peptides. It should be noted that the
spectrum generated using this procedure corre-
sponds to all parent ions that have decomposed
to yield m/z 204. O-Linked glycopeptides can be
differentiated from N-linked glycopeptides by
analyzing a sample that has been treated with
PNGase F. Sites of glycosylation can be obtained
by MS~MS analysis of the glycopeptides. Edman
sequencing can also be used to determine the site
of glycosylation (absence of signal where the
residue is glycosylated). A schematic diagram of
a strategy for glycoprotein analysis is shown in
Fig. 7.

One should remember that carbohydrates
offer a relatively small number of protonation
sites. This point is very important when ESI-MS
is used for glycoprotein analysis. For example, if
a large oligosaccharide is attached to a small
peptide, there might not be enough charge to
bring the ions into the mass range of the quad-
rupole analyzer. In this case, MALDI-MS is a
good alternative method.

3.2.3. Protein degradation products

Since almost all degradation products of pro-
teins result in a change in molecular mass com-
pared with the original protein, mass spec-
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Fig. 7. Strategy for glycoprotein analysis (see Refs. [60] and
[62]).

trometry can be used to detect such degradation
products, in principle. However, mass determi-
nation of the intact protein does not yield in-
formation as to the location of the chemical
modification. Further, for large proteins (M,
greater than approximately 20 000), mass spec-
trometry generally does not offer sufficient res-
olution to detect modifications of only 1 u (e.g.,
as a result of deamidation). Hence the most
common use of mass spectrometry with regard to
characterization of protein degradation products
is the combined use of peptide mapping and
mass spectrometry. Examples of this approach
include the characterization of deamidated and
methionine sulfoxide forms of human growth
hormone [63], hydroxylamine cleavage products
in insulin-like growth factor I [64] and deami-
dated forms of tumor necrosis factor [65]. In
each of these examples the approach used was to
generate peptide fragments (usually by trypsin
digestion), isolate those peptide fragments which
differed from the fragments arising from the
non-degraded protein and characterize the modi-
fied peptide fragments by FAB or ESI (usually
employing MS-MS to confirm the sequence
modification which had occurred). In most cases,
N-terminal analysis by Edman degradation is
also employed to provide corroborating evi-
dence.
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3.2.4. Protein metabolites

Wroblewski and co-workers have used ESI-MS
to study the in vitro metabolism of human
growth hormone (hGH) [66] and the.in vivo
metabolism of des(64,65)-human proinsulin [67].
In these examples the protein is proteolyzed, not
by the addition of exogenous proteases as in a
typical peptide mapping experiment, but by the
action of endogenous proteases. An abundance
of information concerning the activities involved,
the metabolic products and potential metabolic
pathways can be obtained from such experi-
ments.

Human growth hormone was incubated with
preparations of rat thyroid gland; the products
were isolated by reversed-phase HPLC and char-
acterized by a combination of ESI-MS and N-
terminal Edman sequencing. The predominant
activity that acted on hGH was found to be a
chymotrypsin-like serine protease, biochemically
similar to rat mast cell protease-I, with cleavages
occurring exclusively at Tyr-Phe-Leu~Xaa
bonds. The presence of a carboxypeptidase ac-
tivity was indicated by the detection of metabo-
lites that were truncated by a single amino acid
at the C-terminus. The sequence of events lead-
ing to the degradation of hGH in this system was
found to be initiated by a cleavage between
Tyr143-Ser144 to produce a two-chain form of
the protein. This was followed by the cleavage of
the initial two-chain form at Tyr42—Ser43,
liberating the N-terminal peptide Phel-Phe42.
Subsequent events over a 4.5 h incubation led to
the degradation of hGH to a set of more than 20
peptides with masses at or below 2300 [66].

The ~metabolism of des(64,65)-human pro-
insulin was examined in rats after subcutaneous
administration. Circulating insulin-like immuno-
reactivity in the plasma 25 min after injection
was evaluated by anion-exchange and reversed-
phase HPLC. Both techniques indicated the
presence of a metabolite comprising 5-10% of
the circulating immunoreactivity and having the
retention characteristics of human insulin. The
remainder had retention characteristics of
des(64,65)-human proinsulin. The peaks of im-
munoreactive material were isolated and their
structures determined using reversed-phase

HPLC and ESI-MS. The major circulating com-
ponent co-eluted with des(64,65)-human pro-
insulin and had an identical mass spectrum. Two
circulating metabolites were identified. These
metabolites co-eluted by reversed-phase HPLC
with human insulin and diarginyl(B31,32)-human
insulin and had mass spectra identical with the
standard compounds. The data indicate that
proteolytic processing of des(64,65)-human’
proinsulin involves an initial tryptic cleavage at
the carboxy side of ArgB32, with the formation
of human insulin by the subsequent action of a
carboxypeptidase to remove the ArgB31-
ArgB32 dipeptide from diarginyl(B31,32)-human
insulin. The results suggest that some of the
pharmacological activity of des(64,65)-human
proinsulin may be mediated in part by circulating
insulin-like metabolites [67].

3.2.5. Disulfide bond determination

Many proteins, especially secreted or non-
cytoplasmic proteins, contain disulfide bonds
between pairs of proximal cysteines. The disul-
fide bonds play a role in the stabilization of the
tertiary structure of these proteins. Proteins that
are produced through recombinant DNA tech-
nology are often refolded from strong denatur-
ants into biologically active forms and it is
critical to determine whether the ‘“correct”
cysteines are involved in forming the disulfide
bonds. Likewise, for naturally occurring pro-
teins, it is important to characterize the disulfide
pairing pattern. Some proteins contain free
cysteine residues, not involved in disulfide
bonds, and it is important to identify these
residues. For example, the protease clostripain
contains a cysteine at the active site and this free
thiol group is essential for the activity [68].
Although analytical methods have been de-
veloped to determine the thiol content in a
protein [69], the determination of the locations
of disulfide bonds is more of a challenge. Disul-
fide-containing peptides can be identified by
their amino acid composition or sequence only if
they are purified to homogeneity. For a protein
containing many disulfide bonds, this approach
cannot be applied. However, total cysteine con-
tent can be determined by complete reduction of
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the disulfide bonds with a suitable reagent (DTT
or B-mercaptoethanol are commonly used) fol-
lowed by alkylation with iodoacetic acid or
iodoacetamide. The total mass increment of the
intact protein after this procedure divided by the
mass of the alkylating group (e.g., 58 for acet-
amide) yields the number of cysteines in the
protein. If this procedure is repeated, but with-
out prior reduction, only the free cysteines, not
involved in disulfide bonds, are alkylated. It
should be cautioned that some proteins may
have free cysteines buried inside the tertiary
structure, preventing them from being alkylated.
Therefore, it might be necessary to perform the
alkylation in strong denaturing conditions.
Again, the mass increment divided by the mass
of the alkylating group yields the number of free
cysteines in the protein. The difference between
the total number of cysteines and the number of
free cysteines divided by 2 (two cysteines per
disulfide bond) gives the number of disulfide
bonds. One of the greatest problems in localizing
the disulfide bonds is disulfide exchange. Appli-
cation of mass spectrometry to solve this prob-
lem originates from the observation by Yazdan-
parast et al. [70] that disulfide bonds are reduced
in situ during peptide analysis by FAB-MS.
The determination of the cysteines involved in
a disulfide pair is accomplished by a peptide
mapping approach. The key to applying this
approach successfully is to isolate peptides that
contain a single disulfide bond. For large pro-
teins cleavage with cyanogen bromide can be
used to generate large peptide fragments that are
more susceptible to proteolytic digestion. The
protein or large protein fragments are then
digested with a suitable protease. Although
trypsin can be used, care must be taken that
disulfide interchange not occur. If disulfide inter-
change is a problem, an acid protease such as
pepsin should be used. Following proteolytic
cleavage, the peptides are isolated and subjected
to both Edman sequencing and mass spectral
analysis. The peptides that contain multiple
sequences are candidates for peptides that con-
tain disulfide bonds. If more than two sequences
are found in an isolated peptide peak, this
indicates the existence of more than a single

disulfide bond and requires subfragmentation
with a second protease. Even the existence of
only two sequences does not guarantee a single
disulfide bond if cleavage has not occurred
between the two cysteines of one disulfide bond.
Once a set of peptides, each peptide containing a
single disulfide bond, is obtained, the disulfide
bonds can be assigned unambiguously. If the
protein being analyzed has a free sulfhydryl, it
will be necessary to alkylate it before starting the
fragmentation procedure.

3.2.6. Ligand binding

In the field of drug discovery, a common
theme is the identification of low-molecular mass
compounds that bind very tightly to a target
protein. An example of this is the covalent
attachment of protease inhibitors to proteases,
often at the active site of the protease. Co-
valently bound ligands can be studied using the
normal peptide mapping procedure. Sall and
Kaiser [71] used peptide mapping and ESI-MS to
localize the site of binding of methyl 3-(2-methyl-
1-oxopropoxy){1]benzothieno[3,2-b}furan-2-car-
boxylate, a potent and highly selective inhibitor
of thrombin, to the active site of thrombin. They
were able to show that this compound formed a
stable acyl enzyme complex at the active site
Ser-205 which, along with His-43 and Asp-99,
make up the active site triad of thrombin.

A similar approach was used with the viral
enzyme, rhinovirus 3C protease, to show that an
inhibitor of this enzyme bound covalently to the
active site Cys-146 (Zimmerman and Becker,
personal communication). In additional to
localizing the site of attachment, information on
the nature of the chemical reaction involved can
be obtained from the increment in mass that the
protein undergoes.

3.2.7. Enzyme active sites

A related application is the characterization of
enzyme active sites. The general approach is to
utilize a specific affinity label which forms a
covalent bond with one of the active site res-
idues. Peptide mapping is then applied to local-
ize the peptide containing the modification.
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Several examples of this approach can be found
in the recent literature.

The apparent active site of human leukocyte
glycoasparaginase, an enzyme involved in the
degradation of the N-glycosidic linkage between
asparagine and N-acetylglucosamine in various
glycopeptides, has been identified by labeling
with an inhibitor, 5-diazo-4-oxo-L-norvaline, an
asparagine analog [72]. The labeled protein was
digested with trypsin and analysis of the peptides
by mass spectrometry revealed that the inhibitor
was attached through an a-ketone ether linkage
to the hydroxyl group of the N-terminal

_ threonine.

Inactivation of histidine ammonia lyase from
Pseudomonas putida was accomplished by treat-
ment with L-cysteine at pH 10.5 in the presence
of oxygen [73]. Inactivation was accompanied by
the formation of a new species with a UV
absorbance maximum at 340 nm. Following
trypsin and staphylococcal V8 protease diges-
tion, a peptide was isolated that was found to
contain a modification of mass 184 by ESI-MS.
The modification was localized to Ser-143 of this
enzyme and the authors conclude that this repre-
sents the site for attachment of an electrophilic
cofactor required for histidase activity.

3.2.8. Peptide mass maps

An innovative approach to the identification of
protein sequences in a large protein sequence
database such as the Protein Information Re-
source (PIR) or the SWISSPROT database has
been created by Yates et al. [74]. The approach
involves the proteolytic digestion of an unknown
protein and then analysis of the peptides by a
peptide mapping/MS approach. They have dem-
onstrated that a set of observed masses which is
less than 50% of the total number of predicted
masses can be used to identify a protein se-
quence in the database. Mass maps generated by
ESI-MS, MALDI-MS and FAB-MS should all
work with this approach. When multiple matches
are found, tandem mass spectrometry (discussed
in the next section) can be used to establish
sequence similarity.

3.3. Sequencing

3.3.1. Tandem mass spectrometry

Tandem mass spectrometry (MS-MS) was
originally developed for the investigation of ion
chemistry. However, its major application cur-
rently is in determining the structure of bio-
molecules. The tandem mass spectrometer could
be a multisector magnetic instrument (tandem
double focusing) or a triple quadrupole instru-
ment. In both cases, the “first” mass spectrome-
ter (or the first quadrupole) serves as a mass
separator. The selected ion (precursor ion) can
be induced for fragmentation by colliding with
an inert gas. This process is often referred to as
collision-induced dissociation (CID). The frag-
ment ions, commonly referred to as product
ions, are analyzed in the “second” mass spec-
trometer (or the third quadrupole). A detailed
description of tandem mass spectrometers has
been given elsewhere [75]. This section will only
describe the use of tandem mass spectrometry in
peptide sequencing.

A diagram of tandem mass spectrometry is
shown in Fig. 8. A peptide mixture consisting of
R, M and N components is ionized. Peptide M is
then selected by the first mass analyzer and
subsequently induced by colliding with a neutral
gas such as argon or helium to give fragment ions
A, B and C. These fragment ions can be scanned
by the third mass analyzer to give the mass
spectrum of the product ions. The use of a
collision gas is essential to produce a significant
number of intense product ions.

In peptides, the fragmentation generally oc-
curs at the peptide backbone. However, cleavage
at peripheral bonds can occur, particularly when
using magnetic sector mass analyzers. For pep-
tides with mass greater than 2500, fragmentation
seldom occurs because the vibrational energy

Peptide - Mass i Mass
mixture  lonization  geparation ~Fragmentation  gonariion  Detection
R A* At
. . + + +
M M M7 M g BT —=BT
N Nt ct

Fig. 8. MS-MS of R, M and N peptide mixture.
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induced by collision is distributed through a
larger number of bonds (except for post-source
decay MALDI-MS where fragmentation of pep-
tide with molecular mass up to 3000 Da can
occur). In order to understand peptide frag-
mentation, a nomenclature system was proposed
by Roepstorff and Fohlman [76]. This system
was soon modified to use lower case rather than
capital letters to avoid confusion, e.g. C, could
be mistaken for a cysteine residue at position n
[77]. Table 3 shows the common types of frag-
ment ions.

The mechanism for fragmentation is not fully
understood at the present time. The formation of
a,, b, and y, is generally accepted to involve
initial protonation of the amide nitrogen atom.
d, Ions retain the positive charge at the N-
terminus and are formed as a result of the loss of
an alkene from the side-chain of the other
terminus of a, ions. d, Ions provide a means to
differentiate the isomeric amino acids leucine
and isoleucine. If leucine were the amino acid at
the terminus, an isopropyl radical would be
eliminated. On the other hand, isoleucine would

Table 3
Common types of fragment ions

eliminate a methyl or an ethyl radical [78,79].
Johnson et al. [80] proposed mechanisms for the
formation of the fragment ions. It is important to
know that these mechanisms are chemically
plausible, but there are few experimental data to
support them except for the observed ions. In
the most common form of ESI-MS, in which
quadruple mass analyzers are used, b and y
fragment ions predominate.

Tandem mass spectrometry has been used to
study a large number of peptides and proteins.
Some of the notable works include the studies of
bradykinin {81}, substance P [82], somatostatin
[83] and thioredoxin {84]. So far, most of the
proteins studied are well characterized and have
known primary sequences. For an unknown
protein, the tandem mass spectrum can be very
complicated because some proteins exhibit both
N- and C-terminal fragments. There are also
fragments that do not fit in any of the proposed
fragment ions. Despite these complications, mass
spectrometry offers protein chemists a means to
obtain sequencing information much faster than
any other analytical method. There are also

X3 Y3 73 X3 Y2 2, Xy Y1

Zj

R, H 0] Ry |H o)
H_ i I
N N N N OH
H o] R, |H o} R,
a,” by” 7 ay by ¢y

3" by’ ¢
Ion Type of cleavage Terminus Structure
a, Backbone N "NH=CHR
b, Backbone N -NHCHRCO™
c, Backbone N —[NHCHRCONH, H"
X, Backbone C [OCNHCHRCO,H|H"
Y., Backbone C H;NCHRCO-
z, Backbone C [CHRCONHCHRCO,H]JH"
d, Side-chain N [-NHCH=CHR']H"
v, Side-chain C [HN=CHCONHCHRCO,HJH"
w Side-chain C [R'"CH=CHCONHCHRCO,HJH"

E)




38 D.N. Nguyen et al. | J. Chromatogr. A 705 (1995) 21-45

computer programs which can be used to assist
in the analysis of spectral data of peptides. Some
of the commonly used programs include Mac-
ProMass [85], Mac Mass [86] and COMPOST
187].

3.3.2. Post-source decay MALDI-MS

In addition to tandem mass spectrometry,
post-source decay (PSD) is a new technique for
peptide sequencing. It has been observed that
large peptide and protein ions are unstable on
their way through a time-of-flight instrument.
The metastable decay of these ions has been
detected using two-stage reflectron MALDI-MS.
The term post-source decay was introduced by
Spengler and co-workers [88-91] to describe the
“delayed” fragmentation of the desorbed analyte
ions. The fragmentation was due to the multiple
collisions of analyte ions with matrix ions during
the early plume expansion and jon acceleration
followed by collisions with residual or admitted
gas molecules in the field-free drift region of a
MALDI instrument. Unimolecular decomposi-
tion of the precursor ion gives rise to fragmenta-
tion patterns which can be used to determine the
sequence of the peptide. The fragment ions
travel with nearly the same velocities as their
precursors, but with lower Kkinetic energies.
Thus, by applying a retarding field at the reflec-
tor, one can separate the product ions from the
precursor ions. Because of the lower kinetic
energies of the product ions, they do not pene-
trate into the retarding field as deeply as their
precursors; therefore, they leave the reflector
earlier and arrive sooner at the detector. PSD-
MALDI offers many advantages over conven-
tional tandem mass spectrometry. The in-
strumental sensitivity for product ions is at least
two orders of magnitude better than tandem
mass spectrometry owing to the high ion trans-
mission and high ion yield (20-80% of precursor
ion). Also, MALDI-MS offers a much longer
dissociation time range than a conventional colli-
sion cell which allows the activation and decay of
peptides of M_ up to 3000. The fragmentation

patterns of PSD-MALDI are very similar to that.

of the low-energy CID [92]. Typically, a,, b,,
C, a,—17, b,—17, x,, y, and z, ions are

n>

observed in a mass spectrum. The loss of 17 u is
due to loss of ammonia from arginine residues.
There are drawbacks associating with PSD-
MALDI which should be mentioned. First, mass
calibration can be difficult because one would
have to perform tedious calibration with known
precursor ion and product ion masses. There-
fore, calibration is normally done using com-
puter software. This software takes into account
the instrument geometry, electrical field parame-
ters and the flight times of precursor and product
ions to calculate the ion masses. Second, for
large peptides (M, above 1500), it is often
necessary to increase the laser irradiance to have
sufficient desorption. However, increasing the
laser irradiance causes a decrease in resolution
which ultimately increases the uncertainty in
mass assignment of these peptides. Third,
because of the complexity of the fragmentation
patterns and the lack of algorithms for cleavage
interpretation, analysis of PSD mass spectra
requires much more time than it takes to acquire
the mass spectrum. Despite these difficulties,
PSD-MALDI has gained acceptance in peptide
sequencing. For example, Zambias et al. [93]
utilized PSD-MALDI for the analysis of a co-
valently bound peptoid {modified peptide) to a
polymeric bead. Hoyes et al. [94] utilized PSD-
MALDI for the analysis of ACTH peptide (M,
2466). Spengler and Kaufmann [95] utilized
PSD-MALDI to localize the site of a post-trans-
lational modification of a peptide. The analysis
of a lipopeptide (M, 1863) located the fatty acid
on the N-terminus of the peptide. One interest-
ing, perhaps very important, application of PSD-
MALDI is the possibility of using this technique
for the characterization of unknown proteins. Yu
et al. [96] performed PSD-MALDI on an un-
known tryptic fragment. The resulting primary
sequence of this peptide was compared with
existing sequences in a database to suggest that
this protein resembles CHO MCP-1 protein.

3.3.3. Carboxypeptidases

Carboxypeptidases, exoproteases which cleave
only the C-terminal residues in proteins, have
been used in protein sequencing with variable
success. Four carboxypeptidases, carboxypepti-



D.N. Nguyen et al. | J. Chromatogr. A 705 (1995) 21-45 39

dase P (CPP), A (CPA), B (CPB) or Y (CPY),
or a combination of these have been most
commonly used in sequencing applications. In
general, the rates of cleavage by these enzymes
are dependent on the polarity of the C-terminal
amino acid side-chain, making sequencing pro-
gress extremely variable. Because of this vari-
ability, carboxypeptidases have traditionally
been used to determine only the C-terminal
residue of a protein by identifying the amino acid
released by its chromatographic retention time
[97].

A different approach is to monitor the trun-
cated protein instead of the released amino acid
and the techniques of ESI-MS, PD-MS and
MALDI-MS now make this approach feasible. A
digestion reaction is carried out using carboxy-
peptidase(s) of choice. At selected intervals,
aliquots are removed and the reaction is
quenched and stored for later analysis. Using
PD-MS, the digestion can be carried out directly
on the nitrocellulose support [98,99]. With ESI-
MS, the digestion mixture can be monitored by
continuous infusion. Smith and Duffin [100] used
carboxypeptidase P to sequence interleukin 3
(IL-3) and superoxide dismutase (SOD). IL-3
has a C-terminal sequence of ... TTLSLAIF.
The sequencing was performed in 15mM am-
monium acetate buffer (pH 4.0). Under these
conditions, six amino acid residues were digested
by CPP. Additional reaction time did not release
any further residues. Superoxide dismutase has a
C-terminal sequence of ... CGVIGIAK. Diges-
tion of this protein yielded only one residue.
However, after reducing and alkylating the pro-
tein with iodoacetic acid, three residues were
released by the enzyme. The sequencing did not
proceed past the glycine residue even with ex-
tended reaction time. Schér et al. [101] reported
the use of a mixture of CPA and CPB and also
CPY for the digestion of synthetic parathyroid
hormone using MALDI-MS. After about 2 h of
digestion, 21 amino acid residues were removed
from the protein. It was found that CPY digests
valine rapidly and very slowly at histidine res-
1dues, hence it was not possible to localize all the
truncated proteins. Also, truncated peptides of
M, below 1200 were difficult to detect because of

interference from the matrix. Rosnack and Stroh
[102} described the use of a low-flow reactor to
monitor the digestion of glucagon and apomyo-
globin using ESI-MS. The protein and enzyme
(CPP) were mixed and infused into a fused-silica
reactor with continuous monitoring by ESI-MS.
Glucagon gave sequence ions for the first 19
amino acids; however, apomyoglobin gave only
50% of the first 30 amino acids. Attempts were
made to sequence cytochrome ¢ and carbonic
anhydrase. Unfortunately, no sequence informa-
tion was obtained from these digestions.

The application of carboxypeptidases to pro-
tein sequencing has been investigated in our
laboratory. We decided to use ESI-MS in combi-
nation with CPP and CPY for protein sequenc-
ing. Glucagon (HSQGTFTSDYSKYLDSRRAQ-
DFVQWLMNT) was used as a model compound
with a mixture of CPP and CPY as reagents. The
detection of the truncated forms of glucagon was
carried out by ESI-MS. The combination of CPP
and CPY was found to be necessary for success-
ful digestion. For example, digestion with CPY
alone was retarded at the tryptophan residue and
virtually stopped at the aspartic acid residue.
Digestion with CPP alone proceeded past these
residues but was retarded at the leucine residue.
A combination of CPP and CPY resulted in
digestion of the entire glucagon molecule in
about 70 min. (Fig. 9). Peaks associated with all
of the predicted glucagon fragments could be
identified in the mass spectrum taken at 70 min
although there was a high background. Obvious-
ly, the sequence of glucagon is known and this
greatly facilitates the analysis of the mass spec-
trum. An unknown protein would present a
much greater challenge and at present the tech-
nique is probably best applied to the confirma-
tion of a known or predicted sequence. The
ability to obtain sequence information readily
from the C-terminus of a protein is, however, an
important advance in protein characterization.

3.4. Non-covalent interactions
Non-covalently bound ligands pose a problem

in the analysis of these complexes by most
ionization techniques. Henion and co-workers
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Fig. 9. Sequencing of glucagon using a mixture of CPP and CPY. (A) Reconstructed mass spectrum of digestion using CPP and
CPY after 15 min. Data were acquired in the chromatographic mode. (B) The actual ion m/z of digestion after 70 min; n refers to
the glucagon and n-18 refers to glucagon minus 18 amino acid residues from the C-terminus. The charges of the ions are shown in
parentheses. The charge is not specified when the ion is in a +1 charge state. The +1 charge states were assigned by examination
of the isotopic pattern of the peak. A total of 21 nmol of glucagon was consumed. See to Table 1 for peak assignments.

suggested that non-covalent molecular associa-
tion complexes might be detectable under the
“soft ionization” conditions offered by ESI and
that the reaction might be monitored in a real-
time mode [103]. The first successful application
of ESI-MS to the detection of non-covalent
receptor-ligand complexes was reported by the
same laboratory [104]. The macrolide FK506, an
immunosuppressive agent, inhibits T-cell activa-
tion when in a complex with the cytoplasmic
receptor FKBP. FKBP was mixed with a slight
excess of FK506 at pH 7.5, and a new signal
appeared corresponding to the complex. Two
important controls were performed to ensure

that covalent adducts did not form. First, when
FK506 was combined with denatured FKBP, the
signal for the complex was not observed. Sec-
ond, when FKS06 was replaced with a more
potent reagent (higher affinity toward the re-
ceptor), the peak corresponding to the new
complex was much stronger in intensity.
ESI-MS has also been used to study the
hydrolysis of a hexasaccharide of N-acetylglu-
cosamine (NAG() by lysozyme. A mass spec-
trum immediately after mixing the enzyme and
substrate reveals a new protonated peak which
corresponds to the lysozyme-NAG, complex.
During the time-course reaction, the spectrum
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shows the disappearance of lysozyme-NAG
and appearance of lysozyme-NAG, and
lysozyme-NAG, [105].

Kata and Chait [106] demonstrated the utility
of ESI-MS in analyzing protein-ligand complex-
es by studying the heme—globin interaction. The
oxygen-carrying protein myoglobin contains a
non-covalently bound heme group in the hydro-
phobic pocket of the native globin chain. At low
pH values, unfolding of the protein results in
complete protonation of buried histidine res-
idues, resulting in a higher charge-state and a
loss of the heme group. A mass spectrum ob-
tained from an aqueous myoglobin solution at
pH 3.35 (completely denatured protein) shows a
single distribution of peaks and the total absence
of ions correspond to the heme—globin complex.
However, at pH 3.9, where both native and
denatured forms of myoglobin coexist, the mass
spectrum exhibits two distinct distributions of
peaks. One set of peaks corresponds to the
denatured myogiobin (higher charge state) and
the other set corresponds to the intact heme-
globin complex. These results suggest that na-
tive, non-covalent complexes of proteins and
cofactors in solution can be preserved in the gas
phase and observed by mass spectrometry.

Many proteins self-associate to form non-co-
valent dimers or higher oligomers. For example,
human growth hormone (hGH), under certain
conditions, will form a tightly complexed, non-
covalent dimer [107]. This dimer is stable under
aqueous conditions and can be resolved from the
monomer by high-resolution size-exclusion chro-
matography. Re-chromatography of the isolated
dimer on the same system reveals that this
fraction is still dimeric with the retention time
expected for the dimer and has not reverted to
monomer. However, addition of 30% acetoni-
trile to the sample before re-chromatography
caused the conversion of the dimer into mono-
mer. Likewise, treatment with SDS sample buf-
fer followed by analysis by SDS-PAGE shows
that the dimer has been converted into mono-
mer. This hGH dimer has been studied by ESI-
MS (Fig. 10). Under the conditions normally
used to obtained protein spectra, 0.1-1.0%
acetic acid—50% acetonitrile, only the spectrum
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Fig. 10. Spectrum of a non-covalent dimer of human growth
hormone. The spectrum was obtained on a Sciex API-III
instrument by infusing at 2.5 p1/min a sample of hGH dimer
at a concentration of 1 mg/ml in 0.1% acetic acid. The m/z
values corresponding exclusively to the dimer are marked
with asterisks.

of monomeric hGH was observed. This is not
surprising, since 30% acetonitrile had been
shown to dissociate the dimer. However, by
omitting the acetonitrile and infusing a solution
at a concentration of 1 mg/ml in 0.1% acetic
acid, evidence for the dimer was obtained. The
spectrum appears to be an overlay of the spec-
trum of the dimer and the spectrum of the
monomer. To rule out the possibility that the
observed dimer spectrum was the result of dimer
formation in the mass spectrometer, a solution of
monomeric hGH was studied under identical
conditions and no evidence of dimer formation
was observed.

3.5. Protein folding/higher order structural
characterization

3.5.1. Deuterium exchange

While mass spectrometry is most commonly
used to assess the primary structure of proteins
or peptides, there are various experimental ap-
proaches available which can yield information
concerning protein folding and higher order
(secondary, tertiary or quaternary) structure.
One such approach is the determination of
hydrogen—deuterium exchange rates under con-
trolled solution conditions. In one application
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the exchange rates of the various amide hydro-
gens in cytochrome c¢ were determined using
HPLC-FAB-MS [108]. Cytochrome ¢ was incu-
bated in H,O at various temperatures. After
incubation for preset time intervals, the protein
was transferred into a solution in which
deuterium exchange is very slow (pH 2-3, 23°C)
and digested with pepsin. The number of
deuterium atoms incorporated into each of the
proteolytic peptides was determined by HPLC-
FAB-MS. This approach can provide informa-
tion regarding the secondary or tertiary structure
of the protein, since amides which exchange
readily -have a greater solvent accessibility than
do amides which exchange slowly. In cases
where a biosynthetic form of a protein is being
structurally characterized, this approach can be
especially useful if a native (natural source) form
of the protein is available as a comparator.

3.5.2. Proteolysis

Another useful strategy for protein structure
evaluation is limited proteolytic digestion. This
approach involves digestion of the protein with a
proteolytic enzyme, under conditions such that
the rate of proteolysis is sufficiently slow to allow
determination of the kinetics of formation of the
various peptide fragments. This approach has
been used to compare the structures of wild-type
and recombinant yeast (mutant) calmodulins,
using ESI-MS [109]. In this study, the cal-
modulins were digested with trypsin using vary-
ing protein/enzyme ratios. After digestion for
selected time intervals, the reaction was termi-
nated by the addition of soybean trypsin inhib-
itor. The peptide solution was desalted and the
characteristic fragments were determined by
ESI-MS (without chromatographic separation).
The use of ESI-MS directly, without prior HPLC
separation, makes this a particularly rapid assay
method. However, the lack of an HPLC sepa-
ration makes the technique more susceptible to
matrix interference (e.g., salts) and the quantita-
tive capability of such a method is therefore
relatively limited. Nonetheless, this approach
provides significant information regarding the
structure of the recombinant protein.

3.5.3. Charge state

The charge-state distribution observed for a
protein in ESI-MS can provide significant in-
formation regarding protein folding. For exam-
ple, ESI-MS has been used to study the mecha-
nism of refolding of acid-denatured myoglobin
[110]. In this study, the ESI-MS analysis was
conducted at neutral pH, since the heme group
was demonstrated to remain attached to the
protein under these conditions. Myoglobin was
initially denatured in 10% acetic acid and then
refolded by adjusting to various pH levels (5-8)
by addition of ammonia solution. The molecular
mass and charge-state distribution of the partial-
ly, or fully, refolded protein was then deter-
mined by ESI-MS analysis. Based on the pH
dependence of the observed molecular mass
(affected by the presence or absence of the heme
group) and charge state distribution, the ESI-MS
data indicated that myoglobin refolds in two
major steps. The unfolded polypeptide chain first
refolds to form a “native-like” structure without
the heme group, and the binding cavity of this
structure then binds the heme group by non-
covalent interaction. This example clearly dem-
onstrates that ESI-MS can provide useful in-
formation regarding protein folding pathways,
and this information can be used in conjunction
with other more traditional techniques (e.g.,
circular dichroism) to obtain a more complete
understanding of these complex phenomena.

3.5.4. Cross-linking reagents

Addition of cross-linking reagent to proteins,
followed by subsequent structural characteriza-
tion of the linked domains, has been a traditional
approach used to probe protein secondary and
tertiary structure. Mass spectrometry clearly can
provide an additional analytical tool to be used
in this approach. The interfacing domains in
recombinant human erythropoietin (EPO) have
been characterized in this manner [111}. In this
case, amino groups were selectively cross-linked
by specific cross-linkers such as disuccinimidyl
suberate or dithiobis(succinimidyl propionate).
The linked regions were then characterized by
trypsin digestion followed by HPLC separation.
The isolated tryptic peptides were characterized
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by sequencing (Edman degradation) and mass
spectrometry. These data were used to deter-
mine which lysine groups in EPO were adjacent
in the three-dimensional structure. The study
also demonstrated that non-glycosylated and
glycosylated forms of EPO have a high degree of
similarity with regard to the protein conforma-
tion. A similar approach has been described for
studying the subunit association of proteins
[112]. In this case the proteins are cross-linked
with glutaraldehyde and the molecular mass of
the adduct is determined by MALDI-MS. The
validity of this approach was confirmed by
analyzing a variety of proteins having various
known states of association.
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Abstract

Chemical methods of protein sequence determination are reviewed with particular emphasis on methodology for
increasing the sensitivity of amino-terminal sequence analysis and on progress toward the development of an
automated procedure for sequential degradation from the carboxy-terminus.
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1. Introduction

Since it is the amino acid sequence which
determines the manner in which the polypeptide
chain can fold to form the secondary and tertiary
structures necessary for biological function, de-
termination of the protein primary structure or
sequence is a necessary first step in understand-
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ing how a particular function of a protein relates
to its structure.

Currently, protein sequence determination is
accomplished either by sequencing the protein
on an automated sequencer using chemical meth-
ods for successive degradation from the amino-
terminus or by sequencing the gene for that
protein using established DNA sequencing meth-

© 1995 Elsevier Science B.V. All rights reserved
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odology. Although protein sequencing can be
considered to be more difficult and slower than
DNA sequencing, it often provides information
not obtainable by the latter method. Such in-
formation includes: (1) identification of post-
translational modifications which are not predict-
able from the gene sequence. This has become
particularly important in view of the ever in-
creasing numbers of recognized post-translation-
al modifications [1], (2) determination of partial
protein sequence information which can be used
for the design of oligonucleotide probes com-
plementary to predicted gene sequences. In
many cases, these oligonucleotide probes, often
obtained from low abundance proteins, have
been the only route to the cloning of a particular
gene, (3) characterization of recombinant pro-
teins in order to confirm that the predicted
structure conforms to the expressed product.
These applications have created an increased
need for improved methods of protein sequenc-
ing from the amino-terminus which can be per-
formed faster and with smaller quantities of
sample and for a procedure capable of a sequen-
tial degradation from the carboxy-terminus.
This manuscript reviews progress in chemical
methodology relating to the development of
more sensitive and faster methods of amino-
terminal sequence analysis and recent meth-
odology which shows promise toward the de-
velopment of a routine method for a sequential
degradation from the carboxy-terminus.

2. Amino-terminal sequence analysis

The most widely used method of protein
sequence analysis is based on the automated
Edman chemistry [2]. In this method (See Fig.
1), the free amino terminus of a polypeptide is
reacted with phenylisothiocyanate (PITC) in the
presence of base to form a phenylthiocarbamyl
peptide (PTC peptide) (this step is commonly
referred to as the “coupling step”). Subsequent
treatment of the modified polypeptide with acid
cleaves the modified N-terminal amino acid as an
anilinothiazolinone (ATZ) (this step is referred
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Fig. 1. Edman chemistry for amino-terminal sequence analy-
sis.

to as the “cleavage step”) and leaves the shor-
tened peptide ready for continued sequence
analysis. The thiazolinone is then treated with
aqueous acid in order to convert it the more
thermodynamically stable phenylthiohydantoin
(PTH) derivative (the “conversion step’) which
is then identified and quantitated by reversed-
phase HPLC.

The amount of protein required for sequence
analysis with current methodologies (10 to 50
pmol of sample for 10 to 20 cycles of sequence
information), while steadily decreasing over the
years, has not kept pace with the recent ad-
vances in protein purification techniques which
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now permit isolation of 50 to 100 femtomoles of
sample [3]. The major obstacles to increasing the
sensitivity of protein sequencing down to the
femtomolar level involve: difficulty in handling
such small amounts of protein without losses; the
intrinsic detectability of the released PTH amino
acids which have relatively low extinction co-
efficients; the intrinsic background noise associ-
ated with absorbance measurements at the wave-
length used for PTH amino acid detection (269
nm); the chemical background, caused by the
reagents used in sequencing, visible on the
HPLC chromatograms in which the PTH amino
acids are detected; and the background due to
PTH amino acids formed from nonspecific cleav-
age along the polypeptide chain. The need for a
unified approach to solve these problems by
redesign of the sequencing chemistry, sample
supports, detection methods, and instrumenta-
tion has been discussed [4].

2.1. Instrumentation

The chemistry as originally described by
Edman in 1950 is still practiced today with only
minor variations in all of the commercially avail-
able protein sequenators. The performance
criteria routinely expected today has been
achieved primarily through advances in instru-
mentation. The original spinning-cup sequenator
[5] was capable of sequencing 15 residues in 24 h
using approximately 250 nmoles of protein. The
combination of reversed-phase HPLC for detec-
tion of the PTH amino acids [6], the use of
polybrene as a carrier for proteins and peptides
[7,8], and modifications to the spinning cup
sequenator [9-11] allowed the sensitivity to be
reduced to approximately 1 nmole. The intro-
duction of the “gas-phase” sequenator [12,13]
and on-line, narrow-bore (2 mm I.D. columns)
HPLC detection of the PTH amino acids, re-
duced the sample requirements to 10-100 pico-
moles [14].

Since the introduction of the gas-phase se-
quenator, only minor advances have been made
in instrument development. The introduction of
the continuous flow reactor (CFR) [15] simplified

and miniaturized the reaction cartridge resulting
in lower backgrounds and facilitated application
of the sequencer to polyvinylidene difluoride
(PVDF) membranes (commonly used for elec-
trotransfer from protein gels). A recently de-
scribed protocol for optimization of the reaction
times, miniaturization of the reaction cartridge,
and HPLC separation of PTH amino acids was
found to permit the usual 40-50 min cycle time
to be reduced to 25 min [16]. A commercial
reaction cartridge (Blott cartridge, Applied Bio-
systems) designed specifically for samples on
polymeric supports (PVDF) has been introduced
and evaluated [17]. Other efforts to reduce
chemical background in automated sequencers
has involved the evaluation of alternative cou-
pling bases, such as diisopropylethylamine, re-
duced concentrations of phenylisothiocyanate,
and diode-array detection of the PTH amino
acids [18]. Some more recent studies showing
sequence data obtained at the 1-10 picomole
level have advocated routine sequencer mainte-
nance [19] and the use of reduced levels of
polybrene and extensive precycling [20]. The
successful adaptation of a microbore HPLC
(Michrom BioResources) to a commercial se-
quencer (Applied Biosystems) showed an ap-
proximately 2-3 fold enhancement of the limit of
detectability of the released PTH amino acids
[21]. A compact gas-phase instrument with
minimized liquid flow systems [22] was demon-
strated to produce less sequencer background
peaks at the 5-10 picomole level.

Recently published methods for the separation
of the PTH amino acids by capillary HPLC [23]
and capillary electrophoresis [24] have shown
femtomolar levels of detection of the PTH amino
acids, however these techniques require the use
of low microliter and subnanoliter injection
volumes, respectively, and are thus not of cur-
rent practical value, since current automated
sequencer technologies dissolve the PTH amino
acids in a 50-100 w1 volume for injection. Use of
only a small fraction of this volume would negate
any value in the increased sensitivity of detection
with these methodologies until a sequencer
generating the PTH amino acid in suitably low
volumes is developed.
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2.2. Solid supports for sequence analysis

Modern gas-phase sequenators when first de-
scribed relied on the use of glass fiber filters
coated with polybrene for retaining the non-
covalently applied peptide or protein to be
-sequenced [12]. Although the proteins separated
by one and two dimensional gel electrophoresis
could be electroblotted onto these supports
[25,26], the introduction of PVDF membranes
[27] has largely superseded the use of glass fiber
filters in most laboratories. The PVDF mem-
branes were found to give superior yields for
electroblotting and for sequence analysis and
found to be easier to stain for the presence of
protein samples [27-29]. More recent studies
comparing the efficiency of sequence analysis
and blotting from a series of different commer-
cially available membranes, including glass fiber,
PVDF, and polypropylene, have been described
[3,30]. An alternative support for non-covalent
protein or peptide immobilization consisting of a
biphasic column, containing hydrophobic (re-
versed phase) and hydrophilic (ion:exchange)
portions, has recently been introduced by Hew-
lett-Packard [31]. The biphasic column offers
several advantages in that sample clean-up prior
to sequencing is greatly facilitated and the lack
of necessity for the use of polybrene to assist in
sample retention greatly reduces the chemical
background during detection of the PTH amino
acids. Other preliminary work shows promising
results with the use of Zitex (porous PTFE)
supports for protein sequencing. Originally used
for automated C-terminal sequencing [32], these
supports have shown improved repetitive yields
for N-terminal protein sequencing as compared
to PVDF supports and do not require the use of
polybrene for sample retention, resulting in
reduced chemical backgrounds.

The non-covalent methods of sample applica-
tion, while convenient, involve compromises in
the choice of solvents and reagents which can be
utilized. The types of solvents that may be used
are limited to those that are relatively non-polar
and that do not cause elution of the protein or
peptide. The base and acid reagents used in the
coupling and cleavage step are delivered in the

gas phase in order to prevent sample elution
from the support. A method, termed ‘‘solid-
phase sequencing”’, where the peptide or protein
to be sequenced was covalently coupled to a
solid support prior to sequence analysis was
introduced by Laursen in 1966 [33]. The po-
tential advantages to this approach stem from
the fact that proteins which are covalently linked
to an insoluble matrix can be easily separated
from reagent and reaction by-products. The
choice of solvents for sequencing can be opti-
mized for ability to remove excess reagents
without the need to worry about sample elution.
This can lead to faster instrument cycle times
and reduction in the amount of UV absorbing
background.

Since the introduction of the solid-phase ap-
proach to N-terminal protein sequencing, several
different types of functionalized supports have
been described for the covalent immobilization
of polypeptide samples. These include poly-
styrene resins, polyacrylamide resins, and glass
beads substituted with aminoalkyl or amino-
phenyl groups [34]. Typically these amino func-
tionalized supports are activated for protein
coupling with bifunctional reagents such as
phenylene diisothiocyanate (DITC). The DITC
group is capable of forming a stable thiourea
linkage to the support and the peptide N-termi-
nal amino group or e-amino group of lysine side
chains. Recently glass beads derivatized with
isothiocyanate, aminophenyl and amino-
ethylaminopropyl groups [35], glass fiber sheets
functionalized with aminophenyl groups [36],
and PVDF membranes derivatized with aryl
amines and DITC [37] have been used for the
covalent immobilization of polypeptides for N-
terminal sequencing. The polypeptides are either
immobilized by coupling between the epsilon-
amino groups of the lysine and the iso-
thiocyanate groups on the solid support using the
established DITC chemistry or by the coupling
of the carbodiimide activated C-terminal carbox-
yl groups of the polypeptides and the amino
groups on the matrix.

Despite the potential advantages of the solid-
phase sequencing approach, the method has
never gained routine acceptance. This stems in
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part from the difficulties in obtaining high yield,
routine methods for covalent coupling, partial
blockage of the N-terminal amino group and low
yields of Lys when using amino groups for
covalent attachment, and low yields of Asp and
Glu when using carboxyl groups for covalent
attachment. The commercial availability of
DITC and arylamine functionalized PVDF mem-
branes for covalent immobilization of proteins
and peptides has sparked some renewed interest
in the solid-phase approach [38,39]. The solid-
phase methodology has been shown to be most
useful for solving specific problems not accessible
to gas phase sequencers, such as the determi-
nation of phosphorylation sites [40-42] and
glycosylation sites [43,44].

2.3. Chemistry

Numerous attempts have been made to in-
crease the sensitivity of Edman degradation
through the use of radiolabeled, chromophoric,
or fluorescent reagents. The vast majority of
reagents that have been utilized for this purpose
are used in place of the standard PITC reagent
and have relied on the isothiocyanate group as
the electrophilic group used to mediate the
coupling reaction. Isothiocyanates form a stable
thiourea group with the N-terminal amino acid.
The sulfur atom of a thiourea is thus perfectly
placed so that upon acidification a kinetically
favored five-membered ring could form which
specifically cleaves only the N-terminal amino
acid. The use of isothiocyanates also has the
advantage in that the isothiocyanate group does
not cause any complications in the sequencing
reaction due to reaction with amino acid side
chains.

4 - (N,N’ - Dimethylamino)azobenzene - 4’ - iso -
thiocyanate (DABITC), a highly chromophoric
reagent first described by Chang et al. [45] has
the potential for improving the sensitivity of
detection of the amino acid derivatives, but
suffers from a lack of complete derivatization of
the N-terminal amino group. It thus requires a
follow-up coupling with PITC to prevent serious
overlap problems. This reagent has primarily
been used as a manual sequencing reagent with a

DABITC-PITC double coupling procedure [46],
although it has been used in automated solid-
phase sequencing [47]. More recently, Aebersold
and co-workers [48,49] reported a DABITC-
PITC solid-phase sequencing method in which
proteins were immobilized on DITC-derivatized
aminopropyl glass-fiber sheets. Sequence analy-
sis was performed at the 20-50 picomole level, a
substantial improvement over previous methods,
but still less sensitive than current gas-phase
sequence analysis. Fluorescent reagents, such as
fluorescein isothiocyanate [50,51] and dansyl-
containing isothiocyanates [52-56] have also
been evaluated as sensitivity enhancing reagents.
Although synthetic amino acid derivatives pre-
pared using these reagents show subpicomole
sensitivity by HPLC analysis, they have not
surpassed the sensitivity of gas-phase Edman
degradation during automated sequence analysis.
In general, it has been found that the use of
large bulky chromophores on the isothiocyanate
reagent interferes with the efficiency of the
derivatization and cleavage reactions of the
Edman degradation. An examination of several
isothiocyanates {57] showed that, when an iso-
thiocyanate reagent contains an electron with-
drawing group the coupling reaction is favored
and the cleavage reaction is slowed, and when
the isothiocyanate contains an electron donating
group the coupling reaction is slowed and the
cleavage reaction is favored. It was thus con-
cluded that PITC was the optimal choice of the
reagents tested for the Edman chemistry because
it offered the best balance between the rates of
the coupling and cleavage reactions. Most
chromophoric and fluorescent compounds are
relatively large when compared to a phenyl ring
and when such a compound that contains a
reactive isothiocyanate group is substituted for
PITC, the coupling and/or cleavage reaction is
kinetically disfavored by a combination of steric
and electronic effects.

The use of radiolabeled reagents is not a
successful approach, since radiolabeled reagents
undergo autoradiodegradation which results in
decreasing product vyields and increasing
amounts of labeled by-products. Modified phenyl
isothiocyanates such as  4-(tert.-butoxycar-
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bonylaminomethyl)-PITC, which are designed to
react with post-column fluorescent reagents,
have also been investigated [58] but have been
found to undergo side reactions during the
cleavage reaction resulting in loss of the amino
group [54].

An alternative to the use of modified Edman
reagents is the reaction of the anilinothiazo-
linone (ATZ)-amino acid intermediate with sen-
sitivity-enhancing nucleophilic reagents (Fig. 2).
The use of radiolabeled amines produced amino
acid derivatives which could be detected at the
femtomole level [59,60], but the handling of
radioactive materials was inconvenient. Horn et
al. [61] have extended earlier studies on the use
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Fig. 2. Reaction of the anilinothiazolinone-amino acid inter-
mediate with sensitivity enhancing nucleophilic reagents.

of MeOH-HCI as a conversion reagent [62] to
include chromophoric or fluorophoric alcohols,
resulting in the formation of phenylthiocarbamyl
amino acid esters. Tsugita et al. [63] have recent-
ly reported a modification of the Edman degra-
dation scheme, in which ATZ amino acids are
reacted with 4-aminofluorescein resulting in
highly fluorescent, phenylthiocarbamyl amino
acid aminofluorescein amides (PTCAF-amino
acids). PTCAF-amino acids were separated by
reversed-phase HPLC and were detectable at the
0.1-1 femtomole level. Several known and un-
known protein samples were reported to be
sequenced at the 100 femtomole to 10 picomole
level using an Applied Biosystems 477A se-
quencer. Work performed in our laboratory with
this method demonstrated low yields with the
hydrophilic amino acids, in particular threonine,
histidine, glutamate, lysine, and glutamine, and
the total lack of yield with aspartate. Recent
studies concerning the aminolysis of the ATZ-
amino acids by Pavlik et al. [64], showed that
many of the ATZ-amino acids, in particular the
hydrophilic amino acids, can rearrange so rapidly
to the more thermodynamically stable PTH
amino acids that by the time the ATZ-amino
acid is brought over to the conversion flask of an
automated instrument anywhere from 5-70% of
the amino acid has already been converted.
Once an ATZ-amino acid has converted to a
PTH it would not be capable of reacting with
aminofluorescein. A recent report describes
chemistry which converts the PTH amino acids
to the phenylthiocarbonyl derivatives and then
back to an ATZ derivative, which in turn, is
reacted with aminofluorescein [65]. This pro-
cedure was reported to solve the difficulties of
derivatization with all of the amino acids, except
aspartate which was found not to derivatize.

2.4. Use of mass spectrometry for detection

Recent advances in mass spectrometry have
made the use of a mass spectrometer as a
detector in place of chromatographic methods a
viable option with potential advantages that
include, speed, sensitivity, and the ability to
analyze post-translationally modified amino acids
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since detection is based on mass and not re-
tention time. The use of mass spectrometry for
protein sequencing has followed two general
approaches.

The first approach involves the substitution of
the phenylisothiocyanate reagent of the Edman
chemistry with an alternative reagent to generate
an amino acid with enhanced detectability by
mass spectrometry since PTH amino acids are
not detected with high sensitivity. A number of
reagents for this purpose have been described in
recent years, but to date none have been re-
duced to practice. The use of 4-nitrophenyl
isothiocyanate as a modified Edman reagent to
generate amino acid analogues detectable in the
femtomolar range by negative ion chemical ioni-
zation mass spectrometry has been described
{66]. Replacement of the phenylisothiocyanate
reagent in the coupling reaction with 3-[4'(ethyl-
ene - N,N,N - trimethylamino)phenyl] - 2 - isothio -
cyanate was shown to produce thiohydantoin
amino acid derivatives with quaternary amine
groups with femtomole levels of detectability
[67]. A disadvantage of this reagent is that
covalent attachment of the sample to a solid
support is required in order to prevent elution of
the sample due to the polar nature of the
coupling reagent. The use of dimethylamino-
propyl isothiocyanate as a sequencing reagent
was shown to proceed with kinetics equivalent to
phenyl isothiocyanate and was found to generate
amino acid derivatives with the easily ionized
dimethylaminopropyl group [68]. A potential
advantage of this reagent over reagents with
permanently charged quaternary amine groups is
that the dimethylaminopropyl group will not
become charged until the cleavage step, thereby
eliminating the need for covalent attachment of
the polypeptide sample. Thiohydantoin amino
acids containing the dimethylaminopropyl and
trimethylaminopropyl groups were both synthes-
ized and found to be detectable by electrospray
mass spectrometry with equal sensitivity in the
femtomolar range [68]. The synthesis of S5-
acetoxy-2-phenylthiazole derivatives for all of
the naturally occurring amino acids was recently
described [69]. These amino acids are the prod-
ucts formed during the thiobenzoylation method

of protein sequencing and were found to be
detectable by gas chromatography-mass spec-
trometry at the femtomole level.

The second approach involving the use of mass
spectrometry involves the generation of a de-
fined series of peptide fragments (called “ladder
sequencing”’) by performing the coupling step of
the Edman chemistry in the presence of a small
amount of phenylisocyanate as a chain termina-
tion reagent [70]. The ladder of peptides, each
differing from the next by one amino acid, are
then analyzed by matrix-assisted laser-desorption
ionization, time of flight mass spectrometry
(MALDI-TOF-MS). The difference in mass be-
tween each peptide corresponds to the amino
acid removed, thus the sequence of the peptide
is read by the mass difference between successive
peaks. The chief advantages of the method are
its speed and ability to analyze post-translation-
ally modified amino acids. The disadvantages are
that the method still requires low picomole
amounts of sample, and thus is currently not any
more sensitive than automated methods of se-
quence analysis based on chromatographic detec-
tion. The technique is limited to peptides with
masses less than 3000—4000 daltons due to the
increased mass errors of MALDI-TOF-MS
above these masses, and the method can not
distinguish the isobaric amino acids Leu and Ile.

Despite current limitations of the above de-
scribed methodologies, continued work com-
bined with predicted future advances in the
sensitivity of detection by mass spectrometry,
suggest that the combination of chemical meth-
odology for sequencing with mass spectrometric
methods of detection show much promise.

3. Carboxy-terminal sequence analysis

The last few years have seen a renewed
interest in the development of a chemical meth-
od for the sequential C-terminal sequence analy-
sis of proteins and peptides. Such a method
would be analogous and complimentary to the
Edman degradation commonly used for N-termi-
nal sequence analysis [2]. It would also be
invaluable for the sequence analysis of proteins
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with naturally occurring N-terminal blocking
groups, for the detection of post-translational
processing at the carboxy-terminus of expressed
gene products, and for assistance in the design of
oligonucleotide probes for gene cloning. Al-
though a number of methods have been de-
scribed, the method known as the ‘“‘thiocyanate
method”, first described in 1926 [71], has been
the most widely studied and appears to offer the
most promise due to its similarity to current
methods of N-terminal sequence analysis. The
field of C-terminal sequencing was extensively
reviewed in 1991 [72], so this review will concen-
trate mainly on more recent developments in the
field and in particular, the thiocyanate method.

3.1. Chemistry

The thiocyanate method involves the reaction
of a protein or peptide with an isothiocyanate
reagent, in the presence of a carboxylic acid
activating reagent (such as acetic anhydride), to
form a peptidylthiohydantoin (Fig. 3). The de-
rivatized amino acid is then hydrolyzed to yield a
shortened peptide or protein and a thiohydan-
toin amino acid. As in the Edman degradation
the thiohydantoin amino acid is then identified

o R0
Pepdde—H—NH-éH—Cl—OH [} [}
cu;-g —o—ﬂ-cu,

Acetic Anhydride
Activation
o R o o
pepiide 8 1= 80 _cu,
Peptide Mixed Anhydride
’-o / =
Pepu'd.e—I LR
Y, TMS-ITC
i oumtoone & o & o Dertvaiza
Pepiide — 8 2t —dH ~8 —Nasc ms vanzation

Peptide Isothiocyanate

s v
Hydrolysis
Peptide Thichydantoin
R
Cleavage
HN

2—NH
S
Thiohydantoin Amino Acid

%
>
\

[o]
Pepiide & —on +

Shortened Peptide

Fig. 3. Reaction scheme for the thiocyanate method of
carboxy-terminal sequence analysis.

and quantitated by reversed-phase HPLC. Since
the thichydantoin amino acids produced with
this methodology have UV absorption spectra
and extinction coefficients similar to those of the
phenylthiohydantoin amino acids formed during
the Edman degradation, the sensitivity of the
thiocyanate method is anticipated to be similar
to that of current N-terminal methods (10-200
pmol of applied sample). Traditionally, the se-
quence of steps necessary for one complete cycle
of the thiocyanate chemistry have been referred
to as the activation, derivatization, and cleavage
steps. The activation step refers to the treatment
of the C-terminal carboxylic acid with a reagent
that activates it for reaction with a nucleophilic
reagent by converting it to an electrophilic
group, such as a mixed anhydride or oxazolinone
(Fig. 3). The derivatization step refers to the
reaction of the activated C-terminal carboxylic
acid with an isothiocyanate reagent to derivatize
it to a thiohydantoin and the cleavage step refers
to the specific hydrolysis of the peptidylthio-
hydantoin to form a shortened peptide or protein
and a thiohydantoin amino acid.

A number of problems have prevented this
methodology from becoming a routine method in
the protein chemistry laboratory. These include
the severity of the conditions used for the de-
rivatization reaction, blockage of the shortened
peptide to continued sequencing by the reagents
used for the cleavage reaction, the inability to
sequence through some of the amino acids com-
monly found in proteins (especially proline), long
reaction times, large amounts of required sam-
ple, and the need to covalently couple the
sample to be sequenced to a solid support.

3.1.1. The derivatization reaction

Although the derivatization of amino acids to
their corresponding thiohydantoins has been
studied since this reaction was first reported in
1911 [73], the mechanism of peptidylthiohydan-
toin formation by acetic anhydride and thio-
cyanate ions is still not well understood. Early
experiments confirmed the assumption that
thiocyanic acid is first formed when acetic an-
hydride and acetic acid interact with ammonium
thiocyanate and it is the thiocyanic acid which



J.M. Bailey | J. Chromatogr. A 705 (1995) 47-65 55

actually reacts to form the thiohydantoin [74].
The differing ability of the various salts of
thiocyanic acid to form a thiohydantoin was
reasoned to result from their ability to form
thiocyanic acid on interaction with acetic an-
hydride and acetic acid [75]. When more con-
venient methods for the preparation of
thiocyanic acid became available, thiocyanic
acid, in the presence of acetic anhydride, was
found to be more reactive for the formation of
2-thiohydantoins than were the thiocyanate salts.
As a result, thiocyanic acid has been used by
Kubo et al. [76] and more recently by Inglis et
al. [77] for the sequential degradation of pep-
tides from the C-terminus. However, one of the
principal drawbacks of thiocyanic acid is that it
tends to be self reactive, even at ambient tem-
perature, and quickly loses its ability to deriva-
tize the peptide. Furthermore, these polymeric
thiocyanic acid products are intensely UV ab-
sorbing at the wavelengths used for thiohydan-
toin detection and subsequently interfere with
the HPLC identification of the released
thiohydantoin amino acid. The instability of the
free thiocyanic acid presents difficulties when the
chemistry is automated, since the reagents needs
to be stable to storage in a reagent bottle at
room temperature. As discussed by Inglis et al.
{78], one way to help stabilize the thiocyanic acid
is to refrigerate it while in the automated instru-
ment. A less costly and more convenient solution
to the problems caused by the use of thiocyanic
acid was presented with the introduction of
trimethylsilylisothiocyanate (TMS-ITC) (Fig. 3)
for derivatization of the C-terminal amino acid
to a thiohydantoin [79]. The trimethylsilyl group
offered two advantages, (1) it stabilized the
thiocyanate sufficiently so that self reaction was
no longer a problem, and (2) it did not com-
promise the ability of the thiocyanate to form
thiohydantoins. This is consistent with the ob-
servation that silylated amines have often been
found to be better nucleophiles than the corre-
sponding unsubstituted amines [80].

The use of guanidine thiocyanate [81], benzoyl
isothiocyanate [82] and tributyltin isothiocyanate
[83] have aiso been described for the formation
of peptidylthiohydantoins. Both guanidine thio-

cyanate and tributyltin isothiocyanate require the
use of a chloride containing activation reagent,
such as acetyl chloride or FMOC-chloride. The
chloride ion is required for release of the thio-
cyanate ion from the guanidine or tributyltin
molecule. Once released the thiocyanate ion is
then free to react with the peptide oxazolinone
to form a peptidylthiohydantoin. Benzoyl iso-
thiocyanate (BITC) offers the potential advan-
tage in that it does not require a separate
activating reagent. Reaction of BITC with a C-
terminal carboxylate was found to form a ben-
zoic acid mixed anhydride which then required
the addition of pyridine (or other catalyst such as
triazine, imidazole or tetrazole) for formation of
an oxazolinone. Once formed the oxazolinone
can then react with the isothiocyanate ion, liber-
ated when BITC reacted with the C-terminal
carboxylate, to form a peptidylthiohydantoin.
Although, all three of these reagents can effec-
tively form peptidylthiohydantoins, they have
not been found to offer any significant advan-
tages over the acetic anhydride/TMS-ITC
chemistry in terms of reaction times, yields, and
ability to derivatize all twenty common occurring
amino acids.

The intermediate involved in thiohydantoin
formation has been a subject of study for many
years. An oxazolinone was postulated to be a
necessary intermediate during the synthesis of
amino acid thiohydantoins with acetic anhydride
and ammonium thiocyanate when this reaction
was first studied [74]. The racemization of the
C-terminal amino acids observed on reaction
with acetic anhydride and TMS-ITC [84] suggests
that reaction of peptides with acetic anhydride
forms a peptide oxazolinone (Fig. 3). This is
consistent with the above postulated mechanism.
The formation of oxazolinones is known to cause
racemization of amino acids [85-87]. Further
evidence of an oxazolinone intermediate during
the formation of amino acid thiohydantoins was
obtained by Csonka and Nicolet [85]. Additional
studies described by Cornforth [88] actually
demonstrated the formation of an oxazolinone
intermediate in the formation of thiohydantoins
by the combined use of absorption spectra and
polarimetry to follow the rate of oxazolinone
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formation. In fact, once the oxazolinone was
formed, the reaction with isothiocyanic acid was
found to be facile enough to occur readily at 0°C
in the case of 2-phenyl-4-benzyl-5-oxazolinone
[88].

A number of reagents for activation of the
carboxylic acid other than acetic anhydride have
been described. The use of acetic anhydride was
shown to cause problems with the sequence
analysis of certain amino acids [84] and found to
contribute to difficulties in the sequence analysis
of protein samples [89]. The use of 9-fluorenyl-
methyl chloroformate [89], 2-ethyl-5'-phenylisox-
azoliumsulfonate [90], 1,1,3,3-tetramethyl-chlo-
rouronium  chloride {91], and . 2-halo-1-
methylpyridinium saits [92] have all been de-
scribed.

An alternative approach for the formation of
peptidylthichydantoins involved the use of
diphenyl phosphoroisothiocyanatidate (DPP-
ITC) and pyridine [93]. This chemistry combined
the activation and derivatization steps, eliminat-
ing the need for a separate activation step.
Although the use of DPP-ITC for C-terminal
sequencing was first described by Kenner et al.
in 1953 [94], it was never actively pursued, most
likely since it took several days for the reaction
to go to completion. These authors proposed a
reaction mechanism whereby isothiocyanate ion
was liberated by exchange with the C-terminal
carboxylate forming an acyl phosphate. The acyl
phosphate was in turn postulated to be attacked
by the isothiocyanate ion to form the desired
acyl isothiocyanate and diphenyl phosphate ion.
Work in our laboratory suggested an alternative
mechanism involving first attack by the C-termi-
nal carboxylate (formed by base treatment of the
polypeptide) on the phosphate of DPP-ITC to
form a pentacovalent acylphosphorylisothio-
cyanate. Introduction of pyridine, imidazole,
triazine, or tetrazole was then found to promote
the rapid rearrangement of the pentacovalent
acylphosphorylisothiocyanate to the acyliso-
thiocyanate, with concomitant release of
diphenylphosphate, which then rapidly cyclized
to a thiohydantoin. The entire reaction was
found to be complete in less than 10 min at 50°C
[93]. Pyridine has recently been shown to pro-

mote a similar type of reaction by removing
carbon dioxide from the mixed anhydride
formed on reaction of an amino acid carboxylate
with ethyl chloroformate to form an amino acid
ester [95]. The success of this reaction was
dependent on pyridine being present in a molar
excess with respect to the ethyl chloroformate. A
similar mechanism, as that proposed by us for
the reaction of DPP-ITC with carboxylates to
form an acylisothiocyanate, was proposed for the
reaction of diphenylphosphoryl azide with pep-
tide carboxylates to form an acyl azide [96].
These authors postulated that the diphenylphos-
phoryl azide reacts with the C-terminal carboxy-
late to form a pentacovalent phosphorus com-
pound (which was noted to be resistant to
racemization) and rearranged via an in-
tramolecular mechanism to form an acyl azide.
The use of the DPP-ITC/pyridine reaction, by
elimination of the oxazolinone intermediate, was
found to result in faster cycle times and im-
proved the ability to sequence previously difficuit
amino acids, in particular, aspartate, glutamate,
serine, threonine, and proline (see below).

3.1.2. The cleavage reaction

The cleavage reaction has been extensively
studied since the thiocyanate chemistry for C-
terminal degradation was first proposed by
Schlack and Kumpf in 1926 [71]. In their pro-
cedure, strong base (1 M sodium hydroxide) was
used to liberate the amino acid thiohydantoin
and generate a new carboxyl-terminal amino
acid. Since this work was published, numerous
groups have tried to reduce the severity of the
conditions required in order to apply this chemis-
try to the sequential degradation of proteins
from the carboxyl terminal end. Lesser concen-
trations of sodium hydroxide [97,98] than origi-
nally used by Schlack and Kumpf [71] and of
barium hydroxide [99] were found to effectively
cleave peptidylthiohydantoins. Other groups
[100,101] used acidic conditions based on the
original procedure used by Johnson and Nicolet
[73] for the de-acetylation of amino acid
thiohydantoins. These authors added concen-
trated hydrochloric acid to the coupling solution
to cause cleavage of the peptidylthiohydantoin
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bond. Unlike hydroxide which was shown to
cause breakdown of the thiohydantoin amino
acids [102], hydrochloric acid was shown not to
destroy the amino acid thiohydantoins [103,104].
Cromwell and Stark [105] showed that concen-
trated hydrochloric acid could be used to cleave
the thiohydantoin amino acid at room tempera-
ture. The major drawback with this procedure
was that when applied to proteins no more than
two or three cycles could be performed.
Yamashita [106] found that cleavage of
petidylthiohydantoins could be done in a repeti-
tive manner with a protonated cation-exchange
resin. Stark [104] reported that certain organic
bases such as morpholine or piperidine could be
substituted for sodium hydroxide, and along the
same lines, Kubo et al. [76] reported that aque-
ous triethylamine (0.5 M) could be used to
effectively cleave peptidylthiohydantoins. Stark
{104] appeared to have solved the cleavage
problem by introducing acetohydroxamic acid in
aqueous pyridine at pH 8.2 as a cleavage re-
agent. This reagent was shown to rapidly and
specifically cleave peptidylthiohydantoins at
room temperature and at mild pH. However, a
more recent study found that, although
acetohydroxamate is an excellent cleavage re-
agent for the first amino acid, it forms a stable
peptidyl hydroxamate ester which is difficult to
hydrolyze, and which can partially or completely
block (depending on the conditions employed)
the shortened peptide from further sequencing
[84]. Primary amines, such as N-butylamine in
trifluoroethanol, were also found to be excellent
cleavage reagents by Inglis et al. [77], but were
recently shown by Hawke and Boyd [107] and
Inglis et al. [78] to permit only one cycle of
sequencing since they form a stable amide at the
C-terminus of the shortened peptide, effectively
blocking the shortened peptide to further se-
quencing.

In another study by Inglis et al. [78], an
aqueous solution of potassium hydroxide con-
taining 33% methanol and dithioerythritol
(DTE) or dithiothreitol (DTT) was employed
for the cleavage reaction. Although the presence
of DTE or DTT has been shown to protect the
released thiohydantoin amino acid from degra-

dation under these basic conditions [77,108], the
mercapto group of these molecules has also been
shown to form an adduct at the C-terminus of
the shortened peptide resulting in the formation
of a percentage of shortened peptide blocked to
further degradation at each cycle [108]. This may
partially explain the decrease in the repetitive
yield with each cycle observed by Inglis et al.
[771.

A dilute solution of aqueous triethylamine was
demonstrated to cause rapid and quantitative
cleavage of a wide variety of peptidylthiohydan-
toins in the solution phase [84], but when applied
to automated sequencing on the solid phase,
several problems became apparent which re-
sulted in poor repetitive yields and increased
background {109,110].

A new cleavage reagent, sodium tri-
methylsilanolate, was introduced and demonstra-
ted to cause rapid and quantitative cleavage of
peptidylthiohydantoins [110]. This reagent was
found not to suffer from the limitations associ-
ated with previous reagents, such as: the genera-
tion of UV absorbing background peaks which
interfere with identification of the released
thiohydantoin amino acids, partial or complete
blockage of the shortened peptide to continued
sequencing, and destruction of the released
thiohydantoin amino acid. Use of sodium tri-
methylsilanolate in alcoholic solvents and under
an inert atmosphere, such as argon, has permit-
ted the extended sequencing of peptides and
proteins, covalently coupled to polyethylene
supports and non-covalently applied to Zitex
strips, respectively [32,93].

Another approach described involves the
treatment of the peptidylthiohydantoin with an
alkylating agent in the presence of base, fol-
lowed by cleavage with trimethylsilyl iso-
thiocyanate in the presence of trifluoroacetic acid
[91]. There are two potential advantages of this
approach. The first is that the need to reform the
C-terminal carboxylate on the shortened peptide
is obviated since the shortened peptide is de-
rivatized to a peptidylthiohydantoin simulta-
neous with cleavage. The second is that the
alkylation step could be used to introduce a
highly chromophoric or fluorescent group that
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would permit a more sensitive detection of the
thiohydantoin amino acids. However, in prac-
tice, this approach still suffers from several
disadvantages. The initial derivatization to a
peptidylthiohydantoin in cycle 1 still requires the
use of a separate activation and isothiocyanate
reagent limiting the number of amino acids
which can be successfully derivatized to a
thiohydantoin; several of the amino acid side
chains have been found to interfere with the
alkylation reaction thereby permitting successful
sequencing of only 13 of the 20 naturally occur-
ring amino acids with this approach [91]; the
method requires covalent attachment of protein
samples to a solid support in order to prevent
loss of the sample; and the alkylated thiohydan-
toin amino acids are unstable and must be
analyzed immediately after formation. Despite
these limitations, the method still shows prom-
ise, and with continued work and incorporation
of advances from other laboratories, it is likely
that the limitations associated with this approach
can be solved.

3.2. Solid supports for C-terminal sequence
analysis

Most of the studies involving C-terminal se-
quence analysis have employed samples which
are covalently coupled to a solid support. The
use of glass beads for the covalent immobiliza-
tion of peptide samples [77,79,89,111-113] suf-
fers from chemical instability especially during
the basic conditions used for the cleavage step in
the thiocyanate chemistry. The use of carboxylic
acid modified PVDF [110], DITC-activated
amino PVDF [78,108], a disuccinimidoyl carbon-
ate polyamide resin [107] and amino-
methylpolystyrene beads [91] have also been
considered as alternatives to silica supports. In
our own work, both the glass and PVDF-based
supports were found to be unstable in the pres-
ence of the cleavage reagent, sodium tri-
methylsilanolate [83]. A more suitable support
was found to be a carboxylic acid modified
polyethylene film [83].

As discussed above for N-terminal sequence

analysis, there are several problems with the use
of covalent methods for C-terminal sequence
analysis. These include the lack of a routine
method for high yield covalent coupling. This
stems from the fact that each protein or peptide
sample often has quite unique properties and it is
difficult to develop a procedure which works well
for all of the samples. Additionally, low yields or
no yields of lysine often result when covalently
coupling to peptide amino groups [93]. Recent
work demonstrating the C-terminal sequence
analysis of proteins non-covalently applied to
Zitex supports has demonstrated that the use
these supports can permit the routine C-terminal
sequence analysis of polypeptides without the
need for covalent coupling, simplifying the pro-
cedure and eliminating the loss of sample all too
often associated with covalent coupling proce-
dures [32,93].

3.3. Proline

The derivatization of C-terminal proline to a
thiohydantoin has been a major impediment to
the development of a routine method of C-termi-
nal sequence analysis of proteins and peptides.
Since the method was first described in 1926 [71],
the derivatization of C-terminal proline has been
problematic. While over the years a few inves-
tigators have reported the derivatization of pro-
line, either with the free amino acid or on a
peptide, to a thiohydantoin [76,77,114], others
have been unable to obtain any experimental
evidence for the formation of a thiohydantoin
derivative of proline [84,99,103,104,115]. As
pointed out by Stark [104], cyclization to form a
peptidylthiohydantoin with proline would re-
quire the quaternization of the imino nitrogen,
thereby potentially resulting in the simultaneous
cyclization and cleavage of C-terminal proline.
This would lead to a gap at proline, since the
method would continue on to the next residue.
Recently, Inglis and De Luca [116] described the
successful synthesis of thiohydantoin proline
from N-acetylproline. This was done by the one-
pot reaction of acetic anhydride, acetic acid,
trifluoroacetic acid, and ammonium thiocyanate
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with N-acetyl proline. Experiments performed in
our laboratory reproduced this work and de-
veloped a scaled up procedure which permitted
several hundred milligrams of thiohydantoin
proline to be produced [117]. However, applica-
tion of this procedure to a tripeptide containing a
C-terminal proline by Inglis and De Luca [116]
and similar attempts in our laboratory showed
that this method did not work well for peptide
samples. Application of the procedure to the
tripeptide, N-acetyl-Ala-Phe-Pro, in our labora-
tory, found that thiohydantoin proline was
formed in low yield (approx. 1-2% of theoret-
ical). Recovery of the peptide products after the
reaction revealed that approximately half of the
starting peptide was unchanged and the remain-
ing half had been decarboxylated at the C-ter-
minus, thereby blocking it to C-terminal se-
quence analysis. This was most likely caused by
the high concentration of trifluoroacetic acid, the
excess of acetic anhydride present, and the high
temperature (80°C) at which the the reaction was
performed.

The poor reaction with C-terminal proline
most likely stems from the fact that proline
cannot form the necessary oxazolinone for effi-
cient reaction with the isothiocyanate. Work in
our laboratory has solved this problem by the
use of diphenyl phosphoroisothiocyanatidate and
pyridine. Reaction of this reagent with C-termi-
nal proline directly forms the acylisothiocyanate
without the need for oxazolinone formation.
Once the acylisothiocyanate is formed, the addi-
tion of either liquid or gas phase acid followed
by water releases the proline as a thiohydantoin
amino acid derivative [117]}. Unlike thiohydan-
toin formation with the other 19 naturally occur-
ring amino acids, C-terminal proline thiohydan-
toin requires the addition of acid to provide a
hydrogen ion for protonation of the thiohydan-
toin ring nitrogen. This step is necessary for
stabilization of the proline thiohydantoin ring.
The resulting quaternary amine containing
thiohydantoin can then be readily hydrolyzed to
a shortened peptide and thiohydantoin proline
by introduction of water vapor or by the addition
of sodium trimethylsilanolate (the reagent nor-

mally used for cleavage of peptidylthiohydan-
toins). The automation of this chemistry has
allowed proline to be analyzed in a sequential
fashion without affecting the chemical degra-
dation of the other amino acids [117].

3.4. Instrumentation

The instrumentation used for automated C-
terminal sequencing has involved only minor
modifications to existing commercial protein
sequenators. Instruments which have been util-
ized for automated C-terminal sequence analysis
include: modules of the Knauer sequencer [81],
the commercially available Applied Biosystems
Model 477A [91], and the commerciaily available
Hewlett-Packard Protein Sequencing system
[117]. A recent manuscript describes the con-
struction of a compact sequencer designed speci-
fically for automated C-terminal sequence analy-
sis [32]. In all of these instruments the “‘conver-
sion flask™ is used as a holding vessel for the
thiohydantoin amino acid. After the cleavage
reaction the thiohydantoin amino acid is trans-
ferred to the conversion flask, where it is then
dried and then re-dissolved in a solvent suitable
for on-line HPLC injection.

3.5. Examples of automated C-terminal
sequence analysis

The chemistry and instrumentation developed
in our laboratory now permits the derivatization
and identification of all of the twenty naturally
occurring amino acids. Derivatization of the C-
terminal amino acid to a thiohydantoin is accom-
plished with diphenyl phophoroisothiocyanati-
date (liquid phase) and pyridine (gas phase). The
peptide is then extensively washed with ethylace-
tate and acetonitrile to remove reaction by-prod-
ucts. The peptide is then treated briefly with
gas-phase trifluoroacetic acid, followed by water
vapor in case the C-terminal residue is a proline
(this treatment has no effect on residues which
are not proline). The derivatized amino acid is
then specifically cleaved with sodium tri-
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methylsilanolate to generate a shortened peptide
or protein which is ready for continued sequenc-
ing. The thiohydantoin amino acid derivative is
then quantitated and identified by reversed-
phase HPLC. Peptides are covalently attached to
carboxylic acid-modified polyethylene film prior
to sequencing and proteins are non-covalently
applied to Zitex strips. Automated sequencing
was performed on a compact sequencer con-
structed in our laboratory [32].

Fig. 4 shows the reversed-phase separation of
the thiohydantoin amino acid standards (400
pmol) [117]. The extinction coefficients of the
thiohydantoins [approx. 17 500 [105]) are similar
to the phenylthiohydantoins and therefore would
be expected to have similar limits of detectabili-
ty. The major difficulty with the HPLC sepa-
ration of the thiohydantoin amino acids has been
the greater hydrophilicity of the thiohydantoins
as compared to the phenylthiohydantoins. Most
commercially available C,; reversed-phase
HPLC columns are not ideal for the separation
of such polar molecules. This is reflected most
with the thiohydantoin derivatives of the polar

Absorbance 265

Retention Time {min )

Fig. 4. High-performance liquid chromatographic separation
of the amino acid thichydantoin standards. The amino acid
thiohydantoins standards (400 pmol) were separated on a C
Reliasil column [117]. Absorbance was monitored at 265 nm
at 0.4 AUFS. The thiohydantoin derivative of cysteine is
S-methylated and the side s-amino group of the lysine
derivative is acetylated. The elution positions of the Thr and
Ser analogues formed during sequencing are indicated with
arrows.

amino acids such as Asp, Asn, Gly, and Gln.
These derivatives are poorly retained, even in
the absence of organic solvents, and consequent-
ly these residues are poorly resolved and often
elute as broad peaks which are difficult to
identify and quantitate, especially under auto-
mated sequencing conditions. As with PTH-Ile,
the TH-Ile analogue elutes as a doublet due to
the formation of the allo-isomer during synthe-
sis. This results in the formation of two dia-
stereomeric derivatives of TH-Ile which are
resolved during the separation. Although Thr
and Ser sequence in good yield, the nature of the
derivatives formed is not well understood. The
threonine derivative obtained does not co-elute
with a dehydrothreonine standard (labelled as T
in Fig. 4), but rather elutes 2 min earlier. It has
equivalent UV absorbance at 265 and 319 nm,
suggesting that it may not be a simple thiohydan-
toin threonine. The same UV absorbance prop-
erties were observed with the serine analogue.
The elution position of the Thr and Ser ana-
logues is shown with arrows in Fig. 4. C-Termi-
nal cysteine is also readily sequenced with this
methodology, forming a derivative indistinguish-
able from that formed with serine. The lysine
standard shown in Fig. 4 is acetylated at the ¢
amino group during the synthesis of the ana-
logue. However, during actual automated se-
quencing, the epsilon acetyl analogue is not
formed unless the protein sample is treated with
acetic anhydride prior to sequencing. In the
absence of any pretreatment lysine forms a
thiohydantoin derivative which co-elutes with
TH-Phe (see Fig. 5, cycle 3).

Figs. 5 and 6 show three cycles of automated
sequencing of hemoglobin a-chain (4.1 nmol)
and bovine serum albumin (700 pmol), respec-
tively. Both proteins were non-covalently ap-
plied to Zitex strips. Fig. 7 shows three cycles of
sequence analysis of the tripeptide, LAP (15
nmol), covalently coupled to carboxylic acid-
modified polyethylene. The low yields of leucine
in cycle 3 are due to covalent attachment of this
amino acid to the solid support [93]. This meth-
odology currently is capable of providing 2-3
cycles of C-terminal sequence information with
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Fig. 5. Automated C-terminal sequencing of hemoglobin
a-chain (4.1 nmol) non-covalently applied to Zitex. The
sequence of the C-terminus is —~Lys-Tyr-Arg.

noncovalently applied proteins and 5-6 cycles on
most covalently attached peptides.

4. Conclusions

There are a number of promising chemical
approaches to improving the sensitivity of se-
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Fig. 6. Automated C-terminal sequencing of bovine serum
albumin (700 pmol) non-covalently applied to Zitex. The
sequence of the C-terminus is —Ala-Leu-Ala.

quence analysis from the amino-terminus. The
recent advances in the use of fluorescent detec-
tion and the use of mass spectrometry for detec-
tion of the released amino acid derivatives both
show promise and suggest that a more sensitive
and faster method for amino-terminal sequenc-
ing will be possible in the not too distant future.
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Fig. 7. Automated C-terminal sequencing of the tripeptide,

LAP (15 nmol) covalently coupled to carboxylic acid modi-
fied polyethylene.

Advances in the development of chemistry for
automated C-terminal sequencing now permit
for the first time the ability to sequentially
degrade all twenty of the common amino acids,
an essential first step in the development of a
routine automated procedure. The ability to
sequence proteins which can be non-covalently
applied to solid supports and the adaptability of
the chemistry to a wide range of commercially

available protein sequenators is anticipated to
speed the development of this long awaited
procedure.
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Abstract

It has been demonstrated that good agreement may be observed between computed and experimental isoelectric
point (pl) values when proteins of known sequence are focused under denaturing conditions on immobilized pH
gradient IPG slabs, at least in the pH range 4-7.5. Hence, discrepancies between expected and found in this
experimental set-up may be reliably ascribed to some kind of post-transcriptional processing, or chemical
modification, having taken place in the sample. This evaluation is made easier when the comparison is set between
the pI of a parent molecule and that (or those) of one to several of its derivatives as resolved in a single experiment
(for instance, as a spot row in two-dimensional maps); no previous knowledge is required in these cases about the
amino acid composition of the primary structure. The effects on protein surface charge are discussed in this review
mainly for two biologically relevant processes, glycosylation and phosphorylation. Then, the p/ shifts are analysed
for some protein modifications that may occur naturally but can also be artefactually elicited, such as NH, terminus
blocking, deamidation and thiol redox reactions. Finally, carboxymethylation and carbamylation are used to
exemplify chemical treatments often applied in connection with electrophoretic techniques and involving charged
residues. Procedures to be applied in order to verify whether a given modification has occurred, and often relying
on the focusing of a treated specimen, are detailed in each section. Numerical examples on model proteins are also
discussed. As an important field of application of the above concepts may be genetic engineering, an exhaustive
bibliographic list dealing with p/ evaluation and structural assessment on recombinant proteins is included.
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1. Introduction

According to an optimistic conception, pro-
teins synthesized in heterologous ‘model’ systems
(in vitro translation of mRNA, monoclonal anti-
body secretion by hybridomas, protein over-
production in transfected cells) are expected to
be both size and charge homogeneous. A less
confident picture still assumes that in experimen-
tal settings some steps of the physiological pro-
cessing may not take place, and the final product
should then correspond to simplified ‘proforms’
as opposed to the mature, complex structures
one would purify from natural sources. On the
contrary, the proteins produced are often
heterogeneous (or microheterogeneous), and in a
few instances wrong and unexpected processing
does occur.

Worries about the outcome of uncontrolled
metabolic pathways have been clearly asserted
by National Drug Administrations. Proteins ob-
tained by biotechnological procedures, before
they are registered for therapeutic use, need to
be shown to be identical with their natural
counterparts according to the criteria of both size
and surface charge, the latter being assessed by
isoelectric focusing [1].

Surprisingly, this point has received only
mediocre attention in the scientific literature. In
a search for 1984-93 in the EBSCO-MedLine
bibliography, 138 entries were extracted by the
key words Post-translational ‘and’ Isoelectric
Point, and 62 by Protein Heterogeneity ‘and’
Biotechnology ‘or’ Recombinant. In less than 20
out of these 200 items were expected and found
properties of a protein compared, and in many
instances just the size of the molecule was
assessed.

The aim of this paper is to overview the
general issue of enzymatic and non-enzymatic
modifications of proteins, with reference to their

.............................................. 79
.............................................. 79
.............................................. 81
.............................................. 82
.............................................. 82
.............................................. 82

effect on surface charge. Basic concepts and
general references will be mostly discussed (in
the reference list, Annual Reviews of Biochemis-
try and of Cell Biology, Advances in Protein
Chemistry, Methods in Enzymology and IRL’s
Practical Approach series are most often cited);
in keeping with the theme of this issue, specific
examples dealing with biotechnological applica-
tions are covered in a separate section.
Post-translational  modifications may be
grouped into two kinds. (a) The first covers
changes in a protein primary structure, with
proteolysis at peptide bonds [2-4]. It includes
the removal of intervening sequences or of
leader peptides [5] as for intracellular processing,
as well as the action of proteolytic cascades or of
‘converting enzymes’ in the metabolism of se-
creted molecules. Most of these events are
relevant to biotechnologically engineered pro-
teins [for examples, see [6-10]). Subunits con-
taining unlike peptides usually result in vivo
from proteolysis of larger preforms; in vitro, on
the other hand, they must be assembled with low
yields from individual components. Hydrophobic
stretches prompting secretion into the culture
medium as much as polyhistidine runs exploited
for one-step purification by IMAC are often
cloned 5’ to protein coding sequences [11-13].
Formylmethionine is the primary N-terminus of
all bacterially synthesized proteins. Although in
the latter example, and also in some single
amino acid clipping events from the NH, [14] or
the COOH terminus [15], molecular mass reduc-
tion is negligible, these modifications are typical-
ly identified by size fractionation techniques,
including SDS-PAGE. (b) Attention will be
mostly devoted to the second mode of process-
ing, in which the size is slightly affected and no
peptide bond is cleaved. This includes both
enzymatic [16-18] and non-enzymatic [17,19]
covalent modifications in vivo, and in vitro
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chemical reactions [20-23]. The list of topics
covered is detailed in the Contents. A short
bibliographic survey at the end covers the modi-
fications not dealt with in detail.

As a rule, post-translational processing confers
upon proteins specific properties that make the
holo forms substantially differ from the corre-
sponding apo forms (as discussed in detail for
glycoproteins in Ref. {24]). Parameters such as
distribution or half-life may be influenced, but
most often the very function of the protein is
affected. Fine tuning of protein interactions may
thus be driven by differential processing along
the cell cycle (e.g., [25,26]), at various on-
togenetic steps [27-30], in different tissues
[31,32] or under varying physiological [33,34] or
pathological [35-41] conditions. This evidence,
and the possibility of immunological reaction to
variant protein forms, explains the concern
against improperly processed recombinant pro-
teins for therapeutic use.

With this observation, we are back to isoelec-
tric focusing as an analytical tool to detect
protein variants resulting from differential pro-
cessing. While the discriminating power of the
technique will be discussed at length in a later
section, it is stressed here that, to be recognized
as isoforms derived from a single primary struc-
ture, various protein components require to
share (and to show) common properties. (a) The
simplest parameter is merely quantitative: the
only, or the major, components of purified, or
partially purified, samples are readily recog-
nized. As trivial as this notation may be, a
further common property is to link such a set of
peptides, i.e., their purification ‘history’. (b) The
most complex identifiers, in turn, rely on bio-
specificity: antigens may be detected by immune
reactions, enzymes by zymograms and binding
proteins by affinity blotting. In both these ex-
treme cases, 1-D separations are adequate for
assessing relationships among protein bands. (c)
In general, however, the only similarity one can
immediately appreciate rests on similar molecu-
lar masses. This corresponds visually to the
grouping of protein spots into horizontal, or
slanted, rows in 2-D maps. In some cases, the
parent molecule and its derivatives are present in

similar amounts, in others the apo-protein pre-
vails, and in still other instances one of the
modified forms is the most represented. The
baricentre of a row may thus correspond to the
first (= most acidic, e.g., HSP 27 in HUVEC 2-D
[42]), to the middle (= average pl, €.8., in serum
maps, transferrin or ;-antitrypsin [43]) or to the
last component (= most alkaline, e.g., apoA-I
[43]). How to assess the kind of relationships
among protein isoforms will be detailed in the
main sections of this review. A strategy to screen
for coordinate pairs of polypeptides by the
computer-assisted analysis of 2-D patterns has
been devised by Lemkin et al. [44]. It is based on
the assumption that, if there is a post-translation-
al modification in a protein in the transition
between two functional states of a biological
system, in many cases the sum of the protein
concentration of a precursor—product pair in one
is equivalent to that in the other. In addition to
the identification of candidate pairs with a struc-
tural relationship, cues to the nature of the post-
translational modification that might relate them
could also be derived from comparison of the
isoelectric point and apparent molecular mass.

As with all electrophoretic techniques, IEF
and 2-D (= IEF + SDS-PAGE), followed by any
in situ staining protocol, allow for protein analy-
sis on minute amounts of material, without the
need for prior purification. In contrast, 2-D maps
may evaluate qualitatively and quantitatively all
protein components in a complex sample.

Emphasis is given here to electrophoretic
techniques, because with them a wealth of accur-
ate chemico-physical and, in many instances,
functional information -may be gathered within a
short time, with the use of simple and common-
place equipment and of inexpensive reagents.
Ready-made IPG slabs make it possible even for
inexperienced workers to combine ease with
high-quality standards for reproducibility and
resolution in p/ assessment. )

NMR may be successfully applied to investi-
gate protein structure [45,46] and even to assess
the homogeneity of protein preparations [47].
Very good resolution of macromolecules on the
basis of their charge is now being obtained by
CE [48]. An application to the identification of
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chemical modification sites on metalloproteins
can be found in Ref. [49]. Unsurpassed accuracy
in mass evaluation is provided by MS [50-52].
Mass variations brought about by the post-trans-
lational processing exceed in most instances the
confidence limits, as good as 0.001-0.02% with
ESI, for a mass range >100000 [53]. [A,,..
(100 000yy,) — (100000CH3CONH_) = 0.057%;
(100 000)— (100 000p0,) =0.095%]. Identifica-
tion of post-translationally modified amino acids
is discussed in Ref. [54]; an example of the
determination of the glysosylation patterns, di-
sulfide linkages and protein heterogeneities of
baculovirus-expressed proteins by MS is given in
Ref. [55]. CE and MS more and more often are
being coupled off- and on-line in a set-up that
duplicates the sequence of 2-D electrophoresis.
While it is possible that in the near future these
procedures will become standard, and the dedi-
cated equipment will be available to most re-
search institutions, these techniques are just
leaving their prototype stage, and their costs still
exceed by far the investment required by stan-
dard electrophoretic equipment.

Thus, in the meantime, why not exploit avail-
able techniques with all of their possibilities?

2. Protein titration curves and pK of the side-
chain dissociating groups

A titration curve describes the relationship
between pH and surface charge of a molecule
[56,57]. For a protein, such a curve results from
the contribution of the side-chains of different
charged amino acids, with various pKs and
varying relative abundance. When no influence
from neighbouring segments of the molecule is
exerted on the dissociation of any group, and
each charged residue may be treated indepen-
dently, then the surface charge of a protein
results from the sum of individual contributions.
This situation is experimentally approached for
proteins in their unfolded state when short- and
long-range interactions between different parts
of the molecule are prevented by high ionic
strength and/or chaotropic agents (guanidinium

hydrochloride, urea). Under the -assumptions

above, the course of a protein titration curve

may be modelled from its primary structure. The

pK values for amino acid side-chains and for

NH, and COOH termini to be used in such a
computation are those experimentally derived

from a panel of model compounds [57].

Conversely, the experimental assessment of a
protein titration curve allows the evaluation of
the number and pK of its dissociating groups.
Two procedures, electrometric [58] and electro-
phoretic [59-61] titration, may be applied. The
former requires several milligrams of a pure
protein and a pH meter; the analysis may be
carried out over a wide range, including pH
extremes. The electrophoretic titration, corre-
sponding to migration of a protein across a pH
gradient, is limited to the ca. 4-10 range, where
arginine groups are fully protonated throughout.
As an advantage, the protein to be analysed
needs neither to be homogeneous nor to amount
to more than tens of micrograms. What is actual-
ly obtained with this technique is a ‘pH-mobili-
ty’ curve. However, for a given protein, the
latter is proportional to a true titration, as long
as size and shape of the protein are constant
across the experimental range, and the viscous
parameter dictating u is not affected by pH. In
contrast, no direct comparison between the abso-
lute surface charge on different proteins is usual-
ly possible, as the above parameter does change
from one molecule to another. In fact, this
electrophoretic technique has mostly been used
to study the pH dependence of binding phenom-
ena (protein—protein [62-64] and protein—ligand
interactions, either in solution [65,66] or matrix-
bound, as in affinity electrophoresis [67,68]),
although inference about structure could be
derived by pairwise comparisons between pro-
tein isoforms [69,70].

When titration curves are evaluated under
native conditions, the discrepancies between
computed and found describe the interactions of
individual charged groups with their environ-
ment, and the connected pK shifts. A different
approach for the experimental assessment of
individual pKs into native proteins is through the
analysis of the pH dependence of EPR signals
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[71]. In a few cases, when the tertiary structure
of a protein is known, the pK of specific groups
can be computed while the shielding effect of
neighbouring residues is taken into account [72—
77].

As with any chemico-physical datum, pKs vary
with temperature, slightly for acidic and more
extensively for basic residues. Reference should
then always be made to unambigously specified
experimental conditions (see below).

3. Isoelectric point

The pl is a singularity point in a titration
curve, corresponding to the pH at which the
surface charge of a protein equals zero, hence its
electrophoretic mobility is also zero [78-80]. If
referred to a random coil, the p/ only depends
on a protein amino acid composition, and can be
computed from analytical or sequence data. In
contrast, when interactions are allowed to occur
either between amino acid stretches within a
protein in its native structure or between am-
pholytes and appropriate additives in the analysis
medium, the experimental p/ may be subtly
altered. As a rule, when moved to a hydrophobic
environment, a group shifts its dissociation so as
to favour the uncharged form (i.e., the pK of an
acid increases and that of a base decreases) [57].
Whether the result of a structural change (e.g.,
several well characterized variants of haemo-
globin [81,82] or «,-antitrypsin [83,84]) or
brought about by the experimental conditions
(D,L-ANS-amino acids and cyclodextrins [85},
neutral-neutral protein mutants in urea-de-
tergent [86,87]), these pl changes can be ex-
ploited in favourable cases for the resolution of
‘neutral’ isoforms.

The hypothesis of a random coil for a protein
spatial arrangement implies that no restrictions
exist on the relative movement between its
different segments. This rule would be violated
either by the presence of intra-chain covalent
bonds, such as with —S—S— bridges, or by struc-
tural constraints, such as with turns forced be-
tween adjacent residues by proline. Cystein and
cystine, both neutral amino acids in acidic to

slightly basic buffers, give a differential contribu-
tion to a protein surface charge at high pH. A
knowledge of the oxidation form of sulfur-con-
taining amino acids is thus required for a reliable
assessment of the p/ of alkaline proteins.

3.1. Experimental assessment of pl by IEF

Proteins are separated purely on the basis of
their p/ values by the electrophoretic technique
of isoelectric focusing [88], in which amphoteric
compounds migrating along a pH gradient stop
moving when they reach a region in the sepa-
ration medium whose pH matches their isoelec-
tric point. Any molecule diffusing out of the
isoelectric region becomes charged, to be moved
back by electrophoresis to its equilibrium zone,
where it concentrates or ‘focuses’.

A stable pH gradient within an anticonvective
matrix may be established essentially in two
ways. The former (CA-IEF) [89,90] makes use
of a large number of amphoteric buffers, whose
pls, each slightly different from the next one,
evenly fill the pH span to be covered in the
experiment. The separation medium, within the
boundaries set by the electrodes, or by two
conductivity barriers in contact with them (con-
centrated solutions of an acid and a base, respec-
tively), is buffered at varying pH by the se-
quence of the buffers (carrier ampholytes, CA)
at their pl/s. The pH spans covered with this
technique vary between 2 and ca. 6 pH units; the
gradient is intrinsically unstable with time and
may be upset by the presence in the system of
non-amphoteric ionic compounds (salts).

Any gradient decay is prevented when the
buffering groups dictating the pH are covalently
bound within the network of the separation
matrix, as with immobilized pH gradients (IPG)
[91,92]. These are obtained by the copolymeriza-
tion of acidic and basic acrylamido derivatives
together with acrylamide and bisacrylamide
monomers. The gels are allowed to set after
pouring a gradient from two limiting solutions
whose composition as for the buffering com-
pounds is adjusted to result in a lincar pH course
between the stated extremes. Gradients pre-
pared in this way may be cast as wide (7.5 pH
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units) or as narrow (0.1 pH unit) as required, in
order to optimize the resolution of any protein
mixture. For specific purposes, non-linear gra-
dients may also be devised and precisely cast
[93].

The pI of an unknown protein may be ex-
perimentally measured after an IEF run by
interpolating the focusing position of the rel-
evant band over the actual pH gradient course.
For IPGs the latter may be assumed to corre-
spond to the figures computed by modelling,
provided that (i) gradient pouring is linear, (ii)
the incorporation efficiency is the same for all
individual monomers [94], and (iii) the pK of the
dissociating groups is accurately known under
the experimental conditions (effect of tempera-
ture [95]; effect of additives [96]). The last point
has recently been reassessed by Bjellgvist et al.
[97]. They established a relevant pH scale for
IPG runs in 8 M urea at 20°C, while validating a
correspondence between the focusing position on
such a gradient and the protein pl as computed
from its known sequence (see below). Converse-
ly, an experimental evaluation of the pH course
in an IPG is hardly possible, e.g., with a surface
electrode. Readings may be performed on
aliquots of eluted isoelectric buffers when IPGs
are run after reswelling in carrier ampholytes
(mixed-bed, or hybrid, isoelectric focusing) [98].
The latter approach is standard after CA-IEF,
but the accuracy of such measurements is usually
low, not only because of the vagaries in the
cutting and elution steps but mostly for the
systematic effects, which are difficult to compen-
sate for, of differences in temperature (on CA
[99,100]; on proteins [101]) and solvent (on CA
[99,102,103}; urea on proteins [104,105]) be-
tween separation and pH testing.

3.2. Theoretical calculations of pl

At least in the pH range 4-7.5 [106], the
accordance between the experimental p/ of a
protein and the figure computed for a random-
coiled structure from type and number of dis-
sociating side-chains is so close (within one third
to half of a charge unit) as to allow the assign-
ment of a peptide spot in a 2-D map to a known

sequence (the second positional parameter, M_,
is also immediately derived from amino acid
composition). Any discrepancy from the ex-
pected focusing position, and exceeding the
experimental error, may then be assumed to
imply some structural modification in the species
under investigation. By this approach, Bjellqvist
and co-workers could identify either four [106]
or 18-20 [107] cases of blocked NH, terminus;
for other proteins, they raised doubts about the
peptide being glycosylated, or correctly se-
quenced [107]. Otherwise, the largest dis-
crepancy was observed for a protein not con-
taining His residues and whose p/ then depended
markedly on the pK of the actual N-terminus
[107]. Another interesting example of compari-
son between computed and found p/ values for
mouse MHC class I antigens is discussed in Ref.
[108]. As stressed several times, the computation
of pl is in principle restricted to fully denatured
structures. However, for many proteins neither
the surface charge distribution nor hydrophilic/
hydrophobic balance noticeably influences the
intrinsic pKs of the charged amino acids, hence
the p/ of the protein and the assumptions above
may be extended to functionally folded struc-
tures.

For native proteins, ‘structural modifications’
might imply non-covalent binding as for the holo
forms of carrier proteins and prosthetic enzymes,
and the covalent (—-S—-S— bridges) and non-co-
valent interactions between different subunits
within oligomeric structures. For denatured pro-
teins, only covalent modifications are detected
after electrophoresis in urea media (except for
the ‘hydrophobic affinity’ effects brought about
by addition of detergents to the separation
medium; see above).

To be discriminated by IEF, the parent and
modified forms of a protein need to differ at
pH =pl by an integral or fractional number of
units in their surface charge. In turn, this charge
difference will be proportional to the pK-pl
difference for the charged group involved in the
structural change. The extent of pl shift for a
given charge difference then depends on the
buffering power (at pI) of the protein, treated as
a polyprotic buffer. Less precisely, it depends
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inversely on the total surface charge of the
protein (at pI) and on its size [107].

The discrepancies between theoretical and
experimental pl values in Bjellqvist et al.’s
survey [107] were of the order of a few hun-
dredths of a pH unit, i.e., about one order of
magnitude above the current resolving power
with narrow-range IPGs (in a side-to-side com-
parison of different isoforms, a few thousandths
of a pH unit are a sufficient Ap/ for unambigu-
ous resolution). These data imply that some of
the shifts connected with a covalent modification
might not exceed the confidence limit for p/
estimate; caution is then required for dis-
criminating between the parent molecule and its
processed form when dealing with a single pro-
tein spot (i.e., when assessing, for instance,
whether a COOH terminus is free or blocked).

The finding of peptide spots in a row on a 2-D
map (i.e., with similar or identical size, in a
slanted or a horizontal row) is diagnostic of the
presence of different isoforms deriving from a
parent molecule, although relatedness should be
positively confirmed by functional (e.g., immu-
nological) or biochemical (e.g., V8 peptide map-
ping) tests. By the same approach, in order to
identify the nature of the bound residue, the
number and relative pl of the resolved spots are
to be compared with number and pK of the
putative sites for a given post-translational modi-
fication. The correspondence of the actual pro-
tein pattern with expectation is, however, only a
prerequisite to the experimental validation of the
hypothesis through chemical and biochemical
approaches (specific removal, or analytical
identification, of the modifying groups).

4. Post-translational modifications

In surveys on protein processing, tens of
amino acid modifications have been listed
[16,109]. Many of them are highly specific,
whether to a single protein or to a class thereof
(just one example in Ref. [110]). Other are
commonplace, and among them mainly two
processes will be stressed, namely glycosylation
and phosphorylation, whose biological role is

largely understood. Then some protein modi-
fications that may occur naturally but can also be
artefactually elicited will be discussed. Finally,
some chemical treatments in common use that
are relevant to electrophoretic techniques are
analysed.

4.1. Glycoproteins

Sugar moieties are essential in protein target-
ing to various cellular and extracellular compart-
ments, and take part in signalling and recogni-
tion [24,111-115]. Different glycoforms may be
tissue-specific [24]. As an extreme case, no Thy-1
molecules are common between rat brain and
thymus, despite the amino acid sequence being
identical [116]. A marked difference in the
glycosylation patterns between two physiological
states (baseline vs. acute phase reaction) has
been described for a number of serum com-
ponents (including «;-acid glycoprotein [117]
and a,-macroglobulin [118]), and also for basolat-
eral membrane protein CE 9 in rat hepatocytes
upon administration of the peroxisome prolifer-
ation inducer ciprofibrate [119]. Two interesting
examples of cytoplasmic non-glycosylated pro-
teins having a secretory glycosylated counterpart
are those of ferritin [120] and PAI-1 [121]. Most
uncommon, in contrast, is a remodelling in the
oligosaccharide chains once the glycoproteins
have reached their final compartment; sialic acid
removal from serum proteins amounts to a signal
for uptake and catabolism [122].

As a rule, the product of protein glycosylation
is highly heterogeneous. In animal cells, the last
sugar in every saccharide chain is always
charged. Sialic acid is not to be found in plants
whereas, as a rule, bacteria synthesize no glyco-
protein at all [123]. Thus, animal glycoproteins
resolve in a 2-D map as a slanted row of spindle-
shaped spots. The pK of sialic acid is around 3,
hence a charge difference between the various
isoforms is to be maintained throughout a wide
pH range. a;-Acid glycoprotein is possibly the
only example of a protein the resolution of
whose isoforms at pH near p/ depends on the
varying extent of sialic acid titration [124]. Re-
moval of sialic acid by neuraminidase treatment
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reduces (but seldom abolishes) protein micro-
heterogeneity (some residues are extremely resis-
tant to enzyme digestion). The kinetics of this
treatment resolve intermediate bands corre-
sponding to the stepwise removal of sialic acid;
their number matches the number of such res-
idues. Sialidase activity is often found in body
fluids: careful handling conditions, without re-
peated cycles of freezing and thawing, are then
required for proper sample storage. In order to
emphasize the charge shift contributed by amino
acid mutation while disregarding any metabolic
effect on the glycosylation process and to sim-
plify the electrophoretic pattern, for some glyco-
proteins, including «,-acid glycoprotein [125],
genetic analysis is currently performed on the
desialylated apoproteins. Complete removal of
the sugar chains may be obtained with endo-
gylcosidases (examples in Refs. [126] and [127]).
These usually require the protein to be in a
completely unfolded state, such as after treat-
ment with SDS followed by saturation with a
non-ionic detergent. Changes in M, always
ensue, whereas for sialylated molecules the in-
crease in p/ just duplicates what is obtained with
neuraminidase alone. For non-sialylated glyco-
proteins, such as those of vegetable origin, no
charge shift is observed [for instance, on 7 S
globulin from Glycine max. (B-conglycinin);
unpublished data].

Enzyme treatment is one of the procedures for
assessing the presence of glycyl moieties, to be
applied to fully processed molecules. Another
experimental approach may be affinity detection
after blotting [128] using lectins specific for a
given sugar type [129]. Even upon aspecific
staining the behaviour of glycoproteins is some-
times peculiar: they may give metachromatic
shadows with Coomassie Blue staining or (when
heavily sialylated) bind silver very poorly. Sugar
moieties are often part of an immunogen epi-
tope, so many neuraminidase- and endo-
glycosidase-treated proteins lose some or even
most of their immunological reactivity. On
purified proteins, chemical analysis can quali-
tatively and quantitatively specify all bound
glycyl moieties ([130]; just one example in Ref.
[131]).

Synthesis within a controlled experimental
system allows one to monitor p/ and M, shifts as
the newly assembled protein travels from ER
and Golgi to its final compartment [132-135]; to
determine the incorporation of tritiated precur-
sors [136,137]; or to prevent glycosylation al-
together in the presence of inhibitors [138,139].

Among electrophoretic techniques, CE is
becoming a practicable alternative to IEF when
‘fingerprinting’ oligosaccharides (e.g., [140]).

Non-enzymatic glucosylation will be dealt with
later.

4.2. Phosphoproteins

Phosphorylation [141-145] is most often a
reversible process, whereupon one (or few) res-
idues are added or released at precise locations,
by highly specific enzymes, in response to proper
stimuli [146—155]. The holo and apo forms of the
affected proteins differ in their biological role,
one being the active and the other the inactive
form of an enzyme [146], or else one acts as a
stimulatory and the other as an inhibitory factor
in a regulation process [156]. The in <> out flux of
phosphate groups thus parallels the on < off
switch of a protein function. The current pattern
of phosphorylation may thus be highly variable
depending on the physiological state of the
extracted tissue; it actually defines such a state.
Care must be taken to avoid any interference
from the extraction conditions, since some phos-
phate groups are labile; phosphatase inhibitors
are available for this purpose [145]. In some
cases many sites in.a protein may become phos-
phorylated, but the number of physilogically
relevant residues, whose occupancy entails a
functional change, is restricted. Addition and
removal of phosphate groups might result in an
M, change for proteins resolved by SDS-PAGE
[157-160]. On the other hand the one-charge
(below pH 6) or two-charge (above pH 7) shift
connected with each acidic group always involves
a Apl, to be resolved by IEF.

The hypothesis that a group of protein bands
corresponds to a phosphorylation train may be
tested by phosphatase treatment; as a rule, the
‘out’ step may be performed stoichiometrically
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with broad-specificity enzymes [161,162]. In con-
trast, the ‘in’ process is usually brought about
only by narrow-specificity phosphorylases [163-
165]. As a result, whereas reduction of the IEF
pattern to a single most basic band is often
possible [166,167], the converse, i.e., the ‘satura-
tion’ of putative phosphorylation sites so as to
give a single most acidic protein derivative, is not
a biologically sound proposition.

The action of protein kinases, however, may
be duplicated in vitro [167]. The experimental
set-up in which phosphorylation is tested typical-
ly involves the use of *p [166,168]. Radioactive
tagging allows one to appreciate a phenomenon
involving low-abundance proteins, such as most
of the enzymes and regulatory factors alluded to
above. Moreover, only the newly synthesized
phosphoproteins enter a qualitative and quan-
titative evaluation. For the former point, while
the physiologically relevant form (or forms) takes
up the label, the baseline heterogeneity of the
protein is immaterial. For the latter, the incorpo-
rated radioactivity is evaluated with reference to
a zero background; even when possible, immu-
nological detection or protein staining would
require quantification of each species within a
sometimes complex train before and after the
relevant stimulus, and comparison between the
‘baricenter’ of the two band rows. Monitoring
the ‘out’ step would be much more difficult with
this approach.

Antisera may be developed specific for the
phosphorylated versus the apo form of a protein
[169]; monoclonal antibodies directed against
phosphotyrosine are commercially available.
Other experimental approaches to the analysis of
phosphoproteins are discussed in Ref. [170];
special interest is devoted to >'P NMR studies
[171]. Phosphopeptide analysis is reviewed in
Ref. [172].

4.3. Reactions at NH, groups

A blocked NH, terminus is common finding
when Edman degradation is attempted on blot-
ted proteins. A number of residues may react, by
chemical equilibrium or enzymatic action, with
the free NH, group and, while the evidence of a

block is easily obtained, no clue is directly
available as to the chemical nature of the block-
ing residue. A stepwise treatment of electroblot-
ted proteins has been proposed in order to
expose, whenever possible, the NH, terminus
[173]. Proteins containing acetylserine or
acetylthreonine can be deblocked on-membrane
by exposure to TFA vapours and N-formylated
proteins by treatment with HCI solution.
Pyrrolidone carboxylic acid residues may be
removed, with varying efficiency, by pyrogluta-
mate aminopeptidase. N-acetylated proteins are
first digested on-membrane with trypsin in order
to generate the N-terminal peptide fragment,
that is now available to the deblocking action of
acylamino acid-releasing enzyme. The percent-
age of NH, terminus-blocked proteins found by
different workers in different tissue extracts is
highly variable, and artefacts from the sample
preparation procedure have been implicated.
These might include oxidation, reaction with
aldehydes (e.g., HCHO as a contaminant in Tris
buffers) and cyclization of glutamic acid to
pyroglutamate. Whether a physiologically impor-
tant modification or an artefact, the blocking is a
major nuisance for protein identification through
partial sequencing, as it forces the experimenter
to resort to protein digestion and peptide purifi-
cation prior to internal sequencing.

Amino-terminal [174] and side-chain [175]
acetylation may be treated together, and also
with fatty acylations [176-178], as for their
effects on acid—base balance: the removal of an
amino group becomes evident only when pl is
below pKyy,. For acidic to neutral proteins,
however, the pl shift is easily seen [106]. In
contrast to reactions with C,; or C, groups, lipid
modifications may be assessed, in newly syn-
thesized proteins, by monitoring the incorpora-
tion of *H-labelled fatty acids (myristate [179],
palmitate [180,181]).

Core histones can be reversibly acetylated at
distinct lysine residues within the N-terminal
protein domains [182]; this process is assumed to
be involved in changes in chromatin structure
and function during different nuclear processes.
A dynamic equilibrium between apo and modi-
fied forms is maintained by two enzyme ac-
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tivities, histone acetyltransferase and histone
deacetylase [183]. Owing to their high pl, the
histones cannot be run to equilibrium in CA-IEF
and bind to the matrix on IPGs [184] (Righetti et
al., however, subsequently presented data about
the feasibility of alkaline IPG not interfering
with histone migration). Their acetylated or
otherwise modified derivatives are then resolved
either by acid—urea—Triton electrophoresis [185]
or by CE [186].

A peculiar example of reaction with the NH,
terminus, and of a diagnostic use of IEF, in-
volves haemoglobin and glucose. The adduct
formed rearranges to give a chemically stable
product, which makes the overall process ir-
reversible {187]. The equilibrium between free
and bound glucose depends only on its con-
centration: the determination of the glucosylated
haemoglobin thus evaluates the average
glycaemia over the lifespan of the protein, which
amounts to several weeks. This makes glu-
cosylated haemoglobin (HbA ) a valuable index
in the follow-up of diabetic patients {188,189].
However, an important physiological property of
the reacted protein, namely the O, dissociation
curve, is also modified. In diabetes, the effects of
generalized protein glucosylation are manifold
[190]. One of the most serious involves the
alteration of the filtering properties towards
either anionic or cationic molecules by the kid-
neys, which behave in fact more as an ion
exchanger than as a sieve. By detailing this
example and that of histones above, it is in-
tended to stress that the issue of pl shift after
chemical modification treated so far only from a
chemico-physical standpoint may also have
major physio-pathological impact. For proteins
other than Hb, non-enzymatic protein gluco-
sylation [191-193] involves lysyl residues, instead
of NH, termini (albumin [194], histones [195]).

4.4. Reactions at COOH groups

Deamidation is a most general phenomenon
connected with protein ageing: for molecules
with long half-lives, its quantification involves
evaluating the protein turnover [16]. A (charge)
for the transition CONH,— COOH varies ac-
ross the pH range 3.5-5.5, corresponding to the

titration of the carboxyl group. As a result, the
pls of parent and modified molecules may be
difficult, or impossible, to sort out for very acidic.
molecules. Moreover, the electrophoretic migra-
tion of the two forms, differing at high pH,
become more and more similar at low pH: at
PKcoou» the distance between the two protein
bands is reduced to about half in comparison
with pH=pK +1, and becomes negligible at
pH =pK — 1. This observation may in principle
be exploited to verify whether two protein iso-
forms actually differ by a deamidation step: the
electrophoretic titration [S7-59] of the proteins
to be compared is run across an acidic pH range,
and the shape of the two curves is analysed. The
same feature would be observed also for
neutral— acidic amino acid mutations. As a rule,
however, the deamidated side-product is a minor
percentage in comparison with the amidated
parent molecule, while two allelic variants in a
protein polymorphism are expressed with the
same abundance. Another indirect test for
deamidation of Gln and Asn residues may rely
on the differential specificity of V8 protease for
Glu-C and Asp-C in different buffers, in com-
parison with the intensitivity to digestion of the
amidated counterparts [196,197]. Another ana-
lytical approach, were both isoforms purified in
substantial amounts, might involve the reaction
with ['*C]glycine methyl ester in presence of
soluble carbodiimide (resulting in the amidation
of free COOH groups) [198]. Extensive chemical
deamidation at alkaline pH, or blocking of free
COOH, would result either in two proteins with
lower but identical pI, or in polycations with
identical mobility. These reactions could be
performed on the unresolved isoforms, but nei-
ther of them is quantitative so as to permit an
unequivocal interpretation of the results. Se-
quencing of the relevant peptide is then a com-
plex yet reliable approach to assess the nature of
the structural difference between the proteins
under investigation. Extraction and treatment
under alkaline conditions might result in arte-
factual protein deamidation; low temperature
and as short as possible exposure times are thus
essential to minimize deterioration.

The occurrence, detection and biosynthesis of
carboxy-terminal amides and isoprenylation and
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methylation at carboxy-terminal cysteine res-
idues are discussed in Refs. [199] and [200],
respectively, and exemplified in Ref. [201].

4.5. Reactions at SH groups

Many heteropolymeric proteins with inter-
chain —-S—-S— bridges derive from continuous
sequences processed to their quaternary struc-
ture through peptide bond hydrolysis, with or
without the removal of an amino acid stretch
[2-4]. In fewer cases, independently synthesized
subunits are covalently linked to one another
after their assembly [202]. In a single-chain
protein, the position of the disulfide bridges is
dictated by the folding process, which in turn
depends on the primary sequence; in vitro, air
oxidation is adequate to form disulfides between
the appropriate Cys pairs [203,204]. Under phys-
iological conditions this step, which requires
hours when testing a fully denatured and re-
duced protein, is completed alongside the trans-
lational process [205,206]. Cycling between re-
duced and oxidized (thiol SH = disulfide —-S—S-)
forms is thought to take part in metabolic regula-
tion through the redox control of enzyme ac-
tivities [207]. However, heterogeneity such as for
the oxidation state of a purified protein is often
the result of an artefact, most likely oxidation by
atmospheric oxygen at alkaline pH. For a
purified protein, if a single SH residue is avail-
able per molecule, then only dimers may be
formed, whereas a more complex situation might
result in multiple banding [208]. While the het-
eropolymers are expected to have pls inter-
mediate between those of the parent compo-
nents, the homodimers are indistinguishable
from the monomeric form as long as the dissocia-
tion of SH does not contribute to the protein
surface charge. Thus, acidic and neutral proteins
during an isoelectric focusing separation are not
exposed to such a pH as to elicit an artefactual
oxidation, nor can this process, had it taken
place beforehand, be detected by electrophoresis
[209], although a functional test, such as zymo-
gramming an enzyme preparation, may reveal a
reduced specific activity. In contrast, for alkaline
proteins, both the conditions of migration favour
the oxidation process and the resulting p/ shift

can be identified by IEF [210,211]. While buffer
addition with low concentrations of a reducing
agent, for instance DTT, is compatible with
zonal electrophoresis, their weak acid nature
makes thiolic reagents hardly compatible with
isoelectric focusing. In fact, when incorporated
into an IPG gel, the additive tends to migrate at
pH < pK, and hence it does not contribute to the
reducing potential, whereas the non-depleted
portion interferes with buffering power and pH
course in the alkaline part of the gradient
[209,212]. Most recent prescriptions to avoid
protein oxidation on IEF include reduction of
the IPG matrix with ascorbic acid [213], running
under paraffin oil to exclude access of O,
[210,214], and a certain migration of thiolic
reagent from the cathodic strip during the last
phase of the run [214]. With CA-IEF, even the
low concentrations of thiolic reagents contribu-
ted by sample buffers distort the pH gradient
above pH=7.5, with loss of alkaline proteins,
when applied, as customary, near the cathode
[209,212].

One alternative to the above problems could
be to dispose altogether of reducing agents both
in the sample and in the gel by alkylating any
free SH on proteins. This approach has been
proposed for SDS-PAGE samples in order to
avoid Cys reoxidation and erratic banding pat-
terns [215]. Moreover, treatment with iodoacet-
amide has been suggested as the final equilibra-
tion step between the first and second dimen-
sions of a 2-D separation, in order to reduce
background staining with many silvering pro-
cedures [216]. Carboxymethylation for IEF, or
2-D mapping, has been discussed a few times,
but no consensus protocol could be arrived at.
When applied to complex mixtures of proteins,
such as whole tissue extracts, reduction and
alkylation with iodoacetamide result for most of
the components in neat, single spots. However,
in comparison with a run of standard sample
preparations, some spots disappear, or change
their focusing position, or grossly increase their
staining intensity. No simple trend can be ob-
served for these anomalies, and none of the
possible explanations for these findings (incom-
plete selectivity of the reaction towards SH
versus NH, groups; partial deamidation of the
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akylating reagent; differential silver deposition
on the alternative nucleophilic centres, SH and
—S-C-) is easily proved for any specific case
[209]. These perplexities notwithstanding, car-
boxymethylation has been proposed as an ana-
lytical tool. Treatment with different ratios of
iodoacetamide and iodoacetic acid results in the
formation of a train of bands differing by one
charge unit, and whose number exceeds by one
that of Cys residues [23,217]. Intrinsically re-
stricted in its application to charge-homogeneous
proteins, and largely outdated by current se-
quencing techniques, this suggestion still de-
serves mention because, as is usually the case
with techniques relying on electrophoretic sepa-
rations, it may be applied even to incompletely
purified proteins, as long as the relevant bands
may be unambiguously identified, while allowing
one to count integral numbers of amino acid
residues per protein molecule, in, contrast to
standard analytical protocols following HCI hy-
drolysis. The above procedure introduces the
concept of chemically derived charge trains, that
is most often realized by stepwise carbamylation.
SH and -S-C- forms of a protein migrate to the
same position in IEF when their p/ is acidic to
slightly basic, but differ in their surface charge at
alkaline pH. Monomeric and polymeric forms of
a protein migrate with different mobility in a
sieving medium under native conditions: only the
fastest migrating band will be detected after
addition of just SDS if the inter-subunit interac-
tions are non-covalent in nature, whereas a
reducing agent will be required if there exist
cystine bonds. For a peptide with intrachain
—S—S-— bridges, the apparent M, in SDS-PAGE is
lower than expected from sequence data in the
absence of a reducing agent. After reduction
with B-mercaptoethanol, the estimated value fits
the logarithmic relationship with R, and seems
to grow larger upon carboxymethylation.

4.6. Carbamylation

The carbamylation protocol involves boiling
homogeneous proteins, of neutral to alkaline pl,
in a concentrated urea solution for increasing
lengths of time [218]. From the decomposition of

urea, carbamic acid is formed, which reacts with
free NH,. A series of protein derivatives of
decreasing pl are obtained, evenly spaced along
the pl axis at first, then focusing closer and
closer as the influence of the residual buffering
groups (His and Glu/Asp) becomes more im-
portant at pH = p/. Individual spots are conven-
tionally labelled as 0O (parent molecule),
—1,...,—n (loss of 1 to n positive charges).
These mixtures of modified proteins have been
used for years as landmarks for calibrating the
pH axis in 2-D maps [218,219]. Although ex-
tremely efficient [220], the classical protocols for
2-Ds with CA-IEF in capillary tubes could not
achieve absolute positional reproducibility in the
spot pattern, for a number of reasons, e.g.,
deformability of the IEF gel rod, pH drift with
time and gradient distortion from salts or thiolic
reagents in the sampie buffer. At the same time,
for the natural protein spots that could be taken
as landmarks, being common to many if not all
the tissue extracts, the p/ in urea was not known
with accuracy [218]. The inclusion of the car-
bamylated proteins was to set a reference grid,
not intended to specify a chemico-physical pa-
rameter such as p/ but merely a relative position.
Virtually all of these problems have now been
solved with IPG technology. A relevant pH scale
has been detailed [97], and accurate pH courses
for many formulations covering narrow to wide
pH gradients have been computed and published
[93,221-223]. Moreover, the reproducibility of
gradient pouring has been tested, and the posi-
tional reproducibility of a 2-D map, when IPGs
supported on GelBond plastic backing are used
in the first dimension, has been found to be
better than 0.5 mm [224]. This allows one to
read directly the p/ of a protein spot, and its M_,
from its absolute position in the x—y plane.
Moreover, the recent work by Bjellgvist et al.
[107] established the correct pI, under denatur-
ing conditions, for a number of ubiquitous pro-
teins. In another context, carbamylation by
treatment with sodium cyanate had been pro-
posed for reducing the average pl of IgGs to be
used in electroimmunodiffusion (Laurell’s roc-
kets) for the determination of alkaline proteins,
whose electrophoretic mobility would be very
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low at pH 8.2 (i.e., at the average p/ of native
1gGs) according to standard protocols [225].

Maleylation and its effects on p/ and SDS-
PAGE mobility have been discussed in Ref.
[226].

4.7. Miscellaneous

In the bibliographic search mentioned in the
Introduction, although most references dealt
with glyco- and phosphoproteins, in three cases
the authors dismissed any covalent modification
to the protein under investigation and in 17 they
had evidence of a post-translational processing
but could not specify its nature.

An amide-linked ethanolamine—phosphogly-
cerol is reported in Ref. [227]; an example of
methylation [228,229] is discussed in Ref. [230].
ADP-ribosylation {231,232] and ubiquitination
[233,234] were analysed in histones ([235] and
[236], respectively). Of the possible effects of
covalent coenzyme binding to proteins [237,238],
only one old example could be found [239].

5. Numerical examples

Although this review focuses on theory, while
urging to experiment, it was felt that at least one
figure with a few numerical examples were
needed. Three proteins were considered as
model structures, A, B and C (Fig. 1), differing
in their amino acid composition (top panels, and
left to right) and buffering power at pl (see
below). For each of them, Ap/ was computed
[240] for a number of hypotethical post-transla-
tional modifications. Rounded figures were used
for all pK values (see upper right panel; standard
one-letter abbreviations are used for amino
acids, COOH and NH, represent protein termini
and H,PO, and HPO, indicate pK, and pK, of
a phosphate group). In order to reduce the
number of variables to be taken into account in
the calculation [240], D and E counts were
combined, and no Y was included in the hypo-
thetical sequences. The postulated modifications
are marked in Fig. 1 as follows: (1) for glycopro-
teins, presence of 1 sialic acid; (2) for glycopro-

teins, presence of 3 sialic acids; (3) for glycopro-
teins, presence of 5 sialic acids; (4) for phos-
phoproteins, presence of 1 phosphate group; (5)
blocked NH, terminus; (6) deamidation of 1
Q/N group; (7) monomer with thiol redox as
—S-S— plus SH; (8) dimer assembled via 3
—S-S— bridges; (9) for carbamylated proteins,
reaction at 1 K; (10) for carbamylated proteins,
reaction at 2 K; (11) for carbamylated proteins,
reaction at 4 K; (12) for carbamylated proteins,
reaction at 6 K.

The associated Apl are plotted clockwise for
each model protein (lower panels, from left to
right); since these values vary by over three
orders of magnitude, a logarithmic scale had to
be used for their representation (bottom right).

In protein B, p/ = 5.165, B,, = 5.68 mequiv 1!
pH_l, at 1 mM concentration, the pl shifts
observed for glycosylation, phosphorylation,
NH, blocking and carbamylation differ from one
another by a maximum of 0.006 pH unit, since
they actually amount to the addition, or to the
removal, of one unit charge, either negative or
positive. Owing to the buffering effect of D and
E at and below pl, in stepwise processes the
shifts become lower and lower, to approach a
constant value. One hypothetical deamidation,
in contrast, results in a fractional surface charge
variation, hence the substantially lower pI decre-
ment for the CONH,— COOH transition. No
influence is observed from the redox state of C
residues, since pKgy is much higher than pl.

The same trend is observed for protein A,
pl =4.500, B,,=14.3 mequiv 1”' pH ™', except
that the Ap/s are much lower both in absolute
terms and as differences among various one-unit
changes. Moreover, the p/ shift associated with a
fractional charge variation (i.e., for the deami-
dated protein) amounts to a much lower per-
centage than in the instance above. This is, of
course, the effect of the higher buffering power
at p/ allowed by the much larger number of D
and E residues in this structure.

Conversely, the buffering power of protein C
is very low, B, =5.02 mequiv 17" pH™', at and
below the isoelectric point, p/ =9.014, and the
shifts between subsequent steps in glycosylation
and carbamylation become larger and larger. At
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pH 9, K is not 100% protonated and carbamyla-
tion thus involves fractional charge decrements.
NH, terminus blocking results in a pl shift of
only 0.006 pH unit, as p/ is much higher than
PKyn,- Phosphorylation brings about a two unit
charge variation, whereas the removal (by oxida-
tion) of each SH group corresponds to one-half

charge difference (pKsy equals pf).

6. Recombinant proteins

The reports in Table 1 [241-260] are the only
ones from the bibliographic search where the

issue of charge heterogeneity of recombinant
proteins was addressed. In most cases, however,
the properties of the biotechnological product
were just assessed instead of being compared
with the natural product. The chemico-physical
parameters of the latter were possibly hardly
known in some instances, and gene cloning for
heterologous expression was actually a short-cut
in comparison with a lengthy and cumbersome
purification strategy.

Most of the problems connected with gene
expression technology, including co- and post-
translational processing, modification and secre-
tion in different heterologous systems, are dis-

Table 1

Comparison between natural and recombinant proteins

Protein Gene Expression Correct No glyco- Heterogeneous Incorrect Ref.

source system properties sylation glycosylation properties

Myosin Drosophila In vitro x [241]

light chain

Acid Man In vitro X [242]

phosphatase

Peptidyl prolyl Man E. coli X [243]

isomerase

M protein Parainfluenza E. coli X [244]

virus

a-Interferon Man E. coli X [245]

Structural Semliki Yeast x [246]

proteins Forest virus

G protein Man Insect X [247]

By-subunits cells

Interferon Mouse Insect X [248]

y-receptor cells

Manganese Phanerochaete Insect X [249]

peroxidase chrysosporium cells

HLA-B27 + Man Insect X (x) [250]

E3/19K adenovirus cells

Interleukin-9 Man T-cell x [251]
lines

T1 Mouse Fibroblasts X [252]

gpl30 Man Mouse X [253]
melanoma

Fib2 of Man Mouse x [254]

fibronectin L cells

TGF-gI1 Rat COS X [255]

receptor cells

Tissue Man CHO X [256]

factor cells

Proenkephalin Rat CHO X (x) [257]

cells
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cussed in Refs. [258] and [259]. From the list, the
number of cases for which correct properties are
observed equals the entries for which incorrect
properties are reported. It is no surprise to find
that no glycosylation occurs in Escherichia coli
[243]. Complete fidelity to the model, as might
be expected, is obtained when a human protein
is expressed by the same histotype in a different
animal species [253]. The glycosylation pattern
of virus proteins is known to be host-specific
[24]. However, especially interesting is the ob-
servation that when expressed in Saccharomyces
cerevisiae the E1 envelope protein of Semliki
forest virus receives yeast-characteristic outer-
chain glycans [246]. Phosphorylation is reported
in Ref. [257].

Two examples of fusion, or chimeric, proteins
found heterogeneous with respect to p/ and/or
to M_ are discussed in Refs. [259] and [260].

Finally, the case of a shift in isoelectric point
between cellular and secreted forms of a mono-
clonal antibody against gp-41 of HIV-1 virus is
reported in Ref. [261].

Acknowledgements

I thank (in alphabetical order) Paolo Arosio,
Bengt Bjellqvist, Franco Bonomi, Fabrizio
Celentano, Pietro Ciceri, Paola Coari, Monica
Di Luca, Monica Galliano, Luciana Mussoni,
Giuseppe Pollio, Franca Rossini, Angelo Viotti
and Mara Zocchi. I am most grateful to the
Laboratory Director, Professor Cesare R. Sir-
tori, and to my colleagues Maria Rosa Lovati
and Cristina Manzoni for continuous support.

Abbreviations

CA = carrier ampholyte; CE = capillary elec-
trophoresis; 1- and 2-D = one- and two-dimen-
sional electrophoresis; EPR = electron spin reso-
nance; ER =endoplasmic reticulum; ESI=
electrospay ionization, HUVEC = human um-
bilical cord endothelial cells; IEF = isoelectric
point; IMAC = immobilized metal chelate chro-
matography; IPG =immobilized pH gradient;

MHC = major histocompatibility complex; MS =
mass spectrometry; NMR = nuclear magnetic
resonance; PAI-2 = plasminogen activator
inhibitor-2; pl = isoelectric point; SDS-PAGE =
sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis; TFA = trifluoroacetic acid; Thy-1=
cell-surface glycoprotein, member of the im-
munoglobulin superfamily; u = electrophoretic
mobility.
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Abstract

Carbohydrates, in particular the complex carbohydrates conjugated to proteins and lipids, have important
functions in a variety of biological systems. Their isolation and structural determination—prerequisites for
elucidation of their biological functions—have been technical challenges for many decades. Almost all available
chromatographic and electrophoretic methods as well as NMR and MS have been applied to carbohydrate analysis
but none has proved satisfactory in terms of simplicity, sensitivity, reproducibility, cost and requirement for
materials. Recently, a technique called fluorophore-assisted carbohydrate electrophoresis was developed which is
very promising. It separates fluorescently-labeled carbohydrates on polyacrylamide gels and uses a charge-coupled
device camera to detect and quantitate the products. This review describes the principles of the method and its
applications to several aspects of research on carbohydrate-containing biological biomolecules.

Contents

R %R o ve LTe s e )+ WA O I R IR 89
2. Current MethodOIOY . . ..ottt e 90
3. Fluorophore-assisted carbohydrate electrophOresis . . ... ...t 92
4. Oligosaccharide profiling by FACE . ... ... ... ... 93
5. Monosaccharide composition analysis by FACE . ... ... ... ... i 95
6. Oligosaccharide sequencing by FACE . .. .. ... . ... it 96
7. Interactions of proteins and carbohydrates . ......... ... ... 99
8. Potential applications of FACE in clinical diagnosis . .. ... ... ... i 100
Q. CONCIUSIONS . -« « o e et et ettt e e e e e e e e e e e e e e e e e 102
ACKNOWIEAZEMENTS . .« . ..ottt t ettt ettt et e e et 102
S o 10 =T T 102
1. Introduction and provide mechanical support for cells, on the

other. Thus, the oxidation of carbohydrates,

Carbohydrates are ubiquitous in nature and n0O, + (CH,0),—rCO, +nH,0, is the pri-
found in all living species. They are central to mary metabolic energy-generating process
energy generation and storage, on the one hand, throughout the biosphere, and the cellulose of
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woody plants, the cell walls of bacteria, and the
exoskeletons of insects and crustacea are all
carbohydrates. Indeed, cellulose and chitin are
the two most abundant biopolymers on earth.
Complex carbohydrates have been shown to be
bioactive and to participate in cellular and bio-
chemical interactions in a wide variety of bio-
logical systems [1]. For example, the carbohy-
drate moieties of glycoproteins affect both their
physicochemical and biological properties includ-
ing folding and three-dimensional structure,
solubility and stability, circulatory life time [2,3],
susceptibility to proteases [4], biological activity
and its modulation [5], molecular and cellular
recognition [6], immunogenicity [7], cell adhe-
sion [8], egg fertilization [9], lymphocyte homing
[10] and bacterial and viral interactions with host
tissues [11,12]. Furthermore, carbohydrates in
recombinant proteins confer important activities
on, as well as influence the stability and bioavail-
ability of, genetically engineered glycoprotein
drugs {13-17]. More than a dozen glycoproteins
of therapeutic interest have been produced by
recombinant DNA techniques [18]. Impressive
examples are glycocerebrosidase for the treat-
ment of Gaucher’s disease [19,20], erythro-
poietin for the treatment of anaemia in
hemodialysis patients [21] and tissue plas-
minogen activator as a thrombolytic agent [22].
More recently, the recruitment of leukocytes to
injured tissue was found to occur via interaction
of its cell surface carbohydrate Sialyl-Lewis
[NeuSAca2-3GalB1-4(Fucal-3)GIcNAc]  with
endothelial cell selectins which are expressed in
response to cytokines released during the in-
flammatory response [23-25]. This discovery has
created intense interest in the development of
sugar-based anti-inflammatory and anti-tumor
drugs [26,27]. In addition, changes in protein
glycosylation have been shown to be useful
molecular markers in the diagnosis of several
human diseases [28-34]. With the increased
awareness of the biological significance of pro-
tein glycosylation, there has been a growing
demand for rapid, convenient and cost-effective
analytical methods to characterize both the car-
bohydrate content and chemical structure of the
carbohydrate moieties of glycoproteins.

2. Current methodology

The complete characterization of a glycopro-
tein requires the analysis of the primary structure
and conformation of both the carbohydrate side
chains and the protein to which they are at-
tached; and identification of the glycosylation
site(s), the anomeric specificity of the linkage
and the pattern of carbohydrate heterogeneity at
each glycosylation site. The characterization of
the protein part is relatively easy owing to the
availability of well-established methods, tech-
niques and equipment, whereas full elucidation
of carbohydrate structures —historically tedious
and laborious— continues to be a challenge.
Numerous sugar chain variations can be formed
from a small number of monosaccharide units.
For example, two amino acids can form only two
dipeptides, but two monosaccharides can form as
many as 32 disaccharides since the linkage can
occur at any of the four hydroxyl groups per
monosaccharide, exist in either of two anomeric
forms and involve either furanose or pyranose
rings. The number of isomers increases
geometrically as the number of constituents
increases since branching becomes a possibility.
In addition, because of the lack of template in
their biosynthesis, sugar chains are mi-
croheterogeneous even at a single glycosylation
site, and very often glycoproteins have more
than one glycosylation site. In addition to single
glucose and N-acetyl glucosamine moieties which
are linked to Lys and Ser/Thr residues, respec-
tively, complex carbohydrates can be attached to
a protein in either of two linkages. In N-linked
oligosaccharides, N-acetylglucosamine (GlcNAc)
is the reducing terminal monosaccharide linked
to the amide group of an asparagine side chain in
an Asn-X-Ser(Thr) sequence. In O-linked
oligosaccharides, N-acetylgalactosamine usually
is the reducing terminal sugar linked to the
hydroxyl group of a Ser or Thr residue in the
polypeptide backbone. O-linked sugar chains are
usually short and formed by the stepwise transfer
of a monosaccharide to the Ser and Thr residue
from its nucleotide derivative. In contrast, N-
linked sugar chains are synthesized by a series of
additions and removals that include lipid-linked
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intermediates [35]. They are usually larger than
O-linked sugar chains and can be divided into
three groups: complex-type sugar chains, high
mannose-type sugar chains and hybrid-type sugar
chains [5]. All three types contain a common
pentasaccharide core structure, Manal-6(Man-
a1-3)ManB1-4GlcNAcB1-4GlcNAc.

The first step in the structural characterization
of a carbohydrate chain is the release of the
oligosaccharides from the glycoprotein to gener-
ate an intact pool of oligosaccharides that are
subsequently separated from one another. These
are difficult tasks. Both enzymatic and chemical
methods have been used to cleave oligosaccha-
rides from glycoproteins. Two classes of enzymes
have been identified that can release asparagine-
linked oligosaccharide chains, and both are now
commercially available. endo-B-N-Acetylglucos-
aminidases (EC 3.2.1.96) hydrolyse the
glycosidic bond between two N-acetyl-
glucosamine residues [36,37], thus leaving one
GIcNAc residue on the protein. Peptide-N-
(N-acetyl-8-glucosaminyl)-asparagine  amidase
(EC 3.2.2.18) hydrolyses GlcNAc—Asn linkages.
The oligosaccharides cleaved by this enzyme are
thus intact and possess a reducing terminal. It
has proved to be the most efficient enzyme for
releasing N-linked oligosaccharides from glyco-
proteins [38]. Enzymatic release of O-linked
carbohydrate chains from glycoproteins by endo-
a-N-acetylgalactosaminidase (EC 3.2.1.97) is
not used widely since its substrate specificity is
quite strict [39]. It only recognizes the disac-
charide GalB1-3GalNAc.

Chemical release of oligosaccharides has been
applied successfully to both N-linked and O-
linked sugars [40]. For the latter, B-elimination
in the presence of an alkaline solution of NaBH,
is often used [41]. Hydrazine and trifluoro-
methanesulfonic acid (TFMS) can be used to
cleave both N-linked and O-linked sugar chains
[42,43]. Hydrazinolysis has increasingly received
attention since it can discriminate between N-
linked and O-linked sugars [44]. It also has the
advantage that it generates oligosaccharides with
reducing termini which allow subsequent label-
ling and derivatization for easy downstream
separation and detection. Hydrazine unavoidably

degrades the protein part of the glycoprotein. If
the protein part must be kept intact, enzymatic
cleavage or hydrolysis with TFMS should be
used.

Separation of heterogenous glycoforms from
one another to yield homogenous oligosaccha-
rides is yet another very difficult step in carbohy-
drate analysis, since the monosaccharide con-
stituents of complex carbohydrates usually have
very similar chemical structures. Often the
compositions of different oligosaccharides differ
by only one or two monosaccharides, and in
some cases the oligosaccharides have the same
composition but differ only in one or two
anomeric linkages. Chromatographic techniques
such as GLC, TLC, low-pressure LC and HPLC
have all been used for carbohydrate separation
and purification [44-55]. Methods for separation
have been developed based on both size and
charge. Anionic oligosaccharides containing
sialic acid, uronic acid, phosphate or sulfate
groups can be separated by ion-exchange chro-
matography. For uncharged oligosaccharides, gel
permeation chromatography on Bio-Gel P-4 usu-
ally is a good choice. Neutral sugars can also be
separated by ion-exchange chromatography in
borate buffer if they have cis-hydroxyl groups
which allow formation of a charged borate com-
plex. In addition, affinity chromatography on
immobilized lectin columns is used widely to
separate oligosaccharides and differentiate dif-
ferent sugar structures. Since the specificity of
this method is very high, it not only allows the
separation of structurally similar oligosaccha-
rides, but also provides information about their
terminal structures [56}. Recently, NMR and MS
have gained prominence and are now the most
important methods for detailed elucidation of
carbohydrate structure [57-59]. By a combina-
tion of the currently available techniques, several
thousand complex carbohydrates have now been
characterized and reported. However, these
methods are still not ideal: they are time-con-
suming, involve expensive equipment and re-
quire expert interpretation of the data. Also, a
relatively large amount of starting material is
required which sometimes is very difficult to
obtain from biological samples. Clearly, the
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existence (or introduction) of a rapid, simple,
sensitive, cost-effective method would fill a criti-
cal niche in carbohydrate analysis.

For this reason, a method based on electro-
phoretic separation of carbohydrates fluores-
cently-labeled at the aldehydic reducing termini
shows promise for the structural characterization
of oligosaccharides, and may be particularly
useful for multiple sample analysis and com-
parison [60—67]. The method has been termed
fluorophore-assisted carbohydrate electropho-
resis (FACE) or the less euphonic poly-
acrylamide gel electrophoresis of fluorophore-
labeled saccharides (PAGEFS). This review de-
scribes the principles of FACE and its applica-
tion to several aspects of carbohydrate analysis.

3. Fluorophore-assisted carbohydrate
electrophoresis

FACE technology was first described by Jack-
son in 1990 [63]. It combines the high resolution
and simplicity of polyacrylamide gel electropho-
resis (PAGE) with the sensitivity and visibility of
fluorescence. In principle, carbohydrates that
have a reducing terminus (aldehydic carbon) are
reacted with a fluorophore that has a primary
amino group. The resultant Schiff base is stabil-
ized by reductive amination with sodium cyano-
borohydride to yield the final stable fluorescently
labeled derivatives which are separated by
PAGE under appropriate conditions and fol-
lowed by detection and quantification of the
fluorescence of the bands under UV illumina-
tion.

The fluorophores that have been used most
often are 8-aminonaphthalene-1,3,6-trisulfonic
acid (ANTS) [62-65] and aminoacridone
(AMAC) [60,61} whose chemical structures are
shown in Fig. 1. ANTS has three sulfonic acid
groups, an excitation maximum at 365 nm and an
emission that peaks at 515 nm. ANTS labeling
not only confers fluorescence on the carbohy-
drate but also adds three negative charges that
enable the previously neutral molecule to mi-
grate in an electric field. Both acidic and neutral

. A 705 (1995) 89-103
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Fig. 1. Chemical structures of ANTS and AMAC.

saccharides can be labeled with ANTS. Sepa-
ration of ANTS-labeled carbohydrate derivatives
is based both on charge and size. The mobility of
neutral saccharide derivatives depends mostly on
their size as all possess the same charge con-
tributed by ANTS. However, the conformation
of the saccharides and the configuration of their
hydroxyl groups may also contribute to their
migration, presumably by perturbing their effec-
tive size and interaction with the gel matrix.
Thus, glucose, galactose and mannose are re-
solved readily, as are maltose (Glcal-4Glc),
isomaltose (Glcal-6Glc) and cellobiose (GlcB1-
4Gle) [63].

Several electrophoretic buffer systems have
been tested for the separation of fluorescently
labeled saccharides [61,63,64]. For ANTS-
labeled saccharides, the Tris—glycine system of
Laemmli [68], commonly used for sodium
dodecyl sulfate (SDS)-PAGE, gives satisfactory
results. SDS is not required for separation to
occur and is therefore omitted throughout the
procedure. The concentration of the gel can be
varied and optimized for specific purposes. Gen-
erally, 30% acrylamide is adequate for most of
the N-linked oligosaccharides. A gradient gel
may be necessary to separate saccharides that
have a wide range of size and charge. A ladder
of glucose polymers ranging from glucose to
maltooligosaccharides of approximately 30 glu-
cose units have been well separated in a 20 to
40% gradient gel [63].

The other fluorophore, AMAC, has a 425 nm
excitation wavelength and an emission maximum
at 520 nm. It is uncharged at neutral and alkaline
conditions and is thus useful for the analysis of
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small acidic saccharides. AMAC derivatives of
neutral saccharides do not migrate in the Tris—
glycine buffer system. They can migrate into the
gel and be separated in a borate-containing
buffer owing to the formation of a charged
borate complex with the cis-hydroxyl groups of
the saccharides. Therefore, AMAC serves to
differentiate neutral and acidic saccharides by
electrophoresis in borate and non-borate buffer
systems. Another feature of AMAC is that it
undergoes a significant reaction with sialic acid
by an unknown mechanism [61]. All commonly
occurring monosaccharides (Glc, Gal, Man, Fuc,
SA, GlcNAc and GalNAc) can be labeled with
AMAC and separated subsequently from one
another by PAGE in a borate buffer. AMAC is
the reagent most often used for monosaccharide
analysis.

The chemical reaction of ANTS with a reduc-
ing sugar is shown in Fig. 2. The derivatization
of carbohydrates with either ANTS or AMAC
should have 1:1 stoichiometry and complete
modification has been obtained with up to 100
nmol glucose. lactose, maltopentaose [63] and
Gal-6-SO; under the conditions described in the
legends to Figs. 3 and 4 for ANTS and AMAC
labeling, respectively. The emission wavelength
of the fluorophores for both ANTS and AMAC
derivatives of saccharides produces yellow bands
under UV illumination after appropriate filtra-
tion. A 10 pmol band is easily visualized. One
simple way to view and record FACE gels is with
a standard long wavelength UV light box and the
type of arrangements commonly employed for
photographing ethidium bromide-stained DNA
gels. Greater sensitivity can be achieved by
recording a digitized image of the FACE gel with
a cooled, charge-coupled device (CCD) camera.

With both ANTS and AMAC-labeled sac-
charides, as little as 0.1 pmol per band can be
detected with the Glycoscan system of Millipore
(Bedford, MA. USA) or the FACE imaging
system of Glyko (Novato. CA. USA). Since the
derivatization is stoichiometric and quantitative,
the intrinsic fluorescence of the polyacrylamide
gel and the buffers is low, and the linear range of
the CCD camera is wide, quantitative carbohy-
drate analysis can be achieved easily by direct
comparison of the fluorescence intensity of a
given band with that of a known amount of
internal standard.

4. Oligosaccharide profiling by FACE

In studies involving glycoproteins, it is often
necessary to compare the degree of glycosylation
of two or more glycoproteins. For example, the
glycosylation of a recombinant glycoprotein must
be compared to that of its native counterpart.
This comparison is usually performed either
“indirectly” by monosaccharide composition
analysis or “directly”” by oligosaccharide profile
analysis. Experimentally, composition analysis is
easier, and for this reason has commonly been
preferred. However, like peptide mapping and
fingerprint analysis of a protein. profiling analy-
sis of the oligosaccharides released from glyco-
proteins is more informative and gives the prop-
erties of the oligosaccharides such as charge. size
and linkage.

N-Linked oligosaccharide analysis by FACE
starts with enzymatic release of glycans from the
glycoproteins. Peptide N-glycosidase F (PNGF)
has proved to be an ideal glycosidase for N-
linked glycan release. It is, in fact, an amidase

CH,OH CH,OH CH,OH CH,OH
Schiff's base
o OH OH o ANTS NaCNBHJ o
OH ‘._"" CH H — ] CH,—NH
o ¢)
HNAc HNAc

Fig. 2. Derivatization of a reducing sugar by ANTS.
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rather than a glycosidase since it cleaves the
GlcNAc-Asn linkage. All three types of N-
linked glycans can be released by PNGF under
appropriate conditions. The liberated oligosac-
charides have a reducing terminus which is ideal
for subsequent derivatization with ANTS. The
amount of glycoprotein required to obtain a
clear and informative profile of N-linked oligo-
saccharide varies with both the carbohydrate
content of the glycoprotein and the microhetero-
geneity of the sugar chains. In most cases, 50 ug
of glycoprotein are adequate. Conditions for the
release of N-linked oligosaccharides by PNGF
and the subsequent derivatization of the glycans
with ANTS from various amounts of glycopro-
teins have been defined [65]. The N-linked
oligosaccharide profiles of six glycoproteins are
shown in Fig. 3. Most of the N-linked sac-
charides migrate somewhere between G, and
Gi.. |

N-Linked oligosaccharide profiling is very use-
ful for comparison of the glycosylation patterns
of glycoproteins. Multiple samples can be ana-
lyzed side-by-side on the same gel and, hence,
the method is ideal for examining of the oligo-
saccharide chains of a glycoprotein isolated from
different species or at different stages during
development or cellular differentiation. It can
also be used to identify changes in glycosylation
that might accompany certain physiological or
pathological conditions. For recombinant glyco-
proteins, FACE oligosaccharide profiling prom-
ises to be a simple, convenient means for quality
control to monitor batch-to-batch consistency.
This is particularly important when the carbohy-
drate moiety participates in the biological func-
tion of the glycoprotein.

Profiling of O-linked oligosaccharides of
glycorpoteins is essentially the same as for N-
linked oligosaccharides except for two changes.
Instead of PNGF, hydrazinolysis is used to
release the oligosaccharide from the proteins,
and a higher percentage of acrylamide gel must
be used because O-linked oligosaccharides are
usually small and contain neuraminic acid. As an
example, the O-linked oligosaccharides obtained
from the glycoprotein fetuin are shown in Fig. 4.

Fig. 3. N-Linked oligosaccharide profiles of glycoproteins. A
50-ul aliquot of a 1 mg/ml solution of a glycoprotein in water
was combined with 50 ul of 40 mM sodium phosphate buffer,
pH 8.6. SDS and B-mercaptoethanol were added to final
concentrations of 0.1% and 50 mM, respectively, and the
mixture was boiled for 5 min to denature the protein. It was
cooled on ice and Nondient P40 (NP-40) was added to a final
concentration of 0.5%. (If necessary. 0.2% SDS can be used
to denature the protein, but the concentration of NP-40 must
then be increased to give a final concentration that is five
times higher than SDS so that PNGF will be fully active.)
PNGF, 5 mU, was added to cleave the oligosaccharides from
the glycoprotein and the mixture was incubated at 37°C.
After 2 h, 3 volumes of ice-cold ethanol were added to
precipitate the protein. The supernatant, containing released
oligosaccharides, was dried in a centrifugal vacuum
evaporator at a temperature <45°C to avoid oligosaccharide
degradation. The residue was resuspended in 5 ul of 0.15 M
ANTS in 15% (v/v) acetic acid. Then 5 ul of 1.0 M sodium
cyanoborohydride in dimethyl sulfoxide (DMSO) were
added, and the suspension was mixed, briefly centrifuged to
bring the reactants to the tip of the tube, and incubated at
45°C for 3 h. After drying in a centrifugal vacuum evaporator
the fluorescent-labeled oligosaccharides were redissolved in
20 ul of 20% glycerol and 4 ul of the sample was used for
electrophoresis. Each lane corresponds to the oligosaccha-
rides released from 10 g glycoprotein. A 30% acrylamide
gel was used with the Laemmli [68] buffer system but with
SDS omitted. Electrophoresis was carried out at 5°C, 15 mA
with an upper limit setting of 800 V and 60 W. A fluorescent
image of the gel was recorded with a CCD camera under UV
illumination. Lanes: 1=control, no glycoprotein; 2=
transferrin; 3 = carboxypeptidase Y; 4=fetuin; 5=
asialofetuin; 6 = a,-acid glycoprotein; 7 = a,-antitrypsin; 8 =
a standard ladder of glucose polymers in which the lowest
band is G,.
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Fig. 4. O-Linked oligosaccharides of fetuin. A 50-ul volume
of 1 mg/ml fetuin in a conical reaction tube was dried in a
centrifugal vacuum evaporator and placed in a vacuum
dessicator over P,O, to remove all traces of water. The
sample was dried overnight., 50 pl of anhydrous hydrazine
were added and the tube was vortexed, overlayed with dry
nitrogen and capped tightly. After 3 h incubation in a sand
bath at 60°C. the sample was again dried in the centrifugal
vacuum evaporator and resuspended in 30 ul of 0.2 M
NaHCO,. pH 10.7. Acetic anhydride. 3 ul. was added to
re-N-acetylate the primary amino groups generated during
hydrazinolysis. The sample was incubated on ice for 15 min,
dried in the centrifugal vacuum evaporator and labeled with
ANTS as described in Fig. 3. The labeled oligosaccharide
mixture was electrophoresed in a 40% acrylamide gel and the
products were visualized with the FACE system. Lanes:
1 = the migration pattern of some known oligosaccharides:
maltoheptaose. maltohexaose. maltopentaose. maltotetraose.
maltotriose, cellotriose, galactobiose. maltose. lactose. galac-
tosylgalactose. N-acetylgalactosamine, galactose, glucose and
6-deoxyglucose, from top to bottom. respectively: 2. 3 = the
O-linked oligosaccharides from 10 pg fetuin: 4 = a standard
ladder of glucose polvmers in which the lowest band is
glucose itself.

The conditions for hydrazinolysis of O-linked
oligosaccharides have been described by Patel et
al. [44].

Both N-linked and O-linked oligosaccharide
profiling can be carried out either analytically or
preparatively. Individual oligosaccharide bands
can be cut from a preparative gel, eluted into
water and subjected to subsequent analysis for
monosaccharide composition and oligosaccharide
sequence.

5. Monosaccharide composition analysis by
FACE

Most glycoproteins contain up to seven differ-
ent kinds of common monosaccharides: mannose
(Man), fucose (Fuc), galactose (Gal), glucose
(Glc). N-acetylglucosamine  (GlcNAc), N-
acetylgalactosamine (GalNAc) and N-acetyl-
neuraminic acid (Neu5Ac). Such monosac-
charides can be divided into three groups: neu-
tral sugars comprising Glc, Gal, Man and Fuc;
amino sugars including GlcNAc and GalNAc;
and acidic sugars containing Neu5Ac. Amino
sugars and neutral sugars react with both ANTS
and AMAC. Neu5Ac lacks an aldehydic reduc-
ing group and thus does not react with ANTS. It
can, however. form a fluorescent derivative with
AMAC by an as yet unknown mechanism.
Monosaccharide composition analysis is there-
fore usually carried out with AMAC. As shown
in Fig. 5, AMAC derivatives of the seven mono-
saccharides can be separated by PAGE in a
buffer that contains borate. Monosaccharide
composition analysis can be done with both an
intact glycoprotein and purified oligosaccharides
such as those eluted from a preparative oligo-
saccharide profiling gel. Since the thermal and
acidic stabilities among the three groups of
monosaccharides differ, three different hydrol-
ysis conditions have been developed to achieve
optimal recovery of neutral, amino and acidic
sugars, respectively. Table 1 lists conditions for
hydrolysis of the three types of sugars from both
intact glycoproteins and isolated oligosaccha-
rides. For neutral sugars in an intact glycopro-
tein, more than 90% of the sugars can be
recovered by hydrolysis in 2 M TFA at 100°C for
5 h. For amino sugars, 4 M HCI at 100°C for 3 h
is usually adequate for the purpose. After hy-
drolysis, re-N-acetylation of the amino sugars
must be performed to reverse whatever
deacetylation has occurred during this process.
This can be accomplished by incubating the
samples on ice with 1 M acetic anhydride in 0.2
M NaHCO,, pH 10.7, for 15 min. For neutral
and amino sugars from a purified oligosaccha-
ride, the hydrolysis time can be reduced to 1 h
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Fig. 5. Monosaccharide composition analysis of human trans-
ferrin. Three tubes containing 50 pg human transferrin each
were dried in a centrifugal vacuum evaporator. A 100-ul
volume of 0.1 M trifluoroacetic acid (TFA) was added to
tube 1 and it was incubated at 80°C for 30 min to hydrolyze
neuraminic acid. A 100-ul volume of 2 M TFA was added to
tube 2 and it was incubated at 100°C for 5 h to hydrolyze
neutral sugars. 100 pl of 4 M HCI was added to tube 3 and it
was incubated at 100°C for 3 h to hvdrolyze amine sugars.
After incubation. the samples were again dried in a centrifu-
gal vacuum evaporator. Tube 3 was subjected to re-N-
acetylation as described in the legend to Fig. 4. For AMAC
labeling, the samples were resuspended in 2.5 ul of 15%
(v/v) acetic acid, mixed with 2.5 ul of 0.2 M AMAC in
DMSO. followed by 5 ul of sodium cyanoborohydride.
mixed and incubated at 45°C for 3 h. AMAC-labeled mono-
saccharides were dried. redissolved in 5 ul of DMSO. and
diluted with 20% glycerol to a final volume of 20 ul. A 4-ul
aliquot of this solution was then applied to a monosaccharide
composition gel. Concentrations of acrylamide in the separat-
ing and stacking gels are 20 and 4%. respectively. and the
electrophoresis buffer is 0.1 M Tris base-borate/boric acid.
pH 8.3. Electrophoresis was carried out at 25 mA per gel for
2.5 h. Lanes: 1= neuraminic acid: 2 = neutral sugars: 3=
amine sugars; 4= monosaccharide standards: GalNAc.
NeuSAc, Man, Fuc, Gal and GlcNAc, from top to bottom.
respectively.

and 30 min, respectively. Neu5Ac, which is very
labile, requires special attention. Appropriate
conditions for NeuSAc analysis from glycopro-

Table 1

teins and purified oligosaccharides are 0.1 M
TFA or 0.1 M HCI at 80°C for 30min, respec-
tively. Moreover, the labeling efficiency of
NeuSAc by AMAC is much lower than that of
neutral and amino sugars, presumably because of
a different reaction mechanism. Therefore, a
NeuSAc labeling control should be used every
time. N-Acetyllactosamine is here recommended
as a monocomposition control to monitor the
efficiency of the hydrolysis, re-N-acetylation and
fluorophore labeling reactions.

It should be noted that determination of
monosaccharide composition by FACE has been
thought not to compare favorably with other
methods available for monosaccharide analysis.
Thus, ion-exchange chromatography at high pH
with electrochemical detection [69] or reversed-
phase chromatography of precolumn derivatized
sugars [70,71] have been shown to provide an
accurate determination of monosaccharide
composition. However, when combined with
other applications of FACE such as oligosac-
charide profiling and sequencing, monosac-
charide analysis by the same method becomes a
convenient extension of this technology.

6. Oligosaccharide sequencing by FACE

Oligosaccharide sequence analysis is the most
difficult step in the complete structural determi-
nation of a glycoprotein. Unlike protein and
DNA sequencing, it requires identification of (i)
the particular carbon atom involved in each
linkage, (ii) the anomeric specificity of the link-
age and (iii) the identity and order of each
monomer. Several physical, chemical and en-
zymatic methods have been developed and re-
fined for oligosaccharide sequencing [72-75].

Conditions for hydrolysis of intact glycoproteins and isolated oligosaccharides

Analysis Intact glvcoproteins

Isolated oligosaccharides

0.1 M TFA.80°C. 30 min
2M TFA100°C. 5 h
4 M HCL 100°C. 3 h

Neuraminic acids
Neutral sugars
Amino sugars

0.1 M HCIL. 80°C. 30 min
2MTFA.100°C. 1 h
4 M HCL 100°C. 30 min
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Sequential digestion with exoglycosidases of
known specificities is the one most commonly
used for this purpose [75].

Oligosaccharide sequencing is a third major
potential application of FACE technology.
Oligosaccharide profiling and monosaccharide
composition analyses are prerequisites for se-
quence determination. Even more importantly,
the oligosaccharide must be available in a
homogeneous form. This can be achieved by
oligosaccharide preparative electrophoresis. The
oligosaccharide isolated in this way would have
been fluorescently labeled already with ANTS
which remains at the reducing end throughout
the procedure. The digestion products can thus
be analyzed for a shift in mobility without
additional treatment. Further, the composition
analysis of the isolated oligosaccharide provides
preliminary information about the oligosaccha-
ride such as content of neuraminic acid and
mannose. This information is very useful in
determining the appropriate exoglycosidases to
apply. Moreover, the selectivity of the releasing
enzymes is also helpful in oligosaccharide se-
quencing. PNGF releases all three types of N-
linked oligosaccharides from glycoproteins,
whereas endoglycosidase H only releases high-
mannose and hybrid oligosaccharides. There-
fore, if an oligosaccharide isolated from a
PNGF-released profile does not appear on the
endoglycosidase H-released profile, it must be a
complex-type oligosaccharide. Based on the
NeuSAc content from monosaccharide composi-
tion analysis, it is easy to decide whether neur-
aminidase or B-galactosidase should be used to
cleave the outermost monosaccharide. Sub-
sequent to the first exoglycosidase digestion, an
aliquot of the product mixture can be taken for
gel analysis to determine the mobilities of the
remaining oligosaccharides. The next exoglycosi-
dase digestion can be carried out with either the
digestion mixture or the gel-purified product
from the previous digestion. Repetitive treat-
ment of the same digestion mixture with differ-
ent exoglycosidases will generate the final
core structure, ManB1-4GIcNAcB1-4GlcNAc
or ManpB1-4GlcNAcB1-4(Fucal-6) GIcNAc.
Hence, the oligosaccharide sequence can be

deduced from knowledge of the general structur-
al features of N-linked oligosaccharides, the
degradation patterns resulting from digestion
with exoglycosidases of known specificity, and
the pre-determined migration patterns of known
sequence. Table 2 lists the mobility of ANTS-
labeled N-linked oligosaccharide standards as
defined by Glyko. The migration values are
expressed as a degree of polymerization, DP,
which describes the mobility of an oligosaccha-
ride relative to a mixture of glucose polymers.
For example, a band that migrates in a position
corresponding to maltotetraose (G,) has a DP of
4, and to maltopentaose (G;) a DP of 5. An
oligosaccharide that migrates halfway between
G, and G, has a DP of 4.5. Table 3 shows the
shift in mobility of an ANTS-labeled oligosac-
charide that would occur on removal of a single
monosaccharide. These values can serve to cor-
relate mobility shifts measured in the sequencing
gel with the number of monosaccharides released
sequentially from an oligosaccharide. It should
be kept in mind that photobleaching of a fluoro-
phore-labeled oligosaccharide will inevitably
occur during UV-assisted excision from a pre-
parative gel, and this precludes accurate quanti-
tation of isolated oligosaccharides. Quantitation
of exoglycosidase-released monosaccharides by
monosaccharide composition gel analysis is likely
to be less than satisfactory since both the exo-
glycosidase and the buffer may interfere with the
efficiency of derivatization.

The position and anomeric character of a
glycosidic linkage can be determined by the
specificity of the exoglycosidase employed.
Three neuraminidases with distinct specificities
are commercially available. Neuraminidase I
releases only @2-3 linked neuraminic acid, neur-
aminidase II cleaves both «2-3 and a2-6 link-
ages, whereas neuraminidase III is non-specific
and removes all neuraminic acids («2-3,-6,-8
linkages) from glycoproteins. This allows the
linkage of a neuraminic acid in a glycoprotein to
be determined readily by appropriate use of
these enzymes.

Recently, a new strategy for sequencing oligo-
saccharides has been developed [76]. This so-
called reagent-array method of analysis involves
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Table 2
Mobility of ANTS-labeled N-linked oligosaccharides
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Oligosaccharides DP

Oligomannose 9 8.8
Oligomannose 8 8.1
Oligomannose 7 7.4
Oligomannose 6 6.5
Oligomannose 5 5.7
Disialylated (2a2-6), galactosylated bi-antennary 5.4
Disialylated (2a:2-6), galactosylated bi-antennary, core-fucosylated 5.7
Disialylated (2a2-3), galactosylated bi-antennary 6.4
Disialylated (2a:2-3), galactosylated bi-antennary, core-fucosylated 6.7
Trisialylated (2a2-6, 1a2-3), galactosylated bi-antennary 6.2
Trisialylated (1a2-6, 2a2-3), galactosylated bi-antennary 6.7
Asialo-, galactosylated bi-antennary 7.8
Asialo-, galactosylated bi-antennary, core-fucosylated 8.5
Asialo-, galactosylated tri-antennary 9.6
Asialo-, galactosylated tri-antennary, core-fucosylated 10.5
Asialo-, galactosylated tetra-antennary 11.5
Asialo-, galactosylated tetra-antennary, core-fucosylated 12.1
Asialo-, degalacto, bi-antennary 5.6
Asialo-, degalacto, bi-antennary, core-fucosylated 6.2
Asialo-, degalacto, tri-antennary 6.4
Asialo-, degalacto, tri-antennary, core-fucosylated 7.1
Asialo-, degalacto, tetra-antennary 7.3
Asialo-, degalacto, tetra-antennary, core-fucosylated 7.9
Conserved tri-mannosyl core 4.2
Conserved tri-mannosyl core, core-fucosylated 4.8
Mana1-6ManB1-4GlcNAcB1-4GIcNAc 3.3
Mana1-6ManB1-4GlcNAcB1-4(Fucal-6)GlcNAc 4.0
Mang1-4GlcNAcB1-4GlcNAc 2.5
Manp1-4GlcNAcB1-4(Fucal-6)GlcNAc 3.2

incubating each of nine aliquots of an oligo-
saccharide to be sequenced with a set of defined,
preprepared mixtures of exoglycosidases, i.e. the
reagent array. Each sample glycan will be di-
gested from the non-reducing end until only a

Table 3
Monosaccharide contribution to oligosaccharide DP*

Monosaccharide Movbility shift, DP units

NeuSAc -1
Gal +1
GIcNAc +0.75
Man +0.75
Fuc +0.6

* Defined by Glyko, Novato, CA, USA.

limit glycan fragment remains. Then, the prod-
ucts from each of the nine digestion mixtures are
combined and subjected to gel permeation chro-
matography on Bio-Gel P-4. This generates a
signature of the hydrodynamic volume/relative
molar ratio of the stop-point fragments. By
comparing this signature with the theoretical
signatures of oligosaccharides with known se-
quence, the structure of the glycan can be
deduced by a best-fit computer program. The
reagent-array method has been modified by
Oxford Glycosystems and a carbohydrate se-
quencer (RAAM 1000 GlycoSequencer; Oxford
Glycosystems, Abingdon, UK) based on this
technology has been developed and is now
commercially available.

FACE oligosaccharide sequencing uses the
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same principle [75]. In this case, the digestion
products need not be combined. but can be
analyzed side-by-side in different lanes of the
same gel. Fig. 6 shows an example of this
method applied to an oligosaccharide isolated
from human serum glycoproteins. Typically a
FACE sequencing experiment would involve
setting up five separate enzyme digests. About

Fig. 6. Sequence analysis of an oligosaccharide from human
serum glycoproteins. N-Linked oligosaccharides were re-
leased from 50 1 of normal human serum and labeled with
ANTS under the conditions described in the legend to Fig. 3.
After preparative N-linked oligosaccharide gel electropho-
resis the oligosaccharide with a DP value of 5.3 was isolated
by aqueous extraction of the gel slice. Lane 1 shows the
migration pattern of all the ANTS-labeled oligosaccharides
released from serum glycoproteins. The isolated DP 5.3
oligosaccharide was divided into five equal fractions. each of
which was incubated with the indicated combinations of
glycosidases in 50 mM sodium phosphate buffer, pH 6.0. at
37°C overnight. The glycosidase digestion products were
subjected to N-linked oligosaccharide profiling gel electro-
phoresis for mobility shift analysis. Other lanes: 2=
oligosaccharide DP 5.3: 3 = neuraminidase (4 mU) digestion
product; 4 = neuraminidase (4 mU) and B-galactosidase (10
mU) digestion product; 5 = neuraminidase (4 mU) + B-gal-
actosidase (10 mU) + N-acetyl B-glucosaminidase (80 mU)
digestion product; 6 = neuraminaidase (4 mU) + B-galacto-
sidase (10 mU) + N-acetyvl B-glucosaminidase (80 mU) + a-
mannosidase (20 mU) digestion product; 7=a standard
ladder of glucose polymers in which the lowest band is G,. A
comparison of the mobility change of each glycosidase
digestion and the DP value of each digestion product with the
standards in Tables 2 and 3 identifies the sequence of
oligosaccharide DP 5.3 as NeuSAca?2 - 6GalB1 - 4GlcNAcS1
- 2Manal - 6(NeuSAca?2 - 6GalB1 - 4GlcNAcB1 - 2Manal -
3)Mang1 - 4GlcNAcB1 - 4GIcNAc.

50-100 pmol of ANTS-labeled oligosaccharide
would be used in each of the five tubes. The first
tube does not receive any enzyme and is used as
a size marker for the location of the starting
material on the gel. The second sample is di-
gested with neuraminidase 111, which releases all
the neuraminic acids. The third tube contains
neuraminidase 111 and B-galactosidase which will
release both neuraminic acids and galactose. The
fourth tube contains neuraminidase III, B-gal-
actosidase and B-N-acetylhexosaminidase which
will release neuraminic acids, galactose and N-
acetylglucosamine. The fifth tube contains all of
the above enzymes plus a-mannosidase which
will degrade the residual oligosaccharide to its
core structure.

Sequencing of complex branched oligosaccha-
rides by FACE is more difficult and is currently
under development.

7. Interactions of proteins and carbohydrates

Binding of carbohydrates to proteins is vital
for the function of many important biological
systems. Lectins and selectins are two well-
known examples of carbohydrate binding pro-
teins. The former play critical roles in initiating
viral. bacterial, mycoplasmal and parasite in-
fections: cell—cell adhesion; fertilization and de-
velopment; proliferation and differentiation: and
metastasis [77-82]. The latter have been recently
identified as endothelial-cell-surface carbohy-
drate binding proteins that function in the re-
cruitment of leukocytes to injured tissues [23—
25

Historically, carbohydrate—protein interac-
tions have been investigated by a variety of
techniques including quantitative precipitation.
hapten inhibition. equilibrium dialysis and affini-
ty chromatography on immobilized ligands. Al-
though each of these techniques provides some
unique answer. all either require large amounts
of material or must use radioactive carbohydrate
derivatives. Consequently, we have developed a
gel retardation assay using FACE technology
[83] and demonstrated its feasibility both for
screening and identifying carbohydrate ligands of
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proteins and for the determination of apparent
dissociation constants of native and ANTS-
labeled carbohydrate ligands. The ANTS-labeled
carbohydrate or carbohydrate mixture is incu-
bated with its binding protein(s). subjected to gel
electrophoresis. visualized and quantified by the
FACE system. A side-by-side comparison be-
tween protein-present and protein-absent sam-
ples easily identifies the carbohydrate ligand of
the protein. Protein-bound carbohydrate remains
at the top of the gel. whereas free carbohydrate
migrates into the gel and is thereby scparated.
Fig. 7 illustrates a gel retardation assay of lectin—
carbohydrate binding. Threec ANTS-labeled
oligosaccharides are separated from each other
by gel electrophoresis. Each is seen to be re-
tarded by its specific lectin. By this method. the

Fig. 7. Gel retardation assay of lectin-carbohydrate binding
(from [83]). A mixture of three ANTS-lubeled oligosac-
charides, cach 10 pM. was incubated with 20 u M Sambucus
nigra agglutinin (SNAL lane 2)0 20 p M Galanthus nivalis
agglutinin (GNA. lanc 3). 20 uM Maackia amurensis ag-
glutinin (MAAL lance 4). 20 M SNA + 20 oM GNA (lanc
5). 20 M SNA =20 uM MAA (lanc 6). and 20 pM
GNA =20 uM MAA (lane 7). respectively, in 50 maM Tris-
HCL pH 7.5.0.15 M NaClL | mAM MgClL.. 1 mA MnCl. and
I mM CaCl, at room temperature for 30 min at a final
volume of 10 ul. Lanc 1 is the oligosaccharides control
incubated without any of the lectins. The three bands in lane
I are. from top to bottom. NeuSAcal 6Galgl
4GleNAceB1 - 2Manal - 6(NeudAca2 - 6Gulgl - 4GleNAcS
- 2Manal - 3)Mangl - 4GIeNAcB! - 4GleNAc. Manal-
6(Mana 1-3)ManB 1-4GIcNAcB1-4GleNAc and NeuSAca2-
3GalB1-3GIeNAcB1-3GalB 1-4Gle. respectively. Lane N is a
standard ladder of glucose polymers in which the lowest band
is: G

apparent dissociation constants for binding of
the ANTS-labeled and unlabeled oligosacchar-
ide NeuSAca2-6GalB1-4GIcNAcB1-2Mana -
6(NeuSAca2-6GalB1-4GIcNAcB1-2Manal-3)-
Manpg1-4GlcNAcB1-4GlcNAc to the lectin Sam-
bucus nigra agglutinin (SNA) have been deter-
mined to be 0.74 and 0.22 uM, respectively [83].
This is apparently the first example in which
dissociation constants for labeled and unlabeled
ligand have been measured separately. Usually,
in order to measure the dissociation constant. it
must be assumed that the binding of labeled and
unlabeled ligand to a protein are the same. This
is not always valid since labeling can frequently
alter the structure of the ligand. This assumption
is not required in the determination of binding
affinities by gel retardation/FACE, constituting
a unique advantage of this technique.

The gel retardation/FACE assay can also be
used to study the interaction between proteins
and glycosaminoglycans. The latter are nega-
tively charged polysaccharides composed of re-
peating disaccharide units [84]. They play im-
portant biological roles in a variety of cell
processes including cell-cell interactions, cell
adhesion on the extracellular matrix. ligand and
receptor binding, etc. [85]. All types of glvcos-
aminoglycans can be fluorescently labeled by
ANTS and appear as smeared bands on oligo-
saccharide profiling gels. Fig. 8 depicts how this
method can detect the binding of ANTS-labeled
N-acetvlheparin to angiogenin, a potent inducer
of neovascularization [86].

8. Potential applications of FACE in clinical
diagnosis

It is known that changes in glycosylation of
some glycoproteins are associated with various
pathological conditions [31]. Thus, liver discase
can be accompanied by reduced sialylation and
increased glycan branching whereas cancer can
be accompanied by increased fucosylation [87].
Table 4 lists some examples of carbohydrate
diagnostic targets. Among them, FACE diag-
nosis may benefit the lysosomal storage diseases,
a large group of genctically determined or ac-
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Fig. 8. Binding of proteins to glycosaminoglycans. N-
Acetylheparin was labeled by ANTS under the conditions
described in the legend to Fig. 3. ANTS-labeled N-
acetylheparin. 500 pmol. was incubated with 1 nmol of
protein in 10 w1 PBS at room temperature. and after 30 min.
the mixture was applied to an N-linked oligosaccharide
profiling gel. Lane 1. control: lane 8, a standard ladder of
glucose polymers in which the lowest band is G,. The low
fluroescence intensities clearly indicate that bovine and
human angiogenins (lanes 2 and 3) bind to N-acetylheparin.
whereas bovine angiogenin-like protein. ribonuclease A,
lysozyme and actin (lanes 4-7) do not.

quired glycolipid metabolic disorders [88.89].
since glycolipids are less heterogeneous than
glycoproteins and therefore easier to identify as
diagnosis target(s). In addition. the carbohy-

Table 4
Potential carbohydrate diagnostic targets

Fig. 9. FACE analysis of glycolipids. A 10-ug sample of
monosialoganglioside(s) was incubated with 0.2 ml ceramide
glycanase in 0.5 M NaAc, pH 5.0. and 75 pg/ml cholate ina
final volume of 50 ul at room temperature overnight. After
ethanol precipitation, the supernatant—which contains the
glycans released from the glycolipid—was dried in a centrifu-
gal vacuum evaporator and labeled with ANTS as described
in Fig. 3. Lanes: 1-3=the glycans released from mono-
sialogangliosides GM,. GM, and GM,. respectively: 4=a
combination of the samples from lanes 1-3: 5 = the glycan of
glycolipid in 5 1 normal human serum: 6 = a standard ladder
of glucose polymers in which the lowest band is G,.

drates or glycolipids that accumulate in the
diseases are often present in urine so that sam-
pling is convenient. For instance, patients with
GM, gangliosidosis excrete GM, ganglioside in
their urine. Fig. 9 shows that the glycans from

Pathological conditions

Potential carbohydrate markers

Bacterial infection

Cartilage tunor and sarcoma
Choriocarcinoma

Colorectal cancer

Coronary heart diseasc
Hepatoblastoma

Leprosy

Lymphocytic leukemia
Lysosomal storage discases
Melanoma

Mesothelioma

Pancreas and urinary bladder tumor
Parasitic diseases
Rheumatoid arthritis

Sialic acids

GM, glycolipids

hyaluronic acid
Lewis antigens

Phenolic glycolipids

Bacterial polysaccharides

Keratan and chondroitin sulfate
Chorionic gonadotropin glycosylation
Glycosaminoglycans

Apolipoprotein glycosylation

Oligosaccharides. glycosaminoglycans. glycolopids
GD,. GD, and GM, glvcolipids

Protozoa-specific carbohydrates
Galactose. N-acetyl glucosamine in IgG
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GM,, GM, and GM, gangliosides can be sepa-
rated and identified readily after ceramide
glycanase digestion and ANTS labeling. There-
fore, the abnormal appearance of GM, or GM,
bands on a FACE gel analysis of urine or serum
could be a marker of GM, gangliosidosis or
Tay—Sach’s disease, respectively. There is a large
area of unexplored application of FACE in
clinical diagnosis but the potential is clear.

9. Conclusions

FACE has been developed to fulfill the need
for a rapid, simple and cost-effective method of
carbohydrate analysis. The basic advantages of
this technique are its simplicity and sensitivity. It
separates carbohydrates by PAGE and thus
utilizes the high resolving power of this method
which is technically familiar and accessible for
most laboratories. The carbohydrates are
fluorescently labeled and their fluorescence is
readily observed and recorded which allows
detection and quantification at the subpicomolar
level. Moreover, multiple samples can be ana-
lyzed in parallel and the results are visible and
easy to interpret. A series of applications based
on the use of FACE technology has been de-
veloped. Various kits now available include
monosaccharide composition analysis, N-linked
and O-linked oligosaccharide profile analysis,
oligosaccharide sequence analysis, glycosamino-
glycan analysis and several others. FACE is a
significant addition to the panoply of techniques
currently available for research in glycobiology.
Its full potential, including applications in clinical
diagnosis, has yet to be exploited.
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Abstract

The efficiency and consistency of a biopharmaceutical purification process determines drug quality, including
which specific types and concentrations of residual host cell or process contaminants may remain. Commercial
reagents and generic analytical methods are available for quantitating most of these contaminants. However, no
generic assay is available for quantitation of the specific contaminant host cell proteins (HCPs) which are unique to
a novel purification process. Because of this, proprietary reagents and assays must be developed for the
quantitation of process-specific HCPs in each biopharmaceutical drug. The need to develop proprietary reagents
which are both sensitive to, and specific for, potentially complex mixtures of unique contaminant proteins has
defined what is acceptable methodology for development of quantitative HCP assays. Within the biopharmaceutical
industry this need is most often satisfied by the development of multi-analyte HCP immunoassays based upon the
null cell mock purification model. Confidence in the quantitative nature of a given HCP assay, and the validity of
analytical measurement obtained by the assay, is dependent upon empirical demonstration of the unique
stoichiometry of the HCP assay reagents. In conjunction with other analytical and validation methods, an HCP
immunoassay may be thought of as a necessary quantitative tool for the optimization and validation of
biopharmaceutical purification process efficiency and consistency, rather than as an end in itself.
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1. Introduction

Recombinant biopharmaceuticals are treated
like biologicals with respect to quality assurance
for purity [1,2], in that the efficiency and consis-
tency of the purification process determines the
quality of the product. The design and operation
of a given process [3], therefore, will define the
specific types, and amounts, of residual host cell
or process contaminants that will remain in the
bulk drug. These potential bioprocess contami-
nants may include items as diverse as: cell
culture medium serum proteins; immunoglobulin
affinity ligands; Protein A or Protein G affinity
ligands; viruses; endotoxin; DNA; non-protein
cell wall constituents; and host cell proteins
(HCPs). Removal of each of these process and
host cell contaminants to acceptably safe levels
must be assured both by development of specific
contaminant assays and by rigorous process
validation [4-23]. In a broad sense, minimization
of all forms of contamination in a therapeutic
biopharmaceutical is a matter not only of safety,
but of pharmaceutical elegance.

Commercial reagents and standardized ana-
lytical methods are available for detecting and
quantitating most contaminants including: cell
culture media proteins (H. Merrick, personal
communication) [24]; immunoglobulin [25]; af-
finity ligand proteins [25]; non-protein cell wall
constituents [26]; endotoxin [27]; DNA [28-31];
or viruses [32]. In contrast, in the presence of a
vast excess of recombinant protein product, no
generic protein assay for quantitation of unde-
fined, complex mixtures of process-specific HCPs
is feasible [4,10,13,33]. Because of this, propriet-
ary reagents and assays must be developed and
validated for the quantitation of process-specific
HCPs. The evolution of this type of HCPs
analytical development has been predominantly
industry driven, because it has been essential for
the development, optimization and validation of
proprietary biopharmaceutical purification pro-
cesses. These coordinated activities are a natural
extrapolation of total quality principles [16,18].
Because of their proprietary nature, publication
of relatively detailed descriptions of very recent
developments has often been significantly de-
layed.

2. HCP assay development is specification
driven

In the final analysis, process design, process
optimization, process validation, and contami-
nant assay development, are specification driven.
Thus, it is imperative to identify the approximate
specification range expected for HCPs (or any
other contaminant), based upon the prospective
use of the product [3], as well as current ana-
lytical capability. Ultimately, acceptance of a
given HCP specification (or the absence of a
specification) by regulatory authorities is deter-
mined on a ‘“‘case-by-case” basis [7,9,20], and
depends upon a scientifically sound, multi-
faceted, quality assurance rationale [2,4,5,
10,11,14].

Given the current regulatory environment,
and the current state of analytical capability, it is
always prudent to approach contaminant specifi-
cations conservatively. Thus, the acceptability of
an HCP specification for any given bio-
pharmaceutical will vary depending upon combi-
nations of a variety of mitigating factors includ-
ing: dose size; acute versus chronic administra-
tion; use as an analytical or diagnostic reagent,
rather than as a therapeutic drug; use as a
vaccine; the nature of the expression organism
(e.g. prokaryotic versus eukaryotic, untrans-
formed versus transformed cells); and any
unique “‘risk versus benefit” considerations [1-
15,20-22,40].

For example, a therapeutic immunoglobulin G
(IgG) expressed by a non-recombinant murine
hybridoma cell line may require no specification
assay for HCPs, although analytical and process
validation assurance of the removal of typical
cell culture medium proteins like BSA, bovine
IgG, insulin, or transferrin is certainly expected
(A. Lawton, personal communication). This
rationale is based upon many years of manufac-
turing experience using stringently validated,
standardized, immunoglobulin purification meth-
ods.

In contrast, a recombinant biopharmaceutical
with a novel purification process will require
HCP assay development. The required level of
quality assurance, and the stringency of the
specification, will depend upon one or more of
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the factors cited above. A recombinant vaccine
which is expressed in yeast, and administered in
only one or two doses, may have a relatively
high HCP content, e.g. 0.22% [1,34]. In con-
trast, a recombinant growth hormone produced
in bacteria, and destined for chronic administra-
tion, will require a much lower HCP content,
e.g. less than 10 parts-per-million (ppm) [4,35].

During the earliest stages of purification pro-
cess design and evolution (pre-IND and into
early Phase I [19]) it is advisable to meet infor-
mally with regulatory authorities to address the
issue of acceptable specification ranges for a
novel biopharmaceutical, with special emphasis
upon the nature of the purification process, and
the intended clinical use of the product.

3. The consensus HCP analytical triad

A consensus quality assurance analytical
“triad” has evolved for the control of HCPs in
recombinant therapeutic biopharmaceuticals.
This strategy includes: sensitive silver staining
(and immunoblotting) of electrophoretic gels;
rigorous process validation clearance studies;
and the development of quantitative, process-
specific HCP assays [4,5,10,11,13,16-18,36-40].
The electrophoresis-based characterization meth-
ods [40-43], and clearance studies [17], are
methodologically generic. In contrast, the
specific methodological requirements for de-
velopment of quantitative HCP assays have been
constrained by the need to develop proprietary
reagents which are both sensitive to, and specific
for, potentially complex mixtures of unique
contaminant proteins at very low concentrations
[4,44]. In this sense, the quantitative nature of
the multi-analyte HCP assay, and the validity of
analytical measurement obtained by it, is depen-
dent upon empirical demonstration of the unique
stoichiometry of the HCP assay reagents.

4. The requirement for sensitivity, specificity,
and stoichiometry

Demonstration of assay sensitivity is not arbi-
trarily a matter of mere analytical capability [45].

There is a practical requirement to quantitate
residual HCPs at a level which is “suitable to
obtain regulatory approval”. There is no a priori
presumption that residual HCPs from one ex-
pression organism are more likely to be deleteri-
ous to the recipient than are HCPs from another
expression organism. However, the intent has
always been to avoid ‘“‘unsafe” levels of residual
HCPs which might lead to toxic or immunologi-
cal sequelae [44], and this concern is not entirely
trivial. During early clinical administration of
recombinant human growth hormone, it had
been observed [46,47] that unacceptable levels of
residual Escherichia coli (E. coli) HCPs may not
only elicit anti-HCP antibody, but may also
induce an “adjuvant effect” which results in
elicitation of undesirable antibody against the
biopharmaceutical protein itself [48]. This prob-
lem was ameliorated by improved purification
methods which significantly decreased the bac-
terial HCP content of the hormone. No specific
anti-HCP antibody elicitation was observed in
recipients of recombinant human growth hor-
mone of mammalian cell origin [49].

What is an acceptably safe level for residual
HCPs? A detection range of 1-100 ppm of
residual HCPs has been quoted as a regulatory
(and analytical) benchmark for therapeutic pro-
teins [20]. However, as will be seen later, leading
biopharmaceutical firms have designed processes
which consistently limit residual HCPs to a range
of 1 to 10 ppm, and correspondingly have im-
plemented assays which will consistently quanti-
tate HCPs within, or below, that range [10].
Therefore, domestically, and internationally, for
either human or veterinary pharmaceuticals, a
useful working target for HCP content is 10 ppm
[40]. The sensitivity and specificity of any unique
HCP assay which is used to support such a target
should be demonstrated accordingly.

Specificity must be defined by the empirical
assignment of proprietary HCP detection reagent
stoichiometry. These detection reagents are most
often polyclonal IgG preparations which have
been elicited against a process-specific immuno-
gen that represents the “most probable” [44,52]
contaminant HCP which consistently result from
a unique purification process.

Thus, combined analytical sensitivity and
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specificity has been achieved by employing these
proprietary, process-specific HCP immunogens,
and their corresponding proprietary, polyclonal,
anti-HCP immunoreagents, in the development
of “multi-analyte” (multi-antigen) immunoassays
[50,51]. These methods generally employ a
“sandwich” format [52] and include, but are not
limited to: radioimmunoassay (RIA); immuno-
radiometric assay (IRMA); enzyme-linked im-
munosorbent assay (ELISA); antigen selected
ELISA (ASIA); immunoligand assay (ILA); and
electrophoretic, or dot, immunoblots.

5. HCP immunoassay rationale

A quantitative, process-specific, HCP assay
may initially be intended for use as a highly
sensitive specification assay for profile of the
bulk drug. However, it is essential to recognize
that HCP assay development is not mutually
exclusive of the other parts of the HCP quality
assurance analytical triad. By judicious timing of
purification process development [76], the anti-
HCP immunoreagents which are elicited for use
in the specification HCP assay can have a posi-
tive, iterative, impact upon optimization of an
evolving purification process [77]. This might
include qualitative probing for HCPs in electro-
phoretic immunoblots, or quantitation of HCPs
in purification process aliquots. In the later
stages of process development HCP assays can
ultimately be employed to support definitive
process validation studies at full manufacturing
scale [76,77]. In this way, a process-specific HCP
assay is a means for validating that a process is
consistently able to meet an acceptable HCP
specification. If a process is designed appro-
priately for specific removal of contaminants [78]
and validation is done properly, it may adequate-
ly demonstrate that a specification assay per se
will not be required. However, timing is critical.
Prolonged timeframes must be anticipated when
planning for the manufacture and characteriza-
tion of complex HCP immunogens, the elicita-
tion, purification and qualification of anti-HCP
immunoreagents, and the development and vali-
dation of multi-analyte HCP immunoassays. In

this sense it is advisible to plan HCP immuno-
assay development as if it were required for a
specification assay.

6. Process-specific HCP immunogen preparation

Within the biopharmaceutical industry the
generally accepted paradigm for quantitative,
process-specific, HCP assay development is the
null cell mock purification model [4,10,13,16,
33,44,51-53]. A null cell (or blank cell) is a
version of the expression strain that cannot
express product. For example, for a prokaryotic
expression system, a bacterial null cell is the
expression host cell strain which contains a
plasmid vector that has been cured of the expres-
sion gene.

For some eukaryotic expression systems the
null cell may be more difficult to define. For
instance, an acceptable null cell for a recombi-
nant myeloma which expresses IgG as a product
might be a ‘“non-secretor null parental cell”
(M.A.C. Costello, personal communication). In
any event, the genotypic and phenotypic rela-
tionship of the null cell strain to the expression
strain, and the analytical rationale for specifically
selecting it, must be clearly defined and docu-
mented as early as possible during purification
process development.

Mock fermentation of the null cell strain, and
purification of null cell HCPs, should be exe-
cuted under normal production conditions, and
“acceptably close” to normal production scale.
Regulatory input may be required in order to
determine what production level is acceptable, in
that full scale HCP manufacture for some eu-
karyotic expression systems may be impractic-
able, or possibly prohibitively expensive (V.R.
Anicetti, personal communication). Ideally, sub-
sequent isolation and purification of the null cell
HCP should proceed to that point in the purifica-
tion process at which the biopharmaceutical
would normally approach 95-99% purity. This
potentially complex mixture of null cell HCPs
conservatively represents the ‘“most probable”
[44,52] downstream HCP contaminants, and is
used as an immunogen for eliciting proprietary,
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process-specific, HCP immunoreagents. A sub-
stantial amount of this preparation (e.g. 200 mg
or more) may be required, not only for specific
use as an immunogen, but for other purposes
such as analytical characterization, possible use
as an immunoaffinity matrix [58], and use as an
assay standard over the lifetime of the product.
Acquisition of this immunogen is usually time-
consuming, labor intensive, and expensive.

After this immunogen is isolated, the purifica-
tion process steps upstream of the immunogen
selection point, and the expression organism
itself, should not be significantly altered. To do
so may invalidate all previously completed HCP
assay development activities. After assay de-
velopment is initiated, any potential changes or
“improvements” to the purification process up-
stream of the immunogen selection point, how-
ever minor they may appear to be, require the
approval of the purification process developer,
quality assurance professionals, and the HCP
assay developer. Identifying the difference be-
tween a “major” process change and a “minor”
process change is sometimes a matter of serious
contention. In many instances, regulatory agency
approval should be obtained, as well.

The need for a decision to designate the
purification process upstream of the prospective
HCP immunogen selection point as “invariant”
should be anticipated by Phase I, and im-
plemented by Phase 11, in order to allow enough
time to have a process-specific HCP assay in
place by Phase III [19]. This timing is particu-
larly critical, since HCP assay development is
expected to have a positive, iterative impact on
purification process improvement and validation.

Because of the time and expense involved in
completing these activities, it is important to
avoid having to repeat them. Thus, it is essential
that the null cell HCP immunogen preparation
not be contaminated with the biopharmaceutical
product which is usually purified by the process
[51,52,61]. This situation may be avoided by any,
or all, of the following: use of dedicated equip-
ment which has not been exposed to the bio-
pharmaceutical of interest; use of equipment
which has been exhaustively cleaned and val-
idated; or by contracting with a consultant firm

for partial or complete manufacture of the null
cell HCP immunogen in an outside facility. Two-
dimensional silver-stained gel separations of
prospective immunogen HCPs may be compared
with duplicate immunoblots probed with a sensi-
tive, and specific, immunoreagent for the bio-
pharmaceutical product. This type of comparison
can give reasonable assurance that the HCP
immunogen is free of detectable contamination.

7. Anti-HCP immunoreagent development

In one conceptually simple case, S3 ribosomal
protein, a unique, major HCP contaminant of
recombinant human acidic fibroblast growth fac-
tor, was quantitated using specific monoclonal
antibodies [54]. However, while this approach
may be feasible for unusually simple immuno-
gens, it would obviously be much more difficult
to apply as the prospective HCP immunogen
becomes more complex. There may be hundreds
of potential HCP contaminants in a given im-
munogen preparation, and the individual HCP
will differ widely in relative concentration and
relative antigenicity. Thus, the practical goal
becomes elicitation of a polyclonal immuno-
reagent which has demonstrable specificity, and
sensitivity, for each of the antigenic proteins in
the complex HCP immunogen. Using adjuvants,
an efficient sequential immunization protocol,
and a nominal boost-bleed cycle of 3 to 4 weeks,
it may take 3-6 months to elicit, purify, and
characterize an acceptable polyclonal anti-HCP
immunoreagent against a very complex HCP
immunogen. Any one of a variety of methods for
purifying the IgG are acceptable. However,
semi-preparative  immunoaffinity =~ chromatog-
raphy (e.g. using Protein G) has been most
efficient (this laboratory).

One must select an animal host which gives a
strong immune response, and which yields ap-
preciable amounts of immunospecific IgG.
Specific pathogen free NZW rabbits are often a
good choice. In order to minimize individual
variations in immune competance, multiple ani-
mals (3—6) of a given species must be used, and
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in some instances more than one species may be
used.

Pragmatically, one must first assure a suitable
immune response to the strong, or major, HCP
antigens, and then induce a progressively en-
hanced response to the weaker, or minor, HCP
antigens. The immune response to a limited
number of HCP antigens may be relatively rapid,
particularly when adjuvants are used to boost the
immune response. However, in complex mix-
tures, differential enhancement of the immune
response toward weaker, or lower concentration,
antigens requires differential immunosuppression
of major antigens. This may be accomplished by
a couple of methods, either individually, or
sequentially.

One method, passive immunization [55], in-
volves purification of IgG from successive bleeds
of immunized animals. The purified IgG is ad-
ministered to the animals at the time of the next
immunization along with the next dose of com-
plete HCP immunogen. This IgG, which will
have specificity against major antigens, tends to
suppress further recognition of those same an-
tigens in vivo. Immune recognition of, and
antigenic response to, weaker antigens is pro-
moted. This procedure may be performed at
each boost-bleed cycle. Thus, the progressive
immune response against weaker antigens is
enhanced.

Another method, cascade immunization
[56,57], also requires that immune IgG from
successive bleeds be purified. However, this
purified IgG is covalently affixed to a chromato-
graphic support, and is used to immunospecifi-
cally adsorb major antigens from the HCP im-
munogen itself. The “adsorbed” HCP immuno-
gen, which has been relatively depleted for
major antigens in vitro, and thus relatively
enriched for minor antigens, is administered in
the next boost. This “antigen selection” facili-
tates immune recognition of, and response to,
minor antigens. This procedure may be per-
formed at each boost-bleed cycle. In this way,
the immune response against progressively
weaker antigens is enhanced.

To achieve true quantitation in complex, mul-
ti-analyte immunoassays, it is essential that the

immunoreagent simultaneously specifically rec-
ognize, and be in stoichiometric excess to, all of
the individual analytes of interest in an assay
sample [50]. Demonstration of acceptable stoi-
chiometry, and hence the ultimate acceptability
of the anti-HCP immunoreagent, is strictly em-
pirical. The progressive immune response
achieved for a given immunization scheme may
be monitored by using purified IgG from each
sequential bleed to immunospecifically probe
blots of HCP immunogen which has been
adequately separated by electrophoresis. If the
immunogen is simple, mono-dimensional electro-
phoresis [e.g. sodium dodecylsulphatepolyacryl-
amide gel electrophoresis (SDS-PAGE)] may be
sufficient. If the immunogen is complex, two-
dimensional electrophoresis (e.g. isoelectric
focusing/SDS-PAGE) may be required to give
optimal separation [41-43]. Ideally, all of the
proteins detected by sensitive silver stain of an
HCP immunogen electrophoretic gel should
eventually also be detected in an immunobiot by
the progressively enhanced anti-HCP immune
IgG [57]. In practice, some minor proteins which
elicit a strong immune response may not be
visible in the silver stained gel, and some poorly
antigenic proteins which are detectable by silver
stain may never elicit a detectable immune
response.

Anti-HCP immunoreagent specificity and stoi-
chiometry are thus defined by, and limited to,
those HCP immunogen proteins which have
been demonstrated on blots to be specifically
detectable by the immunoreagent. Sensitivity of
the immunoreagent will ultimately be defined
during assay development and validation, and
should permit quantitation at ppm levels. Thus,
the practical endpoint of anti-HCP immuno-
reagent development occurs when the inves-
tigator is satisfied that most of the HCP immuno-
gen proteins are detectable by the immuno-
reagent, at an acceptable level of sensitivity.

Reagent stoichiometry may be further en-
hanced by immunospecific subpurification of
specific anti-HCP IgG away from pre-existing
IgG. For example, HCP immunogen may be
covalently affixed to a chromatographic support
and used as an immunoaffinity purification ma-
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trix to obtain immuno-specifically subpurified
anti-HCP IgG [58]. Microgram quantities of this
pure reagent, used to detect nanograms to pico-
grams of contaminant proteins in an individual
assay sample would, by definition, be in stoichio-
metric excess [50]. In practice, an acceptable
region, or range, of antibody excess in the
standard curve of a given assay may be demon-
strated empirically by spiked-addition (spike-re-
covery) studies, whether the immunoreagent is
subpurified, or not [79].

Demonstration of stoichiometric immuno-
reagent excess for some assay samples may only
be achieved by analyzing a dilution series
[52,58,65]. It may be virtually impossible to
achieve true antibody excess with the specific
immunoreagent IgG versus all proteins in a
complex mixture when attempting to assay up-
stream purification process aliquots which con-
tain very high total HCP levels (D.V. Sinicropi;
personal communication).

8. Examples of HCP immunoassays

Once suitable stoichiometry of the immuno-
reagent has been defined, HCP assay develop-
ment is relatively straightforward. Several im-
munoassay methodologies have been employed
for quantitative (and semi-quantitative) polyclon-
al HCP immunoassays. Examples include: an
ELISA with nanogram level sensitivity for yeast
HCPs in recombinant hepatitis B surface antigen
vaccine [34]; an ELISA with ppm sensitivity for
E. coli HCPs in recombinant human interferon
gamma [58]; an ELISA with ppm sensitivity for
E. coli HCPs in recombinant human growth
hormone [52,59]; an ELISA for mammalian
“cellular” HCPs (not media proteins) in recom-
binant human clotting Factor VIIL:C [60}; an
ELISA with ppm sensitivity for mouse fibroblast
HCPs in recombinant human erythropoetin [61};
RIA/IRMA [62,63] or ELISA [64] with ppm
sensitivity for E. coli HCPs in recombinant
human insulin; an antigen-selected ELISA
(ASIA) with ppm sensitivity for chinese hamster
ovary (CHO) cell HCPs in a recombinant human
tissue plasminogen activator [65}; and an “‘ultra-

sensitive’” ELISA for quantitation of CHO HCPs
in therapeutic recombinant human pancreatic
DNAse I (D.V. Sinicropi; personal communica-
tion).

A semi-quantitative, monoclonal antibody im-
munoblot with 100 ppm discrimination for E.
coli S3 ribosomal protein in recombinant human
acidic fibroblast growth factor was previously
mentioned [54]. A semi-quantitative, polyclonal,
dot-blot immunoassay with 100 ppm discrimina-
tion has been developed for quantitation of E.
coli HCPs in each of two recombinant malarial
vaccine candidates which are purified by the
same process [66].

The relatively recent introduction of immuno-
ligand assay (ILA) technology [67] shows prom-
ise in shortening individual assay turnaround
times per se, as well as for rapidly accelerating
the pace of HCP immunoassay development in
general. This is due to adaptation of a sensitive
detection system [68] originally designed for
generic quantitation of DNA at picogram levels
[30], and to the introduction of commercially
available IgG labeling reagents (Molecular De-
vices Corp., Menlo Park, CA, USA) which are
compatible with the detector technology. Sensi-
tive ILA methods have been developed for
quantitation of CHO HCPs at ppm levels in
recombinant human erythropoetin [69], for
quantitation of £. coli HCPs at ppm levels in
recombinant human basic fibroblast growth fac-
tor [70], for quantitation of E. coli HCP at ppm
levels in recombinant human alpha interferon
(M.A.C. Costello; personal communication),
and for quantitation of residual E. coli HCP at
ppm levels in recombinant bovine somatotropin
(this laboratory [79]). ILA methods have been
developed for rapid and sensitive quantitation of
individual residual media proteins, affinity lig-
ands, and immunoglobulins, as well (H. Merrick,
personal communication; [75]).

Many other HCP immunoassays and immuno-
ligand assays for quantitation of host cell or
process contaminants have been developed and
implemented in the biopharmaceutical industry
in recent years. However, the proprietary nature
of the purification processes upon which most of
the recently developed process-specific HCP
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assays are based, continues to preclude detailed
descriptions in the open literature. As more
biopharmaceuticals reach market this publishing
situation should improve. In general, the thrust
of current and future HCP immunoassay de-
velopment is to shorten assay development time-
frames, to shorten assay turnaround times, and
to continue to improve analytical sensitivity
below ppm levels.

9. Alternative assay methods

Currently there is no acceptable alternative to
the use of highly specific multianalyte immuno-
assays to obtain quantitation of process-specific
HCP in biopharmaceuticals, especially when
ppm sensitivity for mixtures of proteins is re-
quired. Purely chromatographic separations have
been inadequate except in the case of single
impurities [54,71]. However, véry recent de-
velopments in multidimensional chromatograph-
ic/electrophoretic separations, using post column
reaction fluorescence detection, show great po-
tential for use in sensitive, non-immunologically
based HCP assay development [72-74]. This
methodology is being aggressively pursued by
leaders in the biopharmaceutical industry (D.V.
Sinicropi, personal communication).

10. Conclusions

Quality control of residual HCPs in bio-
pharmaceuticals is currently based upon a con-
sensus triad of quality assurance analytical meth-
ods. This “regulatory package” of methods in-
cludes: silver-stained electrophoretic gels and
immunoblots; process validation clearance
studies based upon sound process design; and
process-specific host cell protein assays. This
triad of assurance, and the specific need to
develop sensitive multi-analyte immunoassays
for HCP, is specification driven. The desired
approximate specification range for HCP for a
given biopharmaceutical must be identified early
in process development, and is related to the
prospective use of the product. Often this specifi-

cation will fall into a range of 1-10 ppm. It is
prudent to include planning for development of a
process-specific HCP immunoassay with part-
per-million sensitivity into the earliest stages of
product development. Timing is critical due to
the prolonged time frames associated with the
null cell mock purification model currently em-
ployed for multi-analyte HCP assay develop-
ment.

In a practical sense, the triad of quality assur-
ance methods are not mutually exclusive. While
each method alone is insufficient to guarantee
consistent removal of HCPs to desired levels, all
three together give mutually supporting assur-
ance. Anti-HCP immunoreagents generated for
HCP assay development may also be used semi-
quantitatively for early process optimization, or
later quantitatively for process validation. HCP
assay development can have a positive, iterative
impact upon an evolving purification process,
with respect to assuring consistency in achieving
a desired specification range for the bulk drug.

Once process consistency for removal of HCPs
to desired levels has been rigorously validated
using the quality assurance triad, a specification
assay for HCPs per se may not be required at all,
or perhaps only on an audit basis. In this sense
HCP immunoassay development may be thought
of as a quantitative tool for validation of a
consistent biopharmaceutical purification pro-
cess, rather than as an end in itself. Combined
qualitative and quantitative demonstration of
process consistency for removal of contaminants
is a natural extension of total quality principles
[16,18]. These activities, in conjunction with
properly designed pivotal toxicology and safety
studies, should be suitable to formulate a persua-
sive contaminant specification rationale for any
biopharmaceutical regulatory submission.
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Abstract

Residual moisture content has a significant impact on the solid-state stability of biopharmaceutical products.
Protein degradation due to residual moisture is minimal at or below the monolayer level of hydration owing to low
availability of water and limited dynamic activity of the protein. However, residual moisture content beyond a
monolayer generally results in increased rates of decomposition due to the enhanced conformational flexibility of
the protein and the ability of the less tightly bound water to mobilize reactants. In addition to moisture content, the
temperature and the composition of the lyophilized plug are important variables dictating the stability of proteins in
the amorphous solid state. Water can act as a plasticizer to reduce the glass transition temperature, 7, of the
amorphous polymer, thus an increase in temperature or plasticizer level can result in a phase transition from a
dynamically constrained state to a dynamically relaxed state. The selection of excipients can have a large impact on
water—protein interactions as small ions and/or crystallization of excipients can redistribute water available to the
protein. Owing to the key role that water content plays in the conformational and/or chemical state of the protein,
an accurate and precise moisture determination is essential in resolving stability issues. A wide variety of
techniques for the determination of moisture content have been utilized, with special attention being placed on
sample handling to minimize atmospheric moisture contamination.
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1. Introduction

Recombinant DNA techniques have resulted
in great advances in biotechnology, making it
possible to produce a variety of proteins for
biopharmaceutical use. Many proteins, however,
have poor stability in aqueous solution and the
freezing of the solution or the addition of pre-
servatives fails to provide the required product
stability [1]. To prevent excessive loss of potency
or excessive increase in the level of decomposi-
tion, pharmaceutical protein products are often
freeze-dried (lyophilized). Freeze-drying, how-
ever, is still usually not sufficient, as many
products must be refrigerated at 5°C to provide
reasonable shelf-life (1-2 years).

The process of lyophilization removes water
from a system based on the principle of ice
sublimation at reduced pressure. When a protein
solution is lyophilized, the bulk water that res-
ides in ice matrices of the frozen solution sub-
limes first. The multilayer water surrounding the
protein molecule is then removed, leaving a
residual monolayer of water on the surface of the
protein. This operation allows drying of heat-
labile materials to low residual moisture content
under moderate temperature conditions. If the
product is intended for parenteral use, then the
protein is usually lyophilized in a final container
such as a flame-sealed glass ampoule or a glass
container with rubber closure that is usually
secaled under vacuum or nitrogen. The water
content of the freeze-dried material in the final
container may vary depending on the freeze-
drying process and may increase during storage
12].

The amount of water present in the protein
has a significant impact on stability and is a
concern for both bulk solid and lyophilized
formulations. Residual moisture refers to the low
level of surface water, ranging from less than 1%
to 5%, remaining in a freeze-dried biological
product after the bulk of the aqueous solvent has
been removed [3]. Residual moisture should not
compromise the potency and integrity of the
product. The appropriate level of residual mois-
ture to optimize stability is largely dependent on

the particular protein’s decomposition pathway.
The generally accepted view is the drier the
better. However, levels of residual moisture for
certain products should not be so low that
overdrying adversely affects product stability.
Water retention varies with the type of water
present, bound, surface and/or trapped, and is
different for each product. Because more than
one type of water may exist in a freeze-dried
biological product, different moisture results
may be found when different methods are em-
ployed in determining the moisture content of
the sample [3].

Regulations of the Center for Biologics
Evaluation and Research (CBER) require that
each lot of freeze-dried biological product be
tested for residual moisture [4]. The regulations
pertaining to residual moisture are published in
Title 21 of the Code of Federal Regulations for
Food and Drugs and require that moisture levels
meet and not exceed established limits as
specified by an approved method on file in the
product license application [S]. Guidelines for
the determination of residual moisture in dried
biological products have been issued under 21
CFR 10.90 to describe residual moisture test
methods and procedures used to set product
residual moisture limits [6]. For most products,
levels of residual moisture should range from less
than 1.0% to 3.0% so that the chemical and/or
conformational stability, and therefore potency
of the product, are not compromised over time.

This paper addresses the importance of re-
sidual moisture on protein stability and the need
to control and measure water content accurately.
An overview of the binding of water and its
effects on protein stability is included. Examples
illustrate how the amount of water present in the
lyophilized plug can have a significant impact on
solid state stability. Many of the examples em-
phasize that a specific degradation pathway is
contingent on the increased flexibility of the
protein to expose amino acid residues to the
surrounding environment. The methods em-
ployed in the measurement of residual moisture
content and the importance of controlling atmos-
pheric moisture contamination are discussed.
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2. Water sorption and protein mobility

The importance of water sorption on the solid-
state stability of proteins can be addressed
through an understanding of the binding of the
sorbed water. The binding of water to proteins is
a result of numerous molecular and intermolecu-
lar interactions due to hydrophilic, hydrophobic
and ionized groups on the protein. The water
content is determined following equilibration at
a given relative humidity. A sorption isotherm is
generated by assessing equilibrium moisture con-
tent at varying relative humidities. The sorption
isotherm for proteins can be roughly separated
into three regions [7]. The first region is binding
of water to highly active sites such as charged
and highly polar groups. The second region is a
transition region from monolayer to multilayer
coverage. It occurs with the binding of water to
weaker sorption sites such as the peptide back-
bone and polar surface groups. Additional water
binding occurs via clustering at or near charged
and highly polar groups and through filling of
voids created by swelling of the polymer. The
last region, or multilayer region, occurs with
condensation of water at very weak binding sites
and layering of loosely held water [8]. It is in this
region, hydration of 30-40%, that the true
monolayer coverage of a protein actually occurs
[9}.

The behavior of a system can be predicted
using isotherms and existing mathematical
models to identify several areas of the isotherms
that represent distinctly different characteristics
of the solid. The uptake of water by proteins
occurs with penetration into the disordered
structure of the solid and is not limited to surface
adsorption [10]. At levels of water below the
Brunauer-Emmet-Teller (BET) monolayer
level, generally 5-9% water content, the mobili-
ty of the absorbed water and flexibility of the
protein are limited [8]. At or near this level of
hydration, there is some indication that secon-
dary relaxation of the amorphous system may
occur and many decomposition pathways be-
come observable over a reasonable time frame.
The dynamic mobility of the system then slowly
increases with increasing hydration. The dynamic

flexibility of a protein in the solid state is
dependent on interrelated variables of tempera-
ture, hydration and composition of the amor-
phous protein.

The adsorbed water may act as a plasticizer,
resulting in an increase in free volume and
greater macroscopic mobility [11]. The outcome
of this plasticization is a lowering of the glass
transition temperature, T,, below the tempera-
ture of the surroundings. The phase transition
from the dynamically constrained ‘“‘glassy” state
to the dynamically relaxed viscoelastic state is
possible when the temperature is raised above T,
[12]. This phase transition can also occur when
sufficient water has been absorbed in the amor-
phous solid to lower 7, below the temperature
of the surroundings.

Reactions dependent upon the mobility of the
water and/or the protein are therefore greatly
enhanced at temperatures above T, [13]. In-
creases in both the mobility of the water and
protein as a result of the plasticizing effect of
water are generally related to the monolayer
moisture content. An increase in plasticization of
the protein due to water sorption has been
observed to result in a rapidly decreasing T, with
increasing moisture up to the BET monolayer
region [14]. The onset of internal protein flex-
ibility correlates reasonably well with the attain-
ment of the BET monolayer level of water [9].
Significant increases in internal motions of the
protein begin at hydration levels slightly greater
than the BET monolayer. For proteins, the
monolayer approximates the amount of water
vapor necessary to cover the highly active
heterogeneous sorption sites. Reasonable esti-
mates of the BET monolayer were found for
methionyl human growth hormone (met-hGH)
and rt-PA by considering one water molecule per
polar group [1}.

It is a concern that the BET equation may not
be adequate for determining the monolayer
water content in proteins, owing to the unequal
affinity of water associated with the weak and
strong binding sites [8]. The chemical composi-
tion of the protein may dictate the level of
residual moisture adsorbed on to the surface of
the protein. As an example, met-hGH BET
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monolayer results are in good agreement with
the theoretical calculation employing only strong
polar groups [1]. It is likely that the weakly polar
and non-polar groups do not contribute signifi-
cantly to the formation of the monolayer ad-
sorbed on the strong polar groups of met-hGH.

3. Water—protein interactions

Water in the monolayer is thought to have low
thermodynamic activity owing to its strong inter-
action with the protein molecule. This is in
contrast to water in the multilayer that is thought
to retain more free water activity depending on
its distance from the surface of the protein. It is
not the absolute residual water content that is
important for maintaining protein stability, but
rather the way in which residual moisture is
adsorbed and how it is available, i.e., its water
activity. The hydration of proteins results from
coulombic, hydrogen bonding, Van der Waals
and hydrophobic interactions between water and
specific functional groups of the protein {8]. The
early stage of hydration involves water adsorp-
tion and its predominant interaction with
charged groups. The strength of these interac-
tions can vary significantly as the amino acid
residues provides large differences in ionic, polar
and non-polar sites. These interactions are fur-
ther complicated by neighboring amino acids in
the folded protein. Unless all of the decomposi-
tion pathways are similarly affected by moisture,
the sensitivity of long-term stability will be
dependent on the sensitivity of the relevant
pathway to increased moisture content levels.

At high residual moisture content, the possi-
bility of chemical reactions occurring (cleavage,
oxidation, deamidation, denaturation, aggrega-
tion, etc.) is increased. This is due to conforma-
tional flexibility of the protein molecule, the
availability of water for hydrolytic reactions and
the increased mobility of reactants. Owing to
high protein mobility and flexibility, the protein
backbone segments and/or amino acids func-
tional groups can have appropriate orientation
and energy to participate in chemical reactions.
When the moisture content is decreased, the

probability of reactions occurring is consequently
reduced. The appropriate level of moisture to
optimize stability varies from product to product
and is dependent on the protein and its par-
ticular degradation pathway(s) [1,15-23]. Protein
reactions can be minimized by reducing the
moisture content to the monolayer water level or
less. However, an optimum moisture content is
necessary to maintain protein activity during
storage. Overdrying will remove water from the
monolayer, leading to increased exposure of the
protein surface and to various unwanted reac-
tions. Too low residual moisture levels may
cause aggregation, loss of activity and/or in-
adequate reconstitution.

The effect of water content and/or water
activity on the solid-state stability of proteins
results from either (1) changes in dynamic activi-
ty or conformational stability of the protein or
(2) participation of water as a reactant or
medium for mobilization of reactants. Studies on
the hydration of proteins have identified several
critical levels of hydration at which significant
changes in properties of the protein and the
bound water occur [9]. Most decomposition
reactions are minimal at or below the monolayer
level of hydration owing to the low availability of
the water and limited dynamic activity of the
protein. Residual water in excess of monolayer
coverage increases molecular mobility in the
solid protein, thereby increasing general reactivi-
ty, resulting in increased rates of decomposition.

Dynamic motions within proteins impose a
significant degree of flexibility in the conforma-
tional structure. The impact of water on the
conformational stability of proteins depends on
its flexibility and the ease of conformation struc-
ture variations. The outcome of such unfolding
can be irreversible physical aggregation induced
by exposure of hydrophobic amino acid residues
[2,16]. Increases in this fiexibility are reasonably
well correlated with decreases in conformational
stability. Decomposition pathways related to
covalent bond formation or cleavage are also
expected to require flexibility, of at least a
localized segmental motion, in order for orienta-
tional constraints to be overcome and chemical
reactions to occur.
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A high water content may decrease the protein
stability in freeze-dried solids via several mecha-
nisms. Chemical modification generally results in
changes to the primary sequence and may or
may not have a subsequent effect on conforma-
tional structure. Chemical modifications can re-
sult from both intra- and inter-molecular reac-
tions or involve reactions with other components
of a heterogeneous system. These increased rates
are primarily due to the increased conformation-
al flexibility of the protein and the ability of the
less tightly bound water to mobilize reactants.
This is observed in studies of the Maillard
reaction, where reaction rates are increased due
to increased reactant mobilization [24]. The
reaction is initiated by Schiff base formation
between amino nucleophiles of the protein, such
as lysine, and the carbonyl groups of the reduc-
ing sugars. This leads to the “browning reaction”
as the Schiff bases undergo further rearrange-
ment with degradation to unsaturated carbonyls
and eventually polymerization. At water levels
below the BET monolayer level, the reaction is
minimal owing to the low mobility of reactant
and the limited mobility of the protein side-
chains containing nucleophilic species. At water
levels above the BET monolayer level, water is
sufficiently mobile to solubilize reactants, that
has been determined to correlate directly with
the observation of the browning reaction [16].

The increased flexibility of the protein in the
solid state due to the presence of water can lead
to both reducible and non-reducible cross-linking
reactions. Rates of reducible cross-linking of
proteins containing free sulfhydryls are increased
with increasing water content [25]. The pH of
the solution to be freeze-dried is an important
point to consider with this reaction, as an in-
crease in the rate of cross-linking is observed
with an increase in pH. Rates of non-reducible
cross-linking reactions have been observed in the
covalent dimerization of somatotropins at high
water content [18]. Initial zero-order rates for
covalent dimerization of bovine somatotropin in
lyophilized formulations stored at 47°C were
impacted by residual moisture. Levels of residual
water of 1-5% resulted in significant increases in
the amount of rBST lost due to non-reducible

dimerization as compared with water levels
below the BET monolayer level.

Enzymatic reactions are also impacted by the
increased flexibility of the protein and the
mobilization of reactants in the solid state. Self-
proteolysis, however, is of minimal concern
when formulating proteases, because the inter-
molecular reactions require a significant mobility
to the segmental portions of the protein back-
bone [9]. Water is a reactant in the deamidation
reaction, and high levels of water should increase
the rate of deamidation [10]. Rates of acid-
catalyzed [26] and base-catalyzed [17,27,28]
deamidation reactions are impacted by residual
moisture in the solid state. These reactions
require either an increase in the mobility of the
side-chain (acid-catalyzed) or a large change in
the flexibility of the protein segment(base-cata-
lyzed).

The effect of water on oxidation reactions is
varied; it can have both anti- and pro-oxidant
effects depending on the system. Generally,
water acts as an antioxidant to facilitate the
recombination of free radicals [29]. Free radicals
are stable at water levels below the monolayer,
but decay rapidly through recombination as the
water content increases. This can result in an
increase in oxidation reactions even though the
moisture content is below the BET monolayer.
At water levels exceeding the monolayer, the
pro-oxidant effects of water become important as
it mobilizes catalysts and increases protein flex-
ibility, resulting in increased exposure of the
reactions sites.

4. Examples of protein stability

Human growth hormone (hGH) is a good
example of a protein that may be freeze-dried
without significant degradation, but where the
resulting lyophilized protein is potentially un-
stable [2,17]. Chemical decomposition via oxida-
tion of methionine residues and deamidation of
asparagine residues occurs in the solid state of
hGH, in addition to aggregation to dimer and
high order aggregates.
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Related Substances (% of Total Protein)

Time (months)

Fig. 1. Percentage of total protein for two major related
products of hGH formulation stored for 6 months at 25°C.
Squares represent the oxidation product (Met-14). Circles
represent the deamidation product (Asn-149). Closed squares
and circles represent the high-moisture content (3%) lot and

open squares and circles represent the low-moisture content
(1%) lot.

Fig. 1 shows the increase (as a percentage of
total protein) of the two major degradation
products of an hGH formulation. Two lots
containing different amounts of moisture content
were stored for 6 months at 25°C. The ‘“high”
and “low” lots contain approximately 3% and
1% moisture content, respectively, as deter-
mined by Karl Fischer titration measurements.
The formulation contains a glycine—mannitol
excipient system that offers optimum stability at
low moisture levels when stored in a nitrogen
headspace {2]. In the lyophilized plug, mannitol
is thought to be crystalline, with glycine remain-
ing amorphous [17]. The major oxidation prod-
uct (at Met-14) and the major deamidation
‘product (at Asn-149) have initial amounts of
approximately 0.7% and 3.5%, respectively.
Over the 6 months at 25°C, an increase is
observed in the oxidation product for both lots,
with a dramatic increase in the high-moisture lot.
The deamidation product, on the other hand,
showed little increase in degradation over the
6-month period for either lot. The large differ-

ence in degradation rates for the two amino acid
residues points to the fact that the effect of
moisture on protein stability is sensitive to the
individual pathway. In this example, the oxida-
tion of Met-14 is sensitive to moisture content,
whereas deamidation at Asn-149 is unaffected.

A second oxidation product (Met-125) also
shows an increase in oxidation for both the 1%
and 3% moisture lots, with a much larger in-
crease in the 3% moisture lot. The degradation,
however, is much less than is observed for Met-
14. The third methionine present in hGH(Met-
171) shows no degradation over the 6-month
storage period at 25°C. The difference in degra-
dation among the three methionine groups is
consistent with the observation that the extent of
chemical degradation depends on the availability
and sensitivity of individual amino acid residues
to moisture content. Met-14 and Met-125 are
located in relatively inflexible helices, leading to
the conclusion that the mobility of the side-chain
is only required for the oxidation reaction [8].

The dramatic increase observed in oxidation of
Met-14 in the high-moisture lot is consistent with
what would be expected at moisture levels above
the BET monolayer moisture content. The
monolayer water content for this hGH formula-
tion has been previously determined to be 1.69%
[17], and therefore the low- and high-moisture
lots are on either side of the monolayer moisture
content. Assuming that all the mannitol is crys-
talline, the water content of the amorphous
phase at BET monolayer is 5.5%, which is
consistent with the monolayer moisture content
calculated for dry met-hGH(1). At 25°C, an
increase in moisture content above the BET
monolayer level showed a dramatic increase in
the rate of chemical decomposition for Met-14,
as opposed to moisture content below the mono-
layer level. This observation is consistent with
the greater reactivity one would expect above
the BET monolayer level due to increased pro-
tein flexibility and water mobility. In addition to
chemical degradation, the extent of aggregation
of freeze-dried human growth hormone after 10
days at 40°C has been found to be about five
times greater at a moisture level of 3% than at
less than 0.5% [1].
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A separate oxidation pathway was observed in
the increased level of hemoglobin to methemo-
globin (oxidation of the heme group) in a freeze-
dried sucrose-containing formulation as a result
of an increase in residual moisture. The oxida-
tion is twice as high for the formulation with 8%
residual moisture as the same formulation con-
taining 2% moisture content after 4 years of
storage at room temperature [18]. In a separate
study, the influence of hydration on the oxida-
tion of lyophilized carbon monoxyhemoglobin to
methemoglobin was determined [19]. The per-
centage of methemoglobin increased slightly
over the moisture content range 0-12%. The
rate of oxidation to methemoglobin then in-
creased dramatically, reaching a maximum at
approximately 18% water. The rate of oxidation
at 18% moisture content is almost 35 times faster
than in solution. Above 18% moisture content,
the rate of oxidation decreases with increasing
moisture content to the point where the oxida-
tion rates are comparable to those obtained at
very low water levels. In addition to oxidation,
at water levels above 18% moisture content, the
carbon monoxide ligand becomes replaced by
the oxygen ligand. This oxygenation is possibly
due to an increase in flexibility of the conforma-
tional structure, as the exchange is not observed
below 12% moisture content. The oxygenation
may prevent the oxidation of hemoglobin to
methemoglobin, thus explaining the decreased
rates of oxidation observed at high moisture
content levels.

Maintaining low residual moisture is well illus-
trated for five rDNA cytokine preparations
(three interleukins and two colony-stimulating
factors) that were ampouled and lyophilized for
use as internal standards [30]. The preparations
were analyzed under accelerated storage con-
ditions (56°C) in order to assess the procedure
used to prepare cytokine standards and to assess
the long-term stability of the preparations for use
as standards. Each of the cytokines was am-
pouled in microgram amounts with milligram
amounts of bulking agent such as albumin and
carbohydrate. The moisture content after freeze-
drying of a sample batch of any one cytokine

preparation was between 1.1% and 0.64%. A
low residual moisture content could be re-
produced for the same or different cytokine
preparations with a similar formulation. The
cytokine preparations showed good retention of
activity under the accelerated storage conditions
as measured by flow cytometry. A sufficiently
low moisture content was achieved such that the
activity of the cytokines was not adversely affect-
ed by water-induced hydrolysis. The freeze-dry-
ing of cytokines under these conditions, for use
as standards, enabled identical samples to be
supplied without affecting the integrity or stabili-
ty of the preparation.

Biological products are more likely to be
adversely affected by over-drying than low-mo-
lecular mass drugs. Excessive drying may allow
for the removal of structural water and disrup-
tion of the conformational integrity [31]. Studies
to determine the optimum residual water level in
formulations of tissue-type plasminogen activator
have shown that the widely held view that the
drier the better may not be appropriate for
protein formulations [1]. The data suggest that
the protein was mainly altered during the
lyophilization process since subsequent degra-
dation during storage was minimal. Drying the
rt-PA protein to below the calculated monolayer
water levels would appear to have an immediate
and detrimental effect on the physical lots stabili-
ty of the protein. Higher residual moisture lost
more activity, suggesting that higher residual
water levels permit more chemical degradation
reactions to take place. The lower moisture
content has an apparent higher level of aggrega-
tion that is largely due to the greater amount of
aggregates initially generated during the lyophili-
zation process. Results suggest that each protein
may have a minimum moisture content that is
necessary to shield the polar groups. This water
may exist as clusters associated with the strong
polar groups on the surface of the protein, rather
than a continuous monolayer. Results of the
stability on rt-PA show that it is desirable to
achieve a balance between too little moisture
(causing physical instability) and too much mois-
ture (causing biological instability) [1].
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5. Formulation and container considerations

Solid-state stability is especially complex in
heterogeneous systems such as protein formula-
tions, where the extent of product stability is
sensitive to both formulation variables and the
level of residual water in the dry solid. The
residual water content varies with formulation
largely because, while the percentage of water is
based on the total sample, mass, the crystalline
components do not retain significant amounts of
water during freeze-drying, nor do crystalline
components adsorb water from the stopper dur-
ing storage. Formulations with excipients that
adsorb very little moisture and contain a low
ratio of protein to excipient are especially sensi-
tive to small differences in water content. A
small change in the moisture content of the
lyophilized formulation can have a large effect
on the amount of water associated with the
protein and thus adversely affect stability. As an
example, the greater stability of the hGH-man-
nitol-glycine formation described earlier is con-
sistent' with the concept that stability enhance-
ment depends on the excipient system being at
least partially amorphous to allow molecular
interaction with the protein and/or to act as a
“sink™ for residual water [2]. The use of amor-
phous excipients provides more reproducible
formulations from a stability standpoint, which is
a necessity on the production scale owing to the
difficulty in precisely controlling residual mois-
ture levels.

In amorphous solids, the excipients can direct-
ly impact the stability by altering the effective
protein concentration and pH. Adding excipients
to the protein dilutes the effective concentration
of the protein, increasing stability at high levels
of hydration. The addition of buffer salts can
also affect the stability of the protein. It is
expected that low-molecular-mass species act as
plasticizers to decrease the T, of the amorphous
systems and increase protein mobility. The addi-
tion of small ions can result in a lower moisture
content needed to mobilize reactants. The ions
preferentially bind to the proteins, thus exclud-
ing the water from the protein surface. This

allows the water to be available to increase the
mobility of the system again. The increasing
availability of water as a medium for mobiliza-
tion is also observed with the crystallization of
excipients. This redistribution of water increases
the moisture content in the remaining amor-
phous phase, leading to a decrease in stability
through the lowering of the 7,.

In heterogeneous systems such as protein
formulations, the rates of decomposition are
influenced by additives, such as glycerol, pro-
pylene glycol or other polyhydric alcohols, which
are commonly used in protein formulations as
cryoprotectants during freezing and lyophiliza-
tion. The presence of additives can increase
water content at constant relative humidity or
water activity. These additives act as plasticizers
and the presence of such a liquid in the amor-
phous solid will decrease the water level neces-
sary for reactant mobilization and protein flex-
ibility. However, if the water content of the
formulation is constant, the presence of these
additives will decrease the water activity in the
formulation. The presence of soluble salts will
also increase water uptake at high relative
humidities by dissolving in the loosely bound
water and decreasing the vapor pressure, causing
increased condensation. At low relative
humidities, such electrolytes may actually de-
crease the water uptake by occupying proteins
binding sites for water. Sugars such as trehalose
and lactose can serve to satisfy partially the
hydrogen-bonding requirements of the polar
groups in dried proteins, and thus serve as water
substitutes for dried proteins [31-33].

A low residual moisture content in the dried
product upon freeze-drying is essential to main-
tain the stability of compounds. Low residual
moisture after manufacture, however, does not
ensure low moisture throughout the shelf-life of
the product. The rubber stoppers used in the
container hold a measurable amount of water
that can transfer to the freeze-dried product,
eventually coming to equilibrium with the water
in the stopper [34,35]. The use of amorphous
polymers protects the protein by serving as a
moisture “sink” for the small amounts of mois-
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ture that may transfer from the stopper. The use
of amorphous excipients provides more re-
producible formulations from a stability stand-
point. During validation studies of each product
and changes such as vial size, manufacturers
should test several samples from several posi-
tions on each shelf in the freezer-dryer to de-
termine that the lot meets the residual moisture
specification of the product.

6. Moisture content determination

Owing to the key role water content plays in
the solid-state stability of protein formulations,
an accurate and precise moisture determination
is essential in resolving stability issues. Accurate
moisture determination will facilitate a more
complete understanding of the role of moisture
content on product stability and the setting of
meaningful specifications and criteria for accept-
able moisture content. Guidelines for the de-
termination of residual moisture in dried bio-
logical products have been issued to describe
residual moisture test methods and procedures
used to set product residual moisture limits.
These guidelines have been issued under 21 CFR
10.90 stating the principles and practices of
general applicability. These are not legal require-
ments but can be relied upon by the user with
the assurance of its acceptability to the FDA [6].

A number of chromatographic, spectroscopic,
electrochemical, thermal and wet chemical meth-
ods have been used to determine moisture
[6,36,37]. The most common of these are loss on
drying (LOD), thermogravimetric analysis
(TGA), gas chromatography using a thermal
conductivity detector and the Karl Fischer titra-
tion. In addition to these methods where the
sample is not recovered after analysis, the non-
destructive technique of near-infrared spectros-
copy has also been utilized [37]. In this technique
a fiber-optic diffuse-reflectance probe measures
reflectance through intact glass vials. These
water content measurements, however, require
that an accurate reference moisture value be
obtained as a guide, with the Karl Fischer
titration being the method of choice.

6.1. Gravimetric method (loss on drying)

The procedure for loss on drying involves
dispensing the substance to be tested into a
tared, glass-stoppered, shallow weighing bottle
[38]. The optimum sample size is approximately
200 mg and may require that the contents from
several final product containers be pooled. The
particle size of the test substance may need to be
reduced (down to 2mm) to allow for proper
drying if large crystals are present. The test
specimen is prepared for analysis in a low-
humidity glove-box and is weighed and evenly
distributed along the bottom of the bottle for
even drying. The test is performed in a tempera-
ture- and humidity-controlled environment to
prevent ambient humidity from interfering in the
test procedure. The unstoppered bottle and
contents are then loaded in the drying chamber
and the test specimen dried at a given tempera-
ture and time. The approved test method for
residual moisture (Code of Federal Regulations,
21 CFR 610.13) in freeze-dried biological prod-
ucts measures the maximum loss in mass of a
weighed sample equilibrated to constant mass
over anhydrous phosphorus pentoxide at a pres-
sure of not more than 1 mmHg and a tempera-
ture of 20-30°C for as long as it has been
established is sufficient to results in a constant
mass. After drying, the bottle is stoppered
promptly and allowed to come to room tempera-
ture in a desiccator before weighing.

This method relies on the removal of water
from the cake when exposed to heat in a vacuum
oven. Measurements of the opened vial and cake
are made before and after the addition of heat.
The difference in mass is used to calculate the
amount of water present. The gravimetric meth-
od measures surface moisture and loosely bound
water of hydration {39]. Surface moisture is the
classical definition of residual moisture. The
major disadvantage of this method is that is very
difficult to remove all the residual water, which
may remain tightly bound to either the protein
or the excipients used in the formulation buffer.
Therefore, this method may underestimate the
actual residual moisture level [40]. The general
recommendation for most products is that the
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residual moisture should not exceed 1.0% by the
gravimetric method [3].

6.2. Thermogravimetric

In thermogravimetric analysis, the mass of a
sample is recorded continuously as its tempera-
ture is increased linearly from ambient to as high
as 1200°C [41]. This method can provide more
useful information than LOD at a fixed tempera-
ture for a fixed time. The essential features of
the equipment are a recording balance and
programmable heat source. Variations on the
equipment employed include the sensing of the
specimen temperature, size of the sample holder
and range of atmosphere control. In the de-
termination of water content, the TGA will show
a decrease in mass from ambient to 100°C and
then plateau. The mass loss from the initial
sample value to this plateau is due to the loss of
water.

In determining the loss of mass upon drying, it
is necessary that the method differentiates be-
tween measuring the “moisture” and not “total
volatiles” content of the sample. Depending on
the sample and test conditions, the amount of
mass lost from the sample may include sub-
stances in addition to water (methanol, etc.).
Care must be taken to choose the proper method
to insure that the mass loss is due solely to
moisture and does not include other species. The
thermogravimetric method measures both sur-
face and bound moisture in freeze-dried bio-
logical products. The TGA method can deter-
mine the moisture content in freeze-dried sam-
ples as small as two milligrams. CBER used
TGA methodology as a second method to con-
firm Karl Fischer test results, especially when the
Karl Fischer test results indicate that the sample
has a falling moisture content [3].

In complex thermograms, the transitions at-
tributed to residual moisture are verified for
samples by thermogravimetry-mass spec-
trometry (TG-MS). This technique provides
precise TG heating conditions and mass loss
information along with mass spectral identifica-
tion of volatiles evolved during the mass loss
process. Mass spectra are taken of the TG off-

gases continuously with ion intensities of mass
peaks 18 and 44 being monitored to show the
changes in the amounts of water and carbon
dioxide. The mass spectral ion intensities verify
the transition caused by moisture in the freeze-
dried sample. This is done by differentiating
between the water content of the sample and the
water evolved from thermal decomposition of
the sample, which coincides with the evolution of
carbon dioxide.

6.3. Gas chromatography

In addition to the thermal methods of analysis,
gas chromatography (GC) with a thermal con-
ductivity detector has been used for the de-
termination of water in proteins. In this method
the sample is dissolved in an appropriate solvent
and injected on-column along with an internal
standard (i.e., methanol). In a method used in
the European Pharmacopoeia monograph for
hGH, 1.0 mg of the preparation is suspended in
0.1 ml of 2-propanol using anhydrous methanol
as the internal standard [42]. The chromato-
graphic procedure is carried out using a stainless-
steel column packed with styrene—divinylben-
zene copolymer using helium as the carrier gas.
The water content of the sample is calculated
taking into account its density (0.997 g/ml at
20°C) and any water detectable in the internal
standard solution. Care must be taken to assure
that the entire contents of the sample are well
dissolved and that any contamination of the
solvent(s) due to water is corrected for.

Gas chromatography may be utilized if the
need exists to perform residual moisture de-
terminations on a micro scale. GC analysis,
however, is complicated to perform and is prone
to overestimating the amount of moisture con-
tent in the sample. Precautions are needed, such
as sample preparation in a glove-box purged with
a dry inert gas, to prevent rehydration of the
sample with moisture from the atmosphere [40].

6.4. Near-infrared spectroscopy

In addition to methods where the sample is
not recovered after analysis, the non-invasive,
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non-destructive technique of near-infrared spec-
troscopy has also been utilized [37]. In this
technique, a fiber-optic diffuse-reflectance probe
was used to measure reflectance from 1100 to
2500 nm through the bottom of intact glass vials.
The correlation of the method with results ob-
tained by Karl Fischer analysis was very good.
The method is rapid, as analysis times are short
(typically 20-s analysis times) and little sample
preparation is required. In addition, the sample
container remains closed during the analysis,
removing the threat of erroneous results from
atmospheric moisture. The water content mea-
surements, however, require that an accurate
reference moisture value be obtained as a guide,
with the Karl Fischer titration being the method
of choice.

6.5. Karl Fischer methodology

Of all these methods, the Karl Fischer titra-
tion, originally described in 1935 [43], is the
approach most widely used in the determination
of water content. The Karl Fischer method gives
a better estimate of the total residual moisture, is
very reproducible and can be automated. The
titration can be run in either protic or aprotic
media with the protic medium seeing wider use
owing to the higher sensitivity of the titer to
sample and solvent composition [44]. The reac-
tion in protic media (i.e., alcohol) involves sulfur
dioxide reacting with the alcohol to produce an
alkyl sulfite in a buffered medium using an
appropriate base to maintain the solution at the
optimum pH. The method of adding iodine to
the reaction differs according to the type of
experiment, volumetric or coulometric. In the
volumetric experiment, the iodine is contained in
a buret and metered out as required. The
amount of iodine per unit volume is determined
empirically during a standardization step and the
amount of water in the sample is calculated from
this titer. In a coulometric experiment, the
iodine is generated electrochemically from iodide
present in the cell. Todine together with pyridine,
sulfur dioxide and methanol form the Karl Fis-
cher reagent, which reacts quantitatively with
water. The cake is dissolved or suspended in

methanol and a coulometric oxidation of iodine
is made titrimetrically. Alternative ‘‘pyridine-
free” Karl Fischer reagents substitute another
amine for pyridine [45]. The electrochemical
efficiency of this method is generally 100%, and
the amount of water in the sample is calculated
from the number of moles of electrons used in
the iodine generation.

The ability of the coulometric Karl Fischer
method to measure residual moisture in about 10
mg of a freeze-dried biological sample makes it
the most practical Karl Fischer method for the
determination of residual moisture in freeze-
dried biological products in single dose final
containers. Freeze-dried biological products can-
not be analyzed by the Karl Fischer methodology
when (1) materials are present in the matrix of
the biological product that interfere with the
Karl Fischer reagents, (2) the sample does not
dissolve adequately in the Karl Fischer reagent
and (3) the sample moisture does not adequately
extract into these solvents.

An important point to consider with the Karl
Fischer titration is the possibility of erroneous
results due to water contamination during sam-
ple handling. Water content of a protein at a
given relative humidity can be influenced by its
prior process and storage conditions. In studies
involving the freeze-dried formulation of human
growth hormone, an increase in water content
arose from absorption of water from the stopper,
not transmission of water through the stopper
[33]. Titration of small amounts of water in
coulometric systems requires correction for at-
mospheric moisture entering the system. Sample
handling can have a significant impact on the
results of a titration as a result of gain or loss of
moisture between sampling and analysis. This
becomes increasingly frustrating when one con-
siders the increased variability of the assay due
to wide fluctuations in relative humidity through-
out the year [46]. Atmospheric moisture con-
tamination can be partly circumvented by using a
dry-box to minimize interference from ambient
humidity, but care must be taken when setting
the relative humidity in the glove-box so as not
to remove or add moisture to the sample. An
alternative to the glove-box is to add a known
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amount of anhydrous methanol with a syringe to
the freeze-dried biological product in a final
container [3]. The methanol should dissolve the
sample. Known amounts of sample and metha-
nol are withdrawn and added to the Karl Fischer
titration vessel for moisture determination. The
moisture content of the anhydrous methanol is
determined as the blank.

7. Conclusions

The relationship between water and protein is
important in the understanding of the shelf-life
stability of lyophilized formulations of bio-
pharmaceuticals. The flexibility of a protein in
the solid state is increased by temperature and
moisture content. Water has the potential to act
as a plasticizer in the amorphous polymer to
reduce the glass transition temperature, T,. If
the 7, is decreased below the temperature of the
surroundings, a phase transition from a glassy
state to a dynamically relaxed state may occur.
The level of moisture content resulting in a more
mobile system can be extrapolated using iso-
therms to help predict the BET monolayer. At
or near the BET monolayer, there is increased
mobility of the absorbed water and the flexibility
of the protein. The increased protein flexibility
and water mobility may adversely affect the
chemical and/or conformational stability of the
protein. The observed decomposition pathways
are sensitive to the flexibility of particular seg-
ments of the protein backbone and the orienta-
tion of exposed amino acid residues. In addition
to temperature and moisture content considera-
tions, care must be taken in the selection of the
proper excipients. Excipients that exclude water
from the protein surface (such as small ions) or
that increase the water content in the amorphous
phase (those that crystallize) can adversely affect
protein stability. Strategies employed to main-
tain the solid-state stability of proteins need to
minimize protein flexibility and water mobility
by maximizing the T, through low moisture
content and careful selection of excipients.
Owing to the close interplay between water and
protein stability in the amorphous system, the

accurate determination of moisture content in
the lyophilized plug is imperative. A number of
techniques have been utilized to determine mois-
ture content, with each having its own set of
advantages and limitations. The one common
limitation, however, is the ability to prevent
atmospheric moisture contamination during sam-
ple handling.
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Abstract

C-terminal Lys or Arg residues whose presence was expected based on gene sequence information are often
absent in proteins isolated from mammalian cell culture. This discrepancy is believed to be due to the activity of
one or more basic carboxypeptidases. Internal Arg/Lys residues that become C-terminal upon proteolysis or
zymogen activation, such as in the two-chain form of tissue plasminogen activator, may also be removed from the
mature protein. Charge heterogeneity results when this type of processing is incomplete; such heterogeneity can be
detected by isoelectric focusing or ion-exchange chromatography. The absence of C-terminal basic residues is not
usually a regulatory concern, as plasma-derived proteins are often similarly processed.
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sensus sequences [1]. In practice, however, a
number of variations from the expected structure
can be found. Variants may result from either

1. Introduction

In theory, the characterization of recombinant

proteins is a straightforward matter, as the
requisite genetic engineering provides an ex-
pected amino acid sequence, with potential sites
of modification identified based on known con-

0021-9673/95/$29.00
SSDI 0021-9673(94)01255-5

known or novel types of in vivo (posttranslation-
al) modification [2] or from spontaneous (non-
enzymatic) protein degradation, such as
methionine oxidation [3], diketopiperazine for-

© 1995 Elsevier Science B.V. All rights reserved



130 R.J. Harris | J. Chromatogr. A 705 (1995) 129-134

mation [4], aspartate isomerization and deamida-
tion of asparagine residues [5], or succinimide
formation [6,7].

This review will cover a type of posttransla-
tional processing that is becoming a common
analytical protein chemistry experience: the re-
moval of Lys or Arg residues from the C-ter-
minus of a protein obtained through mammalian
cell culture. Several examples of this type of
processing have been reported, and some suc-
cessful approaches for identifying such variants
are reported herein.

2. Experimental conditions
2.1. CNBr/C4 assay

Samples were exchanged into 0.1% formic
acid by dialysis, then 88% formic acid was added
to bring the samples to a final solution of 20%
formic acid. CNBr (Pierce) was dissolved in 20%
formic acid at a concentration of 50 mg/ml, then
added to sample(s) at a 5:1 (CNBr:protein)
weight ratio. After stirring 20 h at room tem-
perature in the dark, the CNBr was removed
under a nitrogen stream. Samples were reconsti-
tuted in 20 nl 88% formic acid, then diluted with
water to 300 ul final. C-terminal CNBr frag-
ments were resolved using a Vydac C4 (250 x 2.1
mm) column. The system was equilibrated for 20
min at 100% solvent A [0.1% trifluoroacetic acid
(TFA) in water], then, 6 min after sample
injection, a linear gradient to 25% solvent B
(0.1% TFA in acetonitrile) was developed over
50 min by a Hewlett-Packard 1090 system. The
flow-rate was 0.20 ml/min, with a constant
temperature of 40°C.

2.2. Cation-exchange chromatography

A Pharmacia MonoS column (50 X 5 mm) was
equilibrated with 95% solvent A (20 mM sodium
phosphate, pH 6.9)-5% solvent B (solvent A +
100 mM NaCl) at 40°C with a flow-rate of 1.0
ml/min. Upon injection of 72 ug from three lots
of thuMAb HER2, a gradient from 5 to 40%

solvent B was developed over 40 min to elute
peak fractions.

2.3. Materials

Tissue plasminogen activator (tPA) purified
from Chinese hamster ovary (CHO) cells trans-
fected with the human tPA gene was produced at
Genentech (Activase). Bowes melanoma tPA
was provided by Desire Collen (University of
Leuven). rhuMAb HER2 is a recombinant
humanized antibody produced in transfected
CHO cells [8]. TFA was purchased from Pierce,
while acetonitrile was from Burdick and Jackson.
Vydac C4 (214TP52) and C18 (218TP58) col-
umns were purchased from The Separations
Group.

3. Results
3.1. Antibodies and antibody-related proteins

rCD4-IgG is a recombinant chimeric homo-
dimeric protein, secreted from transfected CHO
cells, with the C,;1 and C,,2 regions of a human
IgG, heavy chain replaced by residues 1-180 of
the human CD4 receptor [9]. A CNBr cleavage/
C4 RP-HPLC method was developed to identify
the C-terminus of the mature CHO-expressed
protein; in that study, the expected C-terminal
Lys residues were found to be completely absent
{10]. This approach can be used for any protein
with human IgG, heavy chains such as trhuMAb
HER?2 [11}], as shown in Fig. 1. In this example,
CNBr cleavage after Met*’ liberated C-terminal
peptides that were isolated by RP-HPLC and
characterized. Peak A contains the expected
heavy chain C-terminal CNBr peptide (residues
432-450: HEALHNHYTQKSLSLSPGK), but
the major product (peak B) is a des-Lys**°
peptide (residues 432-449: HEALHNHYTQK-
SLSLSPG). Minor additional peaks were ob-
tained that resulted from formylation of the
peptide during the CNBr/formic acid incubation.

We and others have reported this type of
processing with antibody and antibody-like pro-
teins from a variety of sources (Table 1). The
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431 450
Expected IgG1 heavy chain C-terminus: -CSVMHEALHNHYTQKSLSLSPGK

HEALHNHYTQKSLSLSPGK (+ Lys#50)

Observed C-terminal CNBr peptides:
HEALHNHYTQKSLSLSPG (- Lys450)
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Fig. 1. Isolation of C-terminal CNBr peptides from 25 mg of
a human IgG, antibody by C4 RP-HPLC. Peak A: residues
432-450 ( + Lys*°). Peak B: residues 432-449 (— Lys*°).

absence of the C-terminal Lys residues from
these proteins is not due to cloning errors, but,
rather appears to be due to the action of car-
boxypeptidase(s). The penultimate residues
(Gly) do not appear to be removed, suggesting
that the responsible carboxypeptidase(s) are
specific for basic residues. Plasma-derived anti-
bodies also typically lack the heavy chain C-
terminal Lys residues [12,13].

Incomplete removal of C-terminal Lys res-

Table 1
Examples of C-terminal Lys/Arg processing

idues from IgG heavy chains causes charge
heterogeneity, as forms with 0, 1 or 2 Lys
residues will result. Such charge variants can be
resolved by cation-exchange chromatography
[14,15]. For example, rhuMAb HER2 shows five
charge species (Fig. 2). The main peak (peak 3)
has no Lys*’ residues, while the more basic
peaks 4 and 5 have one or two Lys450 residues,
respectively (data not shown). The more acidic
peaks 1 and 2 are deamidated at Asn®® in one
light chain; peak 1 has no Lys** residues, while
peak 2 has one Lys*° residue.

3.2. Two-chain tPA

The activation of serine protease zymogens,
including many of the coagulation/fibrinolytic
proteins, occurs by proteolysis of arginyl bonds,
converting the zymogen to a two-chain form
whose polypeptide chains remain associated by
disulfide bonds. Tissue plasminogen activator
(tPA) is synthesized as a single-chain 527-residue
polypeptide; depending on the cell culture con-
ditions employed, proteolytic cleavage can occur
between Arg’” and Ile’’®, converting tPA to a
two-chain form. Two CHO-expressed recombi-
nant forms were produced at Genentech, a
primarily two-chain product and a primarily
single-chain product (the latter is licensed as
Activase). tPA isolated from the Bowes
melanoma cell line is largely a two-chain prod-
uct.

Protein Susceptible Cell line/source Ref.
residue

rCD4-IgG Lys Transfected CHO [10]
rhuMAb HER2 Lys Transfected CHO [11]
OKT3 MAb Lys Hybridoma/ ascites {14]
OKT3 MAb Lys Hybridoma/cell culture [14]
CEM231 MAb Lys Hybridoma/ ascites [15]
CEM231 MAb Lys Hybridoma/cell culture [15]
Hu-anti-Tac MAb Lys Transfected SP2/0 [16]
2-Chain tPA Arg Transfected CHO

2-Chain tPA Arg Bowes melanoma

huEPO Arg Human urine [17]
rhuEPO Arg Transfected CHO [17]
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Fig. 2. Cation-exchange chromatography of three lots of rhuMAb HER2. Chromatographic conditions are given in Section 2.2.

Tryptic peptide mapping of the two CHO-
expressed forms showed peptides with or without
Arg?” (residues 268-275: QYSQPQFR and
268-274: QYSQPQF, respectively) as shown in

1297 A
120

Normalized absorbance at 214 nm

34 36 38 40
Time (min )
Fig. 3. Detail showing differences between single-chain and
two-chain CHO-expressed tPA tryptic maps. Chromato-
graphic details are given in Ref. [18]. (A) Two-chain tPA
digest. (B) Single-chain tPA digest. The peaks marked
+Arg”  and —Arg” contain residues 268-275
(QYSQPQFR) and 268-274 (QYSQPQF), respectively.

Fig. 3. The 268-274 (des-Arg’’®) peptide pre-
dominates in the two-chain form, whereas the
single-chain material gave the 268-275 peptide
almost exclusively. Evidently, cleavage of the
Arg””-1le”’® bond in the two-chain forms ex-
poses Arg”” to basic carboxypeptidase(s) in the
cell culture fluid. No evidence for further pro-
cessing at the C-terminus of the heavy chain
(residues 1-274/275) was evident in peptides
from the tryptic map. In both single-chain and
two-chain tPA, the light chain C-terminus (-Met-
Arg-Pro’”’) is unprocessed (unpublished data).
The predominantly two-chain melanoma-derived
tPA shows roughly equivalent levels of the *
Arg®” peptides (Fig. 4). Figs. 3 and 4 differ
slightly because different RP-HPLC columns
(albeit from the same vendor) were used.

4. Discussion

When derived from mammalian cell culture,
proteins that might be expected to terminate
with Arg or Lys residues may be processed such
that these residues are absent in the purified
product. A number of antibody structural studies
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Fig. 4. Detail showing differences between Bowes melanoma
tPA and single-chain CHO-expressed tPA tryptic maps.
Chromatographic details are given in Ref. [17]. (A)
Melanoma tPA digest. (B) Single-chain CHO tPA digest.
The peaks marked + Arg”” and —~Arg®” contain residues
268-275 (QYSQPQFR) and 268-274 (QYSQPQF), respec-
tively.

have demonstrated the absence of heavy chain
C-terminal Lys residues [11,14-16]. The absence
of an expected C-terminal Arg residue from
urinary and recombinant (CHO-expressed)
human erythropoeitin (huEPO) has also been
reported [17]. Similarly, as shown for tPA,
conversion of serine protease zymogens to two-
chain forms upon cleavage after Arg or Lys
residues during cell culture may allow basic
carboxypeptidase processing to occur at the
newly exposed Arg/Lys C-terminus. Incomplete
processing of basic residues will cause charge
heterogeneity that can be detected by ion-ex-
change chromatography or isoelectric focusing
[14], although additional factors (e.g., deamida-
tion, phosphorylation or sialic acid variability)
may also contribute to the overall charge hetero-
geneity.

C-terminal processing may also be detected by
detailed characterization of peptide maps using
the LC-MS approach (peptide digestion fol-
lowed by RP-HPLC separation with on-line mass
spectrometric detection) [19]. In electrospray
mass spectrometry, the major observed ion
roughly corresponds to the number of basic
groups [20]; the N-terminus and a C-terminal

Lys/Arg side-chain usually provide two basic
groups for tryptic peptides. The number of basic
groups is reduced by one in peptides that result
from basic carboxypeptidase processing; as a
consequence, the processed form(s) of C-termi-
nal peptides may be overlooked unless the inves-
tigators actively look for any potentially minor
des-Arg/Lys singly protonated form. Automated
methods for C-terminal analysis [21] may also
assist in C-terminal processing studies.

Basic carboxypeptidases are known to regulate
peptide hormonal activity (e.g. bradykinin, the
enkephalins and anaplylatoxins) [22]. However,
no biological effect(s) have been reported for the
C-terminal processing of the proteins described
in this report. The presence or absence of C-
terminal Lys residues on antibody heavy chains
is not likely to influence antigen binding, which
is mediated by the distant complementarity-de-
termining regions [23], nor are binding to the
Fcy receptor or complement Clq likely to be
affected, as these involve residues in the hinge-
C,2 region and Cy2 domains, respectively
[24,25].

In general, the absence of C-terminal Lys or
Arg residues is unlikely to be considered a cause
for concern, as similar processing affects plasma-
or urinary-derived proteins such as antibodies
[12,13] and huEPO [17]. Variation in the extent
of C-terminal processing can lead to production
ots with different charge distributions. The
charge variants generated by incomplete process-
ing of the Lys/Arg residue(s) may be isolated by
cation-exchange chromatography; assaying these
fractions for potency or clearance will help assess
the appropriate level of concern for this type of
heterogeneity.

The responsible carboxypeptidase(s) have not
yet been identified. The lack of processing
beyond the Lys/Arg residue(s) suggests that an
enzyme similar to one or more of several known
basic carboxypeptidases may be responsible;
such basic carboxypeptidases include pancreatic
carboxypeptidase B, plasma carboxypeptidase N,
membrane-bound (extracellular) carboxypepti-
dase M, and carboxypeptidase H of secretory
granules [22]. Plasma plasminogen-binding and
urinary basic carboxypeptidases have also been
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identified [26,27]. Basic carboxy-peptidase activi-

ty has been reported for hybridoma cell culture
supernatants and ascites fluid [14,15]; antibodies
purified from ascites tend to be completely
processed. It is also possible that the activity
seen during cell culture results from release of a
cytosolic enzyme from damaged cells, as is the
case for the sialidase isolated from CHO cell
culture [28]. Isolation and characterization of the
responsible carboxypeptidase(s) should allow
susceptible proteins to be cultured in the pres-
ence of inhibitors, generating unprocessed ma-
terial that could be used for investigations as to
the effect(s) of the C-terminal processing.
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Abstract

The electrophoretic migration behavior of 12 S. nuclease variants from Staphylococcus aureus with small but well
defined structural differences from site directed mutation was investigated in free solution capillary electrophoresis
at pH 2.8 to 9.5. The nucleases are basic proteins; the pI and the M, of the wild type are 10.3 and 16.811 kd,
respectively. With specially selected oligoamino buffers and with an inert, hydrophilic wall coating in 75 pm LD.
quartz capillary tubes, most of the proteins could be separated by CZE without interference by wall adsorption
even at pH 9.5 where the selectivity was the highest. At pH 2.8, 4.1 and 7.0, S. nucleases are known to be in the
random coil, “swollen” and the tight native state. Assuming that in a given state, i.e., at a certain pH, the
molecular radii of the nucleases are the same, their hydrodynamic radii were calculated from their pertinent
electrophoretic mobilities. The respective radii of 50.1, 26.8, and 25.0 A thus obtained agreed very well with the
corresponding radii of gyration obtained from X-ray scattering. In fact, from the electrophoretic mobilities at pH
9.5, the existence of a hitherto unknown swollen basic state of the nuclease having a hydrodynamic radius of 30.5 A
was postulated. In addition, a method was described to evaluate the valence of the proteins at different pH from
their pertinent electrophoretic mobilities. A general advantage of this method is that only the differences between
the valences of the mutants and the wild type are needed; and for none of the proteins is required the knowledge of
the actual valence. The results of the methods allowed the construction of a pH profile of the protein’s valence. For
the wild type, this profile was compared to the H* titration curve and the agreement was excellent. Both methods
employed some novel structure—electrophoretic mobility relationships and the predicted protein properties
compared remarkably well to the values obtained by exoelectrophoretic methods such as pH titration and X-ray
scattering. Surprisingly, certain S. nucleases having the same valence could also be readily separated by CZE in
some cases under the same conditions used for the others. Close examination of appropriate X-ray crystallography
and/or NMR data indicated subtle differences in the molecular structure of these proteins that could be responsible
for slight alteration in their hydrodynamic radii. The notion of virtual mobilities was used to assess the effect of
such changes; and it is shown that for the native form of the S. nucleases a 2 A change in the molecular radius is
equivalent to a unit change in valence in bring about the same variation in the electrophoretic mobility.

1. Introduction been used for the analysis of complex protein
mixtures such as human serum proteins [1-5]
Capillary zone electrophoresis (CZE) has and bovine brain proteins [5] as well as for the

assay of purified biosynthetic proteins, e.g.,

* Corresponding author. human insulin [6,7] and recombinant human
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growth hormone [8]. Despite the success of CZE
in protein analysis as demonstrated also by the
separation of variants of transferrin [9] and
immunoglobulin G [10], there is still a lacuna in
understanding the dependence of electrophoretic
mobility on molecular structure although the
observed electrophoretic behavior of small pep-
tides has been related to their molecular prop-
erties in a relatively straightforward fashion
[6,11-15].

With large peptides or proteins only in a few
studies were quantitative relationships developed
between electrophoretic mobility and molecular
structure. For instance, an attempt was made to
relate the electrophoretic mobility of deamidated
variants of immunoglobulin G to their amino
acid composition and the pH of the medium in
order to predict the optimal pH range for the
separation of these similarly sized proteins [10].
In many cases only a qualitative interpretation of
the experimental data was presented. For exam-
ple, the higher mobility of the unfolded form of
bovine a-lactalbumin has been attributed to an
increase in its characteristic charge upon thermal
denaturation [16]. The separation of recombi-
nant human growth hormone from its deami-
dated variant was also interpreted by a charge
difference in this case between the two similarly
sized proteins [8].

In this work, we investigated the conditions
for the separation of 11 mutants and the wild
type of the enzyme Staphylococcal nuclease (S.
nuclease)  [ribonucleate(deoxyribonucleate)-3'-
nucleotido-hydrolase, EC 3.1.4.7], produced by
r-DNA technology in E. coli. This protein has
served in several model studies of enzyme func-
tion and thermodynamic stability [17-19] as well
as that of protein folding and unfolding [20]. The
crystal structure of S. nuclease [19] is known at
1.7 A resolution and information is available on
its hydrodynamic radius in the native state {21]
and on the radii of gyration of its different
conformations [23]. Renewed interest in S. nu-
clease is due to the ready availability of variants
obtained by site directed mutagenesis. They have
been used in studies on protein stability [21] and
enzymatic activity [25]. The 3D structure of
several mutants is known from X-ray diffraction
with 1.9 A resolution [19,22,26-28] and NMR

measurements [24,29]. The wild type and mu-
tants of S. nuclease under investigation comprise
a set of well characterized proteins with small
but well defined structural differences as a result
of site-specific mutation at only one amino acid
residue, as illustrated in Fig. 1.

Despite the difficulties encountered earlier in
the separation of nuclease isoforms from Ser-
ratina marcescens [30], the S. nucleases represent
a set of well characterized and closely related
proteins suitable for establishing quantitative
structure and mobility relationships in CZE.
Similar efforts in HPLC had only limited success
probably due to denaturation of the proteins
under conditions of reversed-phase chromatog-
raphy [31].

In this study, we examine the conditions for
the separation of 12 nucleases and relate their
electrophoretic behavior to molecular features.
Particular attention is paid to the chemical prop-
erties of the buffers employed to cover the wide
pH range investigated. For the separation of
these very basic proteins and thus for the suc-
cessful completion of this study, the choice of the
buffers was decisive.

2. Experimental
2.1. Instruments

CZE experiments were performed using a
2100 Model P/ACE capillary electrophoresis unit
with UV detection at 214 nm at a temperature
setting of 25°C. Only a few experiments were
carried out at elevated temperatures. A Power-
Mate SX/20 from NEC Technologies (Box-
borough, MA, USA) with P/ACE 2000 Series
Microsoft for Windows version 2.02 (Beckman
Instruments, Fullerton, CA, USA) was used for
control of the instrument and data processing.
Fused-silica capillary tubes of 375 um O.D. and
75 pwm L.D. with polyimide outer coating were
obtained from Quadrex (New Haven, CT,
USA). Their inner wall was coated with a poly-
acrylamide layer by a method adapted from the
literature [32,33]. In each experiment, the length
of the capillary and the pertinent migration
distance were 470 mm and 400 mm, respectively.
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Fig. 1. Covalent structure of S. nuclease [20]. The positions of point mutation pertinent to this study are indicated by the arrows.
At neutral pH positively and negatively charged amino acid residues are marked with + and — respectively.

2.2. Proteins

Staphylococcal nuclease A, the wild type nu-
clease from Staphylococcus aureus, and its mu-
tants were obtained by oligonucleotide directed
mutagenesis [34] and expressed in E. coli. The
detailed procedures as well as the purification of
the protein and the subsequent NMR and crys-
tallographic experiments are described for the
wild type in the literature {19,35], whereas the
pertinent information on the mutants are given
in Table 1. Ribonuclease A from Bovine Pan-
creas Type II-A was purchased from Sigma (St.
Louis, MO, USA).

2.3. Chemicals

Trimethylphenylammonium iodide was pur-
chased from ChemService (West Chester, PA,
USA). Diethylenetriamine (DIEN) and piper-
azine (PIP) were purchased from Fluka (Ron-
konkoma, NY, USA). Triethylenetetramine
(TETA) was obtained from Aldrich (Milwaukee,
WI, USA). Reagent grade phosphoric acid

(85%), boric acid and sodium hydroxide were
supplied by Fisher (Pittsburgh, PA, USA), sodi-
um borate (Na,B,0,-10H,0) from Mallinck-
rodt (Paris, KT, USA), trifluoroacetic acid
(TFA) from J.T. Baker (Phillipsburg, NJ, USA)
and citric acid was obtained from Sigma (St.
Louis, MO, USA). Volumetric solutions of 0.1 M
HCI and 0.1 M KOH were purchased from J.T.
Baker. Potassium chloride was supplied by
Fisher. Buffer solutions were obtained for the
calibration of the pH electrode at pH 10.00 from
Brand-Nu Laboratories (Meriden, CT, USA), at
pH 4.01 (potassium biphthalate) and at pH 7.00
(phosphate) from J.T. Baker. Deionized water
was prepared by the NanoPure purification sys-
tem from Barnstead (Boston, MA, USA) and
used throughout the experiments.

2.4. Buffers

Citrate buffer, pH 2.8 was prepared by adjust-
ing the pH of 30 mM aqueous citric acid solution
with 1 M NaOH. A series of buffers composed
of phosphate and/or trifluoroacetic acetate salts
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Table 1
S. nucleases under investigation.
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Protein Group Code Ref. AM,)* (Zy = 2,) Valence
wild type 1 0 [19] - - 7.49
Asnl118Gly 1 1a [24] -57 0 7.49
Pro117Thr 1 1b [22,39,40] +4 0 7.49
Prol117Gly 1 1c [22,39,40] —40 0 7.49
Prol17Ala 1 1d [22] -26 0 7.49
Pro47Ala 1 le [27] -26 0 7.49
His124Leu 2 2a [40] —66 1 (pH<5.9%)

0 (pH > 5.9%) 7.49
Lys116Gly 2 2b [26] -7 1 6.63
Lys116Ala 2 2c [26] -57 1 6.63
Lys116Met 2 2d [26] +3 1 6.63
Lys116Asp 3 3a [27] -13 1 (pH<3.6%

2 (pH>3.6%) 5.60
Lys116Glu 3 3b [27] +1 1 (pH <4.3°)

2 (pH > 4.3 5.49

The changes in molecular weight, A(M,), and in valence, (z,, — z,,) upon substituting the appropriate amino acid residue in the
wild type are shown for each mutant. The proteins are divided into three groups 1, 2 and 3 depending on the valence change upon
mutation and given a letter code for identification, see Figs. 3 and 13 as well as Tables 4 and 5. Also shown is the valence of the
proteins at pH 8.89 as calculated from experimental data by Eqs. 4 and 6

* The molecular weight of S. nuclease based on its amino acid composition is 16 811.

® pK, value of His124 in S. nuclease at 25°C [29].

° pK, values of Asp and Glu in aqueous solution at 25°C [52].

of selected aliphatic di-, tri- and tetra-amines
[36] having pK, values in the pH range from 3.25
to 9.84 as shown in Table 2 was employed.
Phosphoric acid (85%) or trifluoroacetic acid
was added to the 12.5 mM or 25 mM aqueous
amine solution to reduce the pH close to the pK,
value of the amine. Borate buffer, pH 8.4 was

Table 2
Chemical structure and pK, values at 25°C of amines used for
the preparation of buffers [36]

Amine Chemical structure pK

a

DIEN H,NC,H,NHC,H,NH, 4.23
9.02
9.84
3.25
6.56
9.08

9.74

TETA H,NC,H,NHC,H,NHC,H,NH,

PIP m‘/—\\ NH 5.76

9.72

prepared by adjusting the pH of 25 mM aqueous
sodium borate with 100 mM boric acid.

2.5. Electrophoresis

The operating conditions are listed in Table 3.
Proteins were dissolved in water to obtain a
concentration of ca. 1 mg/ml. The samples were
injected by applying 0.5 p.s.i. (1 p.s.i. = 6,894.76
Pa) pressure for 1 to 2 s, and the respective
sample volumes were estimated as 6 nl and 12 nl.
Between runs the capillary was flushed for 2 min
with water and for 3.5 min with the background
electrolyte at an inlet pressure of 20 p.s.i. Data
concerning the measurement of the electropho-
retic mobility of S. nuclease are shown in Table
3. The electrophoretic mobilities of the mutants
were measured with the wild type as an “internal
standard”. The precision of the relative electro-
phoretic mobilities was better than 0.23%
R.S.D.

The capillaries were tested according to the
following protocol. Newly prepared capillaries
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Table 3

Experimental conditions and precision of electrophoretic mobility measurements

139

pH Temp. Buffer® Ionic Double Electric  Current  Precision of
(§9)] strength layer field (nA) electrophoretic
(mmol/kg) thickness (V/em) mobillity
(107° m)

RSD® ne
28 25 30 mM Citric acid~1M NaOH 5.5 2.94 426 28 0.3 9
41 25 25 mM DIEN-H,PO, 55.0 0.92 319 57 11 3
57 25 25 mM PIP-TFA 36.0 1.13 426 60 2.3 6
68 25 12.5 mM TETA-TFA 25.5 1.34 426 65 2.2 7
89 25 12.5 mM TETA-TFA 14.0 1.82 426 44 1.9 12
95 25 12.5 mM TETA-TFA 6.5 2.66 426 28 1.8 6

® The acronyms are explained in Section 2.3 and in Table 2.

® Percent relative standard deviation of the mobility for the wild type.

° Number of runs.

were checked with aqueous acrylamide solution
(0.05%, w/v) and only those capillaries were
used which exhibited no electroendoosmotic flow
at 30 kV in either the cathodic or the anodic
direction with 100 mM borate buffer, pH 8.4, as
the background electrolyte. In the course of the
experiments with proteins, the capillaries were
tested under the conditions given in Table 3 by
injecting a 0.06% (w/v) solution of tri-
methylphenylammonium iodide after every 5
runs. The mobility of the trimethylphenylam-
monium tracer was (3.43 *0.024) X 107® m?/ Vs
and did not change with the pH. This allowed a
rapid diagnosis of the electrophoretic system
since any malfunction manifested itself in broad
peaks and relatively high apparent mobility of
the tracer.

2.6. H" titration of the S. nuclease

The H™ titration of S. nuclease was carried out
in a fashion similar to that described in Refs.
[37,38]. The experimental set-up consisted of a
Model pHM82 pH meter with a No. GK 473901
LL2 glass electrode, a Model ABU80 10 ml auto
burette and a Model III80 titrator from
Radiometer America (Cleveland, OH, USA).
The titration curve was recorded with a Kipp and
Zonen (Delft, Netherlands) Model BD41 strip
chart recorder at a chart speed of 1 mm/s. The

electrode was calibrated at 25°C and pH of 4.01,
7.00 and 10.00. The deionized water used was
boiled ad hoc to remove carbon dioxide. First
highly purified ribonuclease A was titrated in the
pH range from 2.50 to 12.00 according to Ref.
[38] and the titration curve thus obtained was
identical to that published in the literature [38].
For the H™ titration of S. nuclease a 10-mg/ml
stock solution of lyophilized and salt free protein
was prepared in 0.05 M KCl and the pH of the
solution was 6.61. The titration was carried out
in the pH range from 2.50 to 12.00 with 0.1 M
KOH and 0.1 M HCl above and below pH 6.61,
respectively. The protein titration curve was
corrected by the results of a direct titration of
the 0.05 M KClI solution. Every experiment was
repeated three times and the precision of the
measurements was = 0.02 pH units.

3. Results and discussion
3.1. The proteins under investigation

The S. nucleases are single chain globular
proteins of 149 amino acid residues without
sulfhydryl or disulfide groups. The amino acid
sequence of the S. nuclease wild type is shown in
Fig. 1. It contains 5 arginine, 23 lysine, 4
histidine, 7 tyrosine, 12 glutamic and 8 aspartic
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Fig. 2. Tertiary fold of native S. nuclease. The five B-strands
S$1-85 that form a B-barrel are indicated. H1-H3 denote the
three a-helices and the places of point mutation pertinent to
this study are indicated by small arrows (adapted from [19]).

acid residues and has an isoelectric point of 10.3.
The tertiary structure of S. nuclease is shown in
Fig. 2. It is composed of a highly twisted, five
stranded B-barrel labeled S1-S5, and three a-
helices labeled H1-H3. The backbone structure
and side chain orientation of the wild type were
extensively studied by X-ray and NMR measure-
ments [19,29,35]. The radius of gyration of the
native tight tertiary fold is 16.2 A as determined
by X-ray scattering [23]. The mutants under
investigation are very similar as far as their
molecular shape and dimensions are concerned
[22,24,26,27,39,40].

The S. nuclease mutants in this investigation
fall into three main groups according to their
valence, z_, with respect to that of the wild type,
z,., as shown in Table 1 and discussed below.

(1) Five mutants are obtained by replacing one
neutral amino acid in the wild type by another.
The mutants and the wild type have the same
valence; the two mutants Pro47Ala and
Proli7Ala have identical amino acid composi-
tions.

(2) Four mutants are the result of the replace-
ment of a basic amino acid (Lys116 or His124) in
the wild type by a neutral amino acid (Ala, Gly,
Leu or Met). As a result the valence of these

mutants is (z,, — 1) at acidic pH where the basic
amino acids are fully protonated.

(3) Two mutants are obtained by the replace-
ment of a basic amino acid (Lys116) in the wild
type by an acidic amino acid (Asp or Glu). Their
valence is (z,,, — 1) at low pH where the glutamic
or aspartic acid are fully protonated or (z,, —2)
at pH values were the acidic side chains are fully
dissociated.

3.2. Development of the separation method

The first goal of our work was to evaluate the
potential of CZE for the rapid separation of
basic proteins that are closely related both in
charge and size. The set of S. nucleases was
selected not only for the availability of the
mutants but also for their suitability as model
proteins to study conditions for the separation of
basic proteins by free solution CZE over a wide
pH range.

To overcome the problem of wall adsorption,
one strategy involves the employment of capil-
laries with inert coating which is hydrolytically
stable in the operational pH range [32,33,41-46].
The most common coating imparts to the tube a
hydrophilic inner surface via a polyacrylamide
layer and allows the use of buffers having low
ionic strength and covering a wide pH range. In
our experiments such capillaries were used in the
pH range from 2.5 to 10 for several hundred runs
without deterioration.

Selection of the buffer system

The most common buffers in CE are based on
phosphate that has three pK, values of 2.1, 7.2
and 12.3. Therefore, it can be used in a wide pH
range, but between pH 3 to 5.5 and from pH 8.5
to 11 it buffers poorly. Carboxylic buffers are
well suited in the pH range from 2.8 to 5.6 but
they absorb light rather strongly below 230 nm.
Citrate buffer has a uniform buffering capacity in
the pH range from 2.6 to 6.9, however, the
mobility of S. nucleases above pH 4 was an order
of magnitude lower in citrate than in other
buffers at the same pH. Consequently, citrate
was suitable for rapid separation of the strongly
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basic proteins only below pH 4. The use of
glycine—HCl buffer at pH 2.8 resulted in a
plurality of peaks [47] upon injecting any of the
S. nucleases or ribonuclease A and this phenom-
enon is subject pending investigations. Since
Good’s buffers [48] are zwitterionic and have low
conductivity, they are popular in CZE. How-
ever, their pK, values are between 6.1 and 10.4
so that they do not cover a sufficiently wide pH
range. Furthermore, we observed with Tris,
HEPES and MES buffers that the mobilities of
S. nucleases in the pH range from 6.5 to 8.5
were a magnitude lower than with phosphate
under otherwise identical conditions.

In our quest for an appropriate buffer system,
we explored the use of buffers based on aliphatic
di-, tri- and tetra-amines listed in Table 2 that
have been originally introduced in reversed-
phase chromatography [36]. Their pK, values
range from 3.25 to 9.84 and they provide a series
of buffers covering a wide pH range and having a
sufficient high transparency in the low UV. These
buffers are also potential masking agents for
silanolic adsorption sites at the surface [36].
Since these amines have a relatively high heat of
protonation, the pH of the buffers is strongly
temperature dependent [36] and this mandates
precise temperature control of the capillaries. As
seen from Table 3 the greatest relative standard
deviation was 2.3% for the mobility of the wild
type at different pH and buffer environments.
This suggests that the temperature control of the
instrument was satisfactory even under such
demanding conditions. By using such buffers in
CZE at pH 6.8, the separation of the standard
proteins cytochrome ¢, lysozyme and trypsin was
carried out with high efficiency and high selec-
tivity in 10 min. The number of theoretical plates
per meter is higher than 500 000, a respectable
efficiency with basic proteins at neutral pH.

Operating conditions

In our experiments, the capillary length and
inner diameter were fixed at 47 cm and 75 pm,
respectively. The pH ranged from 2.8 to 9.5 so
that it was below the p/ of the S. nuclease. In
each experiment, the pH was close to one of the
pK, values of the buffer, cf. Table 2, in order to

obtain high and uniform buffering capacity at
relatively low concentrations. This allowed the
use of high voltage without untoward increase in
the current so that high separation efficiency
could be obtained. The applied voltage was kept
below 20 kV as to operate in the Ohm’s law
regime. The voltage range was kept narrow in
order to facilitate a comparison of the separation
efficiencies at all different pH conditions. Conse-
quently, the current was not the same in all
experiments as seen in Table 3.

In order to investigate the effect of elevated
temperature on the efficiency of separation,
experiments were carried out at pH 6.8 and
temperatures up to 50°C. The efficiency and
selectivity of the separation of S. nucleases at 25
and 30°C were comparable but decreased
dramatically above 35°C. In the temperature
range from 40 to 50°C, excess peak broadening
and distortion of peak shape were observed for
most of the S. nucleases. This behavior is ex-
plained by thermally induced conformational
changes of the proteins [16]. Indeed, the tem-
peratures where the highly irregular elution
profiles were obtained, correspond to the transi-
tion temperatures 49, 50 and 54°C [26] of the
wild type, Lys116Ala and Lys116Gly, respective-

ly.

Effect of pH on the mobilities and separation
The dependence of the electrophoretic mo-
bilities of all S nucleases on the pH is shown in
Table 4 and the corresponding electrophero-
grams of 5 representative proteins in Fig. 3. The
results show that under the conditions employed
in this study relatively sharp peaks were obtained
over the whole pH range investigated and that at
intermediate pH such closely related proteins
can be separated with high efficiency and res-
olution. From Table 4 and Fig. 3 we gather that
the mobilities of all S. nucleases decrease with
increasing pH and no mutant has a mobility
higher than the wild type because of the limita-
tions on the types of available mutants. Al-
though all 12 S nucleases could not be separated
from each other, all mutants with the exception
of Pro47Ala could be separated from the wild

type.
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Table 4

Electrophoretic mobilities of S. nucleases at different pH values
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Protein Code * Electrophoretic mobility (m”> V™' s™* x 10°%) at pH
21 4.1 5.7 6.8 8.9 9.5
Wild type 0 2.45 2.04 1.85 1.81 1.31 0.81
Asnl118Gly la 2.45 2.00 1.81 1.78 1.28 0.77
Pro117Thr 1b 2.45 2.04 1.85 1.81 1.28 -
Prol17Gly 1c 245 2.04 1.85 1.81 1.28 -
Proi17Ala 1d 2.45 2.04 1.85 1.81 1.28 -
Pro47Ala le 245 2.04 1.85 1.81 1.31 -
His124Leu 2a 2.45 2.04 1.85 1.81 1.31 -
Lys116Gly 2b 2.37 1.94 1.71 1.65 1.14 0.67
Lys116Ala 2c 2.37 1.94 1.73 1.68 1.16 0.69
Lys116Met 2d 2.37 1.94 1.73 1.68 1.16 -
Lys116Asp 3a 237 1.86 1.62 1.55 0.98 -
Lys116Glu 3b 2.37 1.82 1.61 1.53 0.96 0.51
The experimental conditions and precision of measurements are given in Table 3.
* Codes for the mutants are listed'in Table 1.
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Fig. 3. Electropherograms of the S. nucleases obtained at various pH values. Peaks: 0=wild type, 1a= Asnl118Gly, 2c=
Lys116Ala, 2b = Lys116Gly, 3b = Lys116Glu. The experimental conditions are in Table 3.



F. Kdlmdn et al. | J. Chromatogr. A 705 (1995) 135-154 143

The data shown in Fig. 3 and Table 4 indicates
that the valence differences between the protein
at the pH of the experiment are mainly respon-
sible for the separation. For instance, at pH 2.8
the proteins migrate in two groups, whereas at
higher pH they form three main groups in
agreement to the classification in Table 1 accord-
ing to the (z,, — z,) values. However, as seen
from Table 4 and Fig. 3, in the pH range from
4.1 to 9.5, several S. nucleases that carry the
same net charge and therefore belong to the
same Group in Table 1 were also separated.
Although the resolution of such variants is much
lower than that of mutants having different
valences, the separation of such very similarly
sized proteins is quite unexpected and must be
related to minute differences in the tertiary fold
of the variants. This is in agreement with the
observation that at pH 2.8 where the proteins
are denatured with the loss of the subtle differ-
ences in their tertiary structure, only variants
having different (z,, — z,,) values could be sepa-
rated.

Fig. 4 shows the pH dependence of the rela-
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Fig. 4. The effect of pH on the relative electrophoretic
mobilities (g, /u,,) of the S. nuclease mutants with that of
the wild type as the reference. The experimental conditions
are in Table 3. The symbols for the proteins are: 1= wild
type, @ = Asn118Gly, O = Pro117Thr, @ = Pro117Gly, A =
Proll7Ala, *=Pro47Ala, O = His124Leu, B = Lys116Gly,
+ =Lysl16Ala, A =Lysl16Met, O=Lysll6Asp, @ =
Lys116Glu.

tive electrophoretic mobilities of the mutants
with respect to that of the wild type. It is seen
that the proteins migrate in three groups in the
pH range from 4.1 to 9.5 and in two groups at
pH 2.8 according to their (z,,—2z,) values
shown in Table 1. For mutants that differ in their
(z,. — z,,) values, the relative mobility increases
with the pH due to an increase in the relative
valence differences when the pH approaches the
pl of the proteins that is in the neighbourhood of
10.3. For instance, the electrophoretic mobility
of the Lys116Ala mutant relative to that of the
wild type increases by a factor of about 5 when
the pH is raised from 2.8 to 9.5. Of course, the
concomitant decrease in the electrophoretic
mobility results in protracted separation time as
seen in Fig. 3 and Table 4.

3.3. Combined effect of molecular weight and
valence on the electrophoretic mobility of the S.
nucleases

The electrophoretic mobility, u, of a spherical
particle such as a protein molecule in an elec-
trolyte solution can be expressed [49] as

__ ze ¢(xR)
M= 6mnR (1 + kR) @

where z is the valence, e is the electronic charge
(1.602 x 10~ "* coulombs), R is the hydrodynamic
radius, n is the viscosity, « is the Debye screen-
ing parameter and ¢(xR) is Henry’s function
[50].

At fixed experimental conditions Eq. 1 can be
simplified as

K=TR (2a)
where
vy=67m (1+«R) /e ¢p(kR) (2b)

v is constant under a given set of experimental
conditions.

In an attempt to use the experimentally ob-
tained electrophoretic mobility, w, for the de-
velopment of quantitative structure—mobility re-
lationships, we make use of the geometrical
argument that the radius R of spherical protein
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molecules such as S. nucleases [23] is propor-
tional to the one third power of the molecular
volume or molecular mass (M,) [51]. By sub-
stituting (M,)""*/p for the hydrodynamic radius
R in Eq. 2 we obtain

V4

(Mr)1/3 (3)

I~L=£‘
Y

where the factor p is inversely proportional to
the cubic root of the partial specific volume of
the spherical protein molecule and is constant as
long as the molecular size of the protein remains
the same.

In Fig. 5a, the experimentally obtained mo-
bilities of the protein variants at different pH are
plotted against their z/(M,)""? ratios according to
Eq. 3. In a first approximation the z values of
the proteins were calculated as the sum of the
valences of the amino acids (see Fig. 1) in free
solution as obtained by using the Henderson—
Hasselbach equation with pK, data from the
literature [52} for the pH environment of inter-
est.

In Eq. 3, p is considered constant and in-
dependent of the pH as long as the conformation
of the proteins, and therefore, their molecular
sizes remain the same. Under such conditions,
the electrophoretic mobility should be a linear
function of z/(M,)'"> with a constant slope of
p/y. As seen in Fig. 5a, the relationship is linear
for all proteins in the pH environments investi-
gated. However, the slopes are pH dependent.
The slope is significantly smaller at pH 4.1 than
in the pH range from 5.7 to 9.5 and even smaller
at pH 2.8. If vy is fairly constant, changes in p
with pH must be responsible for the slope
differences. The findings in Fig. 5a suggest that
the molecular radii of the S. nucleases are pH
dependent and fall into three groups.

In the literature, pH dependent conformation-
al states of S. nucleases have been described in
detail. The radius of gyration of the tight native
tertiary fold is 16.2 A as measured at neutral pH
by X-ray scattering [23]. It is known that in a
mildly acidic environment, around pH 4, the S.
nucleases are in a ‘“swollen” state which is
sometimes referred to as “molten globule”. The
radius of gyration of the wild type in the “swol-
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Fig. 5. Plots of the electrophoretic mobility and z/(M,)
according to eqn. 3. (a) electrophoretic mobility measured at
different pH values. (b) electrophoretic mobility adjusted for
the size differences based on the slopes. The symbols are: for
pH 2.8 (©); for pH 4.1 (O); for pH 5.7, 6.8 and 8.9 and 9.5
(O). The valence for the proteins was calculated based on
the Henderson-Hasselbach equation and pK, values of the
amino acid side chains taken from [52].

len” state is 21.2 A as determined by X-ray
scattering of a large S. nuclease fragment as the
model molecule [23]. For the random coil, which
is present at strongly acidic pH, the radius of
gyration was estimated 40-50 A [23]. In view of
the very close structural similarity between the
wild type and the mutants under investigation,
we may assume that the three radii of gyration
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discussed above apply with reasonable accuracy
to the appropriate conformations of the S. nu-
cleases used in this study.

It is intriguing to consider that the three lines
in Fig. 5a correspond to these three different
states of the S. nucleases. In order to examine
this possibility, we calculated the ratios of the
radii of gyration from the above mentioned
literature data. The radius of gyration ratios of
the denatured and “swollen” S. nuclease mole-
cules to the tight native tertiary fold were de-
termined as 2.5 and 1.3, respectively. These
values compare very favorably to 2.5 and 1.4,
the respective slope ratios of the straight lines
shown in Fig. 5a. The close correlation of the
ratios of the radii estimated on the basis of
protein structural studies on one hand and from
electrophoretic mobilities on the other is en-
couraging. Indeed, by using the ratios of the
literature data above we adjusted the experimen-
tal data for pH induced changes in the molecular
sizes of these proteins and obtained a single
straight line upon plotting u versus z/ (M) as
shown in Fig. 5b.

3.4. Estimation of the valence of the proteins

The approach described above offers a very
simple method for screening the various con-
formational states of S. nucleases or other close-
ly related proteins. Nevertheless, the full po-
tential of this method can not be exploited until
the valences of the proteins are known more
accurately. The present use of the Henderson—
Hasselbach equation is impaired by a shortfall of
the pK, values appropriate for the amino acid
residues present in the protein molecule [53].
The calculation of valence from mobility accord-
ing to Eq. 1 would require the knowledge of the
hydrodynamic radius, which at best can only be
crudely approximated [10,54], therefore, the use
of this approach for the determination of the
valences of the proteins is beset with uncertain-
ties.

Valence of the wild type from CZE data

In the following we shall use the subscripts wt
and m to denote properties of the wild type and
the mutants, respectively. The mobility of the

wild type, u,,, is the highest among the proteins
investigated (see Table 4) and it will be used as
the reference. If we assume that the mutants
have the same hydrodynamic radius as the wild

type, i.e., R,,~R, =R, then we obtain from
Eq. 1 that
P P L

= (2 @

where the mobilities and valences are at a given
pH and buffer environment. The LHS of Eq. 4
can be readily evaluated from experimental data,
whereas the valence difference (z,,, — z,,) can be
calculated for each mutant from the change in
the valence upon substituting a given amino acid
by another. According to Eq. 4 plots of the two
terms against each other should yield straight
lines with slopes given by the reciprocal valence,
1/z,,, of the wild type at the pH of the experi-
ment. The merit of Eq. 4 is that the valence, the
drag coefficient and the double layer thickness of
the protein do not have to be known, only the
knowledge of the valence difference between the
wild type and the mutants is required. Evidently,
the change in valence upon substituting a single
amino acid can be estimated with a higher
accuracy than the valence of the protein proper.
Of course, Eq. 4 is applicable only if the proteins
have nearly the same hydrodynamic radius.

The application of the method requires at least
two mutants having different valences. In gener-
al, site directed point mutation could result in
the following (z,, —z,) values: —2, +2, —1,
+1 and 0. In our restricted set of mutants,
however, only point mutation of the lysinell6
side chain was utilized to bring about valence
changes and, as shown in Table 1, valence
differences of only 2, 1 and 0 were obtained.
Nevertheless, in the plots, all available data
points were used and the average mobility of the
mutants in Group 1, 2 and 3 were employed in
further calculations.

According to Eq. 4, data obtained for the wild
type and proteins in Group 1, 2 and 3, in the pH
range from 4.1 to 9.5, are depicted in Fig. 6,
which shows that the experimental data hand-
somely conforms to the linear behavior predicted
by Egq. 4. From the slopes of. the plots, the
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Fig. 6. Difference plots according to eqn. 4 to evaluate the
valence, z,,, of the wild type.
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valences of the wild type at different pH have
been determined and they are also shown in Fig.
6. It is seen that the valence of the wild type
decreases by a factor of 6 from 33.0 to 5.4 when
the pH is increased from 2.8 to 9.5.

Valence of the wild type from H titration
curve

In order to compare the above results to extra-
electrophoretic data, the wild type was subjected
to H™ titration in the pH range from 2.5 to 12.0
as described in the experimental part. Titration
curves for the study of the reaction of proteins
with hydrogen ions can be obtained experimen-
tally with considerable accuracy and the underly-
ing theory is well established [55]. The resulting
number of hydrogen ions bound per molecule of
S. nuclease was calculated assuming that the
protein reacts only with H* and OH™ and all
charged groups are at the surface of the protein
[56]. The results of blank titration were used to
correct the S. nuclease titration data for the
interaction of H* or OH™ with other substances
present in the titration mixture. The valence of
the protein was obtained by the relationship

Lot = [H;]pH - [H;}pl )

where [Hg],, and [Hg],, is the number of

hydrogen ions bound per S. nuclease molecule at
the experimental pH and at the p/ of S. nu-
clease, respectively.

Comparison of the titration curves of S.
nuclease

From the H" titration curve the valence of the
wild type was calculated as a function of pH by
Eq. 5 and the results are illustrated by the
dashed line in Fig. 7. This was then compared to
the valence calculated by Eq. 4 previously and
the results are shown by the solid line in Fig. 7.
It should be once more mentioned, that the
valence obtained according to Eq. 4 for the wild
type was determined independently from its
hydrodynamic radius. It is shown in Fig. 7 that
the two independent methods for constructing
the titration curve of S. nuclease yield very
similar results. This supports our earlier assump-
tion that the wild type and the mutants have
essentially the same hydrodynamic radii.

Valence of the mutants

Again, assuming that the mutants have the
same molecular size as the wild type, from Eq. 1,
we can express the valence of a mutant as
follows

w o
o o
—T

nN
o
1

H* titration e

Protein valence, z,,

pH
Fig. 7. Comparison of S. nuclease “titration curves” obtained

directly by H” titration (@) or from the pH dependency of
the electrophoretic mobilities calculated by using eqn. 4 (C).
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The valences of the mutants were determined
at pH 8.9, where the S. nucleases are present in
their native state, from their relative mobilities
with respect to that of the wild type according to
Eq. 6 with z_, calculated by Eq. 4 and the results
are shown in Table 1. It is seen in Tables 1 and 4
that a few mutants have slightly different mo-
bilities despite their identical valences. Such
mobility differences will be discussed later and
assigned to minute differences in the tertiary fold
of the variants.

3.5. Estimation of the hydrodynamic radius of
the proteins

A similar approach is employed to estimate
the pH dependence of the hydrodynamic radius,
R, of our proteins. Although their radii may
change with the pH, they are assumed to be the
same at a given pH value. Therefore, we obtain
from Eq. 1 the following relationship.

1 e ¢(KR)
ot T M =1 6771) 1+ KR) (Zwe — 2Zm) Q)

Eq. 7 allows us to evaluate R without the need
of knowing the valences of the proteins at the
experimental pH because this approach requires
only the valence difference upon mutation. The
corresponding data obtained for the wild type
and the mutants of the Group 1, 2 and 3 (see
Table 1) are plotted according to Eq. 7 with pH
as the parameter in Fig. 8 that shows that the
dependence of the mobility difference linearly
depends on the valence difference at all pH
values investigated.

The slopes of the straight lines in Fig. 8
depend on the hydrodynamic radius, R, the
double layer thickness, 1/k, and the viscosity, 1,
according to Eq. 7. Since the buffers used here
are fairly dilute,  =0.89 x 10> Ns/m” [57], the
viscosity of water at 25°C was taken for the
calculations. We used an iteration procedure for
the evaluation of the hydrodynamic radius, R, of
the wild type and the mutants from the slopes in
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Fig. 8. Difference plots according to eqn. 7 to evaluate the
hydrodynamic radii of S. nucleases.

Fig. 8 at an iteration tolerance less than 0.1%.
For the double layer thickness the values shown
in Table 3 were used. The radii of gyration, R,,
for S. nuclease at each pH were taken from the
literature to start the iteration. First for each pH
the xR, values were obtained, then the appro-
priate values of Henry’s function [49] were
determined. Finally the appropriate hydro-
dynamic radii were calculated.

The hydrodynamic radii obtained by this pro-
cedure are shown in Fig. 9. It is seen that they
strongly depend on the pH and fall into three
groups. The largest radius, 50.1 A is found in
strongly acidic medium at pH 2.8 and the small-

est radius is obtained under non denaturing
conditions in the pH range from 5.7 to 8.9 with
an average value of 25.0 A. This is reasonably
close to 21 A, the hydrodynamic radius of the
native S. nuclease as determined by gel filtration
[21]. At pH 4.1 and 9.5 the radius had an
intermediate value of 26.8 and 30.5 A, respec-
tively. The results lend further support to the
results of protein structural studies [21,23,58].
They also confirm the existence of three different
conformational states of S. nuclease as suggested
by Fig. 5: the tight native tertiary fold, the
swollen form (molten globule) and the random
coil. However, we have found no reports to
explain the observed 12% increase in the hydro-
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Fig. 9. Hydrodynamic radii of S. nucleases in different pH
environments. The radii were calculated from the differences
in the electrophoretic mobilities of the mutants and the wild
type and from the valence differences upon mutation accord-
ing to eqn. 7.

dynamic radius of the S. nucleases at pH 9.5 with
respect to that in the pH range from 5.7 to 8.9 as
shown in Fig. 9. Therefore, the tentative exist-
ence of a fourth state of S. nuclease requires
further investigation.

Hydrodynamic radius and radius of gyration
We recall that according to Eq. 1 the electro-

phoretic mobility depends on the hydrodynamic

radius, R, that reflects the effective size and
shape including solvent molecules clustering
around it. On the other hand, the radius of
gyration, R, is given by the average root mean
square distance of the atoms from the center of
the gravity [59]. For a sphere of radius, R, the
theoretical relationship [60] between R and R, is
given by the proportionality

R=1291R, ®)

In Fig. 10 values of R taken from Fig. 9 were
plotted against R, taken from the literature
[22,23]. There is an excellent linear correlation
between the two kinds of radii of these con-
formations of S. nuclease for which R, values
were available. The slope of the plot in Fig. 10
gives a proportionality constant 1.286, which is
very close to that in Eq. 8. This supports the
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Fig. 10. Plot of the hydrodynamic radii against radii of
gyration for S. nuclease in various conformational states. The
radii of gyration were obtained from X-ray and NMR data
[22], [21], [58], (23], whereas the hydrodynamic radii were
calculated from electrophoretic mobilities by using eqn. 7.

notion that the S. nucleases are spherical in the
different conformational states.

3.6. Dependence of the electrophoretic mobility
at zero ionic strength on the molecular weight
and valence of the proteins

Earlier in this report, notably in Eq. 3 as well
as in Fig. 5, the effect of ionic strength on the
mobility of the protein was not taken into
account explicitly. With reliable estimates at
hand of the R values shown in Fig. 9, we can
evaluate the electrophoretic mobility of the pro-
teins at zero ionic strength, u’, from the ex-
perimentally obtained mobility, w, by using the
following relationship

o_# (+KR)

(<R) =)

Furthermore, we expect that by using wu’
instead of u a more accurate correlation between
the electrophoretic mobility and z/(M,)"> than
that given by Eq. 3, which is rewritten for this
case as
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o P 2
n= y* (M) (9b)
where
y*=6mn/e (%¢)

and is constant for a given set of experimental
conditions. Further improvement of the correla-
tion can be expected from the use of more
accurate z values calculated by Eqs. 4 and 6. Fig.
11 shows plots of p’ against z/(Mr)” * for our
proteins with data obtained at different pH
values. The results presented in Fig. 11 are
similar to those depicted in Fig. 5a, but a few
important differences have to be noted.

The slope of the plot pertinent to pH 9.5 is
different from that applicable for the pH range
from 5.7 to 8.9, but similar to that which corre-
sponds to pH 4.1. This finding is in agreement
with the differences in the hydrodynamic radii
shown in Fig. 9 and argues for the existence of
another molecular state of S. nuclease at basic
pH that is very similar in size to that observed at
weakly acidic pH. It should also be noted that
the data points measured at pH 6.8 were outliers
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Fig. 11. Plots of the electrophoretic mobilities, wn°, of all S.
nucleases investigated against their z/(M,)'"* value in the pH
range from 2.8 to 9.5. The valences for the proteins were
taken from Fig. 6. The least square correlation coefficient is
0.999 in all cases. The symbols are: for pH 2.8 (<); for pH
4.1 (O); for pH 5.7, 6.8 and 8.9 (O) and for pH 9.5 (A).

in Fig. 5 whereas in Fig. 11 they are right on the
line. This can be explained by the fact that the
values of the electrophoretic mobilities in Fig. 5
at the various pH environments were established
at different ionic strengths and the valences were
only roughly estimated from valences of the
amino acid residues by using the Henderson-
Hasselbach equation whereas the valences used
in Eq. 9 were obtained experimentally according
to Egs. 4 and 6.

We used two methods for the evaluation of the
hydrodynamic radii (or their ratios) of the S.
nuclease forms. The first approach allowed us to
calculate the appropriate R values by using Eq. 7
from the mutational valence difference without
knowledge of the species’ valences. The results
are shown in Fig. 9. In the second method Eq.
9b was employed with z values calculated from
Egs. 4 and 6, i.e., independently from the
hydrodynamic radii and the ionic strength of the
medium. Plots of the results are shown in Fig.
11. The slopes are p/y*, where y* is constant
and p equals (M,)'"/R for spherical molecules.
In order to compare the results obtained by the
two methods, we calculated the ratios of the
hydrodynamic radii of the denatured, the “swol-
len” and the “basic” state S. nuclease forms to
the tight native tertiary fold. The respective
ratios were 2.0, 1.1 and 1.2 according to the first
and 1.9, 1.0 and 1.2 according to the second
method. The agreement between the two sets of
ratios is gratifying as it demonstrates the internal
consistency of this treatment.

3.7. Electrophoretic mobility and H * titration
of S. nuclease

The pH profile of electrophoretic mobilities

Fig. 12 shows the experimentally obtained
electrophoretic mobility of S. nuclease, u,,, as a
function of pH in the range from 2.8 to 9.5. It is
seen that the directly measured mobility of the S.
nuclease, u.,, is not strongly influenced by the
pH; it decreases only by a factor of 3 upon
increasing the pH from 2.8 to 9.5. Since the
valence of the protein decreases by a factor of 6
in this pH range, as shown in Fig. 7, one would
expect a much larger change in u,,.



150 F. Kdlmdn et al. / J. Chromatogr. A 705 (1995) 135-154

15 T T T T T T
>
= 10 pe (CZE) -
2w R -
g = (H*titration)
o X L A
s — 5
§% of 1
£ E
0
°
i sk ]

-10 1 1 1 A

2 4 6 8 10 12

pH

Fig. 12. The pH profiles of the various electrophoretic
mobilities of S. nuclease. The pH dependence of the mea-
sured electrophoretic mobility, u,,, ((0) was corrected for
pH induced size changes and ionic strength effects by using
eqn. 10a to obtain uj, (O) that is compared to the theoret-
ical pH profile of S. nuclease calculated by using eqn. 10b
(Q) with valences obtained from H" titration and the
hydrodynamic radius of S. nuclease at native state taken from
Fig. 9.

In light of the previous discussion, the mobility
data for S. nuclease were corrected for pH
mediated changes in the molecular radius and for
ionic strength effects. The fully corrected elec-
trophoretic mobility, ,LL%, was calculated by the
relationship

o (+tkR,) R,
Hr=Hw"¢(kR,) R,

where R, is the radius of the wild type in its

(10a)

Table 5

native state and R, is its actual radius at the pH
of the experiment. In Fig. 12 the pH profile of
py for S. nuclease is shown by the dashed line.

The corrected mobility /.L% is expected to be
directly proportional to the valence of the pro-
tein at any pH

0 Z, €
wR= W (10b)

The theoretical pH profile of the S. nuclease
mobility, u%, was calculated by using Eq. 10b
with valences obtained from H™ titration and
with the hydrodynamic radius of the native S.
nuclease from Fig. 9. The two pH profiles of uj
obtained from CZE and H" titration are very
similar and the results suggest that valences
obtained from H" titration can be used for a
priori calculation of electrophoretic mobilities
provided the hydrodynamic radii of the proteins
under investigation are available.

3.8. Origin of electrophoretic selectivity for S.
nuclease mutants of the same valence

Examination of X-ray and NMR data

As expected, mutants of the same valence
generally exhibited the same mobility as shown
in Table 4. Yet, certain S. nuclease mutants
could be separated despite their nearly identical
valence and molecular dimensions, as shown in
Table 5 and in Figs. 3 and 13. As mentioned
above, small differences in the tertiary fold may
affect the relative electrophoretic mobilities of

Examples for the separation of S. nucleases with the same valence

Electropherogram Ap

c

[m*V~'s™!] x 10*°

Protein pair * pH®
Protein I Protein II

Wild type (0) Asnl18Gly (1a) 411095
Lys116Ala (2¢) Lys116Gly (2b) 57195
Pro47Ala (1e) Prol17Ala (1d) 8.9
Lys116Asp (3a) Lys116Glu (3b) 8.9

Fig. 3 (pair 1) 3
Fig. 3 (pair 2) 2
Fig. 13a 3
Fig. 13b 2

* The faster and slower migrating S. nuclease variants are protein I and protein II respectively, protein codes see Table 1.

® The pH of the experiment.
° Difference between the mobilities of the two proteins.
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such similarly sized and charged proteins. For
mutants of different valences, differences in the
relative electrophoretic mobilities increase with
the pH as seen from the data in Figs. 3 and 4. In
contrast, for Asn118Gly and the wild type the
relative electrophoretic mobility is invariant in
the pH range from 4.1 to 8.9 as shown in Fig. 4.
Similarly, the relative electrophoretic mobility of
Lys116Gly and Lysl16Ala is invariant in the pH
range from 5.6 to 8.9. The relative electropho-
retic mobilities of these mutants having the same
valence are close to unity in the pH range of the
experiment and this suggests that their relevant
molecular dimensions are nearly the same. In-
deed, X-ray and NMR measurements
[22,24,26,27] indicate only subtle differences in
the tertiary folds of the S. nuclease variants.
Nonetheless these differences are sufficient to
affect their electrophoretic mobilities so that
they can be separated. This subject has received
detailed treatment in Ref. [61].

The case of mutations at Prol117 or Asnll8

At residues No. 117 and 118 located in the
loop between helices H2 and H3, see Fig. 2,
mutation changes the loop conformation. Upon
replacing Asnl18 by Gly, the loss of hydrogen
bond destabilizes the linkage between the two
loops forming the nucleotide binding pocket in
the wild type and the protein structure may
become less compact. This may result in a slight
increase in the molecular size of Asn118Gly with
respect to that of the wild type [24,26]. Accord-
ing to the expectation, the mutant Asn118Gly
has a smaller electrophoretic mobility than the
wild type as seen in Fig. 3 and Table 5. The
difference in electrophoretic mobility is 3 x 107"
V/m®s at pH 8.9. Similar increase in size is
expected for the Proll7 mutants due to con-
formation changes brought about by the replace-
ment of the proline residue at the pertinent
B-turn present in the wild type [22,27,39 40].
The Proll7 mutants can be separated from the
wild type at pH 8.9 as seen from the difference
in electrophoretic mobility of 3 X 107'° V/m®s in
Table 4. For Pro47Ala, the same three-dimen-
sional fold as for the wild type is assumed
[27,39,40]. Therefore, the separation between
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Fig. 13. Separation of the mutant pairs (A) Prol17Ala (1d)
and Pro47Ala (le) and (B) Lys116Asp (3a) and Lys116Glu
(3b) at pH 8.9. The wild type (0) is also indicated on the
electropherograms. The experimental conditions are in Table
3.

Pro47Ala and Prol17Ala, which is shown in Fig.

13A, stems from the slightly different sizes of -
those two proteins; the mutant with the slightly

larger size (Prol17Ala) has the smaller electro-

phoretic mobility.

The case of mutation at Lys116

The conformation of the peptide bond be-
tween residues No. 116 and 117 in the loop
changes from cis in the wild type to trans in the
mutants Lys116Gly {26] and Lysl16Asp [27]
according to X-ray studies. As a result the
molecular size of these mutants is greater than
that of the wild type, Lys116Ala or Lys116Glu,
which have the same loop conformation. In case
of the separation between Lys116Gly and
Lysl16Ala, shown in Fig. 3 (pair No. 2) the
Lys116Gly mutant with the smaller molecular
weight has a smaller electrophoretic mobility
than Lysl116Ala. This unexpected migration
order, however, is in agreement with the ob-
servation from X-ray crystallographic data that
due to conformational changes in the mutation
loop, Lys116Gly has a slightly larger size than
Lys116Ala [26]. Nonetheless, the difference in
the electrophoretic mobility between the
Lys116Ala and Lys116Gly mutants is rather
small, 2x 107" V/m?, at pH 8.9 as seen in
Table 5.
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Analysis of mobility data

As mentioned above, the observed slight
mobility differences for mutants having the same
valence are attributed to minute differences in
their electrophoretically relevant molecular di-
mensions. In the following we wish to estimate
what differences in the hydrodynamic radii
would bring about the observed mobility differ-
ences.

For a mutant and the wild type having the
same valence, Eq. 1 takes the following form

R,(1+KkR,) py R (1+KR,) 0
SR  mm  $(kR.) (1)

Eq. 11 allows us to evaluate R of a mutant, pu
and u,,, as well as the hydrodynamic radius of
the wild type, R,,, are known. At pH 8.9, the
reference pH where most of the mutants are best
separated, the hydrodynamic radius of the equiv-
alent mutant was evaluated by trial and error,
since ¢(xR,_) is a nonlinear function of the
radius.

Based on the hydrodynamic radii thus ob-
tained, the experimentally observed electropho-
retic mobility differences of 3 X 107*° and 2 x
107'° m*/Vs at pH 8.9 correspond to the respec-
tive radius differences of 0.39 and 0.26 A. Since
the differences in the radius are very small in
comparison to the hydrodynamic radius of the
wild type, it is assumed that the electrophoretic
mobility difference is directly proportional to the
difference in the radii. Based on the data shown
above for the differences in mobilities and hy-
drodynamic radii, the relationship between the
mobility difference and the radius difference for
an equivalent mutant and S. nuclease at pH 8.9
is expressed as

R, — R, =0.13 X (u, — pte) (12)

where the unit of the proportionality factor is
Vs/m.

“Virtual” mobility of the first kind

In order to gain further support for the notion
that minute differences in the tight tertiary fold
of certain equivalent mutants are responsible for
their separation, we wish to estimate the effect

of small changes in the hydrodynamic radius
alone on the electrophoretic mobility. For this
reason, we define virtual mobility of the first
kind, u¥, of a protein as the hypothetical mobili-
ty of an otherwise identical protein which has
a 1 A greater hydrodynamic radius. It is expres-
sed as

R _ ze d)[K[R +1 A)]
B = eman(R+1A) [1+xR+1A4)]

(13)

The mobility, ,uf , calculated for S. nuclease
according to Eq. 13 at pH 8.9, the reference pH
where most of the mutants are best separated, is
given in Table 6. By comparing this mobility to
the experimentally obtained electrophoretic
mobility of the wild type, u,,, at pH 8.9 the
hypothetical value of 7.7x107'° m*/Vs was
obtained for the change in mobility due to a 1 A
change in its radius. For such a small change, we
may again assume that the -electrophoretic
mobility difference is directly proportional to the
radius difference. Then, in a way similar to Eq.
12, we calculate the proportionality factor be-

Table 6
Experimental mobility, u,,, of the wild type and the corre-
sponding two virtual mobilities, u*, and,u’ , at pH 8.9.

Electrophoretic mobility, R z
(m*V7's7) x 108 (A)

Mo 1.31° 24.6° 7.49 ¢
ur 1.21°¢ 25.6° 7.49
M, 1121 24.6 6.49 &

The actual and virtual hydrodynamic radii, R, and valences, z

are also listed.

* Experimentally obtained electrophoretic mobility, wu,,, of
the wild type at pH 8.9.

® Hydrodynamic radius, R,,, of the wild type at pH 8.9 as
established according to Eq. 7.

¢ Valence, z,,, of the wild type at pH 8.9 as established
according to Eq. 4.

¢ Virtual mobility, uX of S. nuclease calculated with its
valence and with a radius 1 A greater than the actual
hydrodynamic radius, R, at pH 8.9 according to Eq. 13.

¢ Virtual radius.

f Virtual mobility, u’ of the wild type calculated with its
hydrodynamic radius, R, and with a valence smaller by one
than the actual valence at pH 8.9 according to Eq. 14.

£ Virtual valence.
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tween the mobility change due to unit change in
the radius and the unit radius difference as
0.1299 that is in excellent agreement with the
corresponding value in Eq. 12. Consequently the
difference in the electrophoretic mobilities of
3%107" and 2x107"° m?/Vs should corre-
sponds to 0.38 and 0.26 A differences in the
hydrodynamic radius, respectively. These two
radius differences compare favorably to those
calculated by Eq. 12 from the measured electro-
phoretic mobilities. Thus, subtle differences in
the tertiary structure of the S. nucleases that are
associated with changes in the hydrodynamic
radius less than 0.5 A can already account for
the observed separation of certain mutants de-
spite their equal valences. In any case these size
differences are very small, for instance, a 0.39 A
increase accounts only for 1.6% of the protein
radius. Therefore, our dssumption that the hy-
drodynamic radii of all S. nucleases are essential-
ly the same is justifiable on this count also.

“Virtual mobility” of the second kind

After examining the changing selectivity of the
electrophoretic system by unit change in the
hydrodynamic radius of S. nuclease at pH 8.9, it
is of interest to compare it also to that occurring
by unit change in the valence. In order to
facilitate the estimation of the mobility differ-
ence between two proteins, which differ only in
their valences, we introduce the virtual mobility
of the second kind, u?. It is defined for a given
protein as the mobility of a hypothetical protein
that is identical except its valence is less by one
so that

_(z—De¢d(R)
Ky = 6mnR (1+ «R)

(14)

The mobility, u?, calculated for S. nuclease at
pH 8.9 according to Eq. 14 is also given in Table
6. By comparing u’ and u,,, at pH 8.9, we find a
mobility difference of 17 x 107" m?/Vs due to
unit valence difference. This value has strong
experimental support, since protein variants hav-
ing a unit valence difference exhibit a mobility
difference of 16.5 x 107"° m*/Vs on the average,
as shown in Table 4 and Fig. 3.

It was shown before that the mobility differ-
ence upon unit change in the hydrodynamlc
radlus of S. nuclease at pH 8.9 was 7.7 X 107"

m?/Vs. On the other hand the corresponding
mob111ty change due to unit change in valence
under the same conditions was 17 x 107'° m?/
Vs, i.e., about twice as large. This is in agree-
ment with the observation that for S. nucleases a
unit valence difference brings about a six times
greater increase in the mobility than 0.3 A radius
difference as shown in Figs. 3 and 4.
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Abstract

A method for the reversed-phase high-performance liquid chromatographic (HPLC) determination of recombi-
nant methionylaspartyl-human growth hormone (MD-HGH) in Escherichia coli fermentation broth is described.
The technique utilizes mobile phases containing n-propanol and the anionic surfactant sodium dodecyl sulfate
(SDS) under micellar conditions at pH 6.4. The methodology is directly applicable to the analysis of samples
solubilized via sulfitolysis in the presence of SDS, and offers superior resolution in comparison with chromatog-
raphy in the absence of the surfactant. Using this method, acceptable precision (day-to-day R.S.D.=4.9%),
accuracy, selectivity, range, linearity and ruggedness were achieved.

1. Introduction

Advances in recombinant DNA technology
have provided a variety of host—vector systems
for the cloning and expression of heterologous
proteins in microorganisms. The production and
isolation of these recombinant proteins has typi-
cally been monitored through the use of ana-
lytical techniques such as sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-
PAGE) [1,2], immunoassays [3,4], biological
activity assays [4-6] and high-performance liquid
chromatography (HPLC) {[3,6-9]. However,
these methods have been limited by non-
specificity, labor-intensive sample manipulation
or the use of harsh conditions such as high
concentrations of formic acid [8], or are useful

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(94)01253-9

for only properly folded, soluble target protein.
There have been few reports of the determi-
nation of recombinant proteins in fermentation
broth matrices, where the target molecules fre-
quently exist inside the microorganism as inclu-
sion bodies in an insoluble denatured state.
The analysis of heterologous proteins in re-
combinant hosts such as E. coli presents many
challenges to the analytical biochemist. The cells
must be lysed and the inclusion bodies solubil-
ized prior to quantification. Cell lysis and protein
solubilization can be accomplished chemically
through the use of SDS, an anionic surfactant
[9]. As the proteins in inclusion bodies can exist
as a distribution of forms, such as covalent and
non-covalent polymers, it is crucial to convert
the target protein into a single molecular entity
prior to analysis. This can be achieved by unfold-

© 1995 Elsevier Science B.V. All rights reserved

.
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ing the proteins and disrupting the inter- and
intramolecular disulfide bonds via reduction [10]
or sulfitolysis [11]. As both the whole cell and
the inclusion bodies can also contain nucleic
acids, salts, lipids and other host molecules in
addition to proteinaceous material, the complex-
ity of the matrix adds to the difficulty of the
determination of the recombinant protein.

The employment of ionic surfactants such as
SDS has traditionally been avoided in the HPLC
of proteins owing to the generation of a strongly
denaturing environment. However, for the de-
termination of recombinant proteins in fermen-
tation broth, the characteristics of ionic surfac-
tants are in fact useful for the enhancement of
the solubility of the unfolded denatured proteins,
the elimination of irreversible adsorption on the
stationary phase and the facilitation of unique
separation selectivity.

In this paper, a method for the determination
of a protein in Escherichia coli fermentation
broth is described. Recombinant human growth
hormone (HGH) is synthesized in E. coli as
methionylaspartyl HGH (MD-HGH), a hydro-
phobic protein which readily polymerizes and is
not easily solubilized in its sulfitolyzed form. The
method described utilizes isocratic reversed-
phase micellar HPLC at near neutral pH to
determine sulfitolyzed MD-HGH.

2. Experimental

MD-HGH reference material and fermenta-
tion broth were provided by Eli Lilly (In-
dianapolis, IN, USA). SDS and potassium tetra-
thionate were purchased from Fluka (Ron-
konoma, NY, USA), and n-propanol (HPLC
grade) from Baxter Scientific Products (McGaw
Park, IL, USA) and tris(hydroxymethyl)-
aminomethane (Tris) from Fisher Scientific
(Springfield, NJ, USA). Human carbonic anhy-
drase I and bovine carbonic anhydrase were
purchased from Sigma (St. Louis, MO, USA).
All other chemicals were of at least analytical-
reagent grade and were supplied by EM Science
(Gibbstown, NJ, USA). Purified water was ob-

tained via a Milli-Q reagent water system (Milli-
pore, Millford, MA).

Chromatography was achieved through the use
of a Gilson Medical Electronics (Middleton, WI,
USA) two-pump system composed of a Model
305 and a Model 303 pump, a Model 805
manometric module, a Model 811 dynamic
mixer, a Model 231 autosampler equipped with a
Model 401 diluter and a 20-u1 injection loop and
a Model 116 variable-wavelength UV detector.
The column temperature was maintained at 60°C
with a Model CHM column oven equipped with
a Model TCM control module (Waters, Miliford,
MA, USA). A 25 cm X 0.46 cm I.D. Nucelosil
C, packing (particle size 5 wm, pore size 300 A)
(Phenomenex, Torrance, CA, USA) was em-
ployed as an analytical column following a 1.5
cm X 0.32 cm I.D. Brownlee RP-4 guard car-
tridge (Munhall, Worthington, OH, USA) for all
the experiments unless noted otherwise. A satu-
ration precolumn was prepared by packing a
7.5%x0.75 cm I.D. stainless-steel column with
100-200-p.m silica (Universal Scientific, Atlanta,
GA, USA), and was incubated inside the column
oven in-line between the dynamic mixer and the
injection valve to presaturate the mobile phase
with dissolved silica to preserve the analytical
resin. Mobile phase A [50 mM ammonium
phosphate (pH 6.4)-20% n-propanol-1.0%
SDS] was prepared by dissolving 3.2 g of mono-
basic ammonium phosphate, 1.6 g of dibasic
ammonium phosphate and 10.0 g of SDS in 800
ml of water and adding 200 ml of r-propanol.
The preparation of mobile phase B [50 mM
ammonium phosphate (pH 6.4)-30% n-pro-
panol-1% SDS] was identical with that of A
with the exception that the salts were dissolved
in 700 ml of water and 300 ml of n-propanol. The
pH of the mobile phases was 6.3-6.5 (if neces-
sary, adjustments were made using either con-
centrated phosphoric acid or 6 M sodium hy-
droxide solution). Other parameters included a
flow-rate of 0.5 ml/min and UV detection at 214
nm. Analog data (1.0 Hz sampling rate) were
collected directly from the detector on an in-
house centralized chromatography computer sys-
tem based on the Hewlett-Packard Model 1000
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minicomputer. Retention time, efficiency, nor-
malized peak width, tailing and resolution were
calculated by the minicomputer.

The sulfitolysis solubilization reagent was pre-
pared in the following manner. SDS (20.0 g) was
dissolved in 700-800 ml of water. To this solu-
tion was added 6.1 g of Tris, 12.0 g of anhydrous
sodium sulfite, 3.7 g of anhydrous potassium
tetrathionate and 0.37 g of disodium ethyl-
enediaminetetraacetate dihydrate. The pH of the
solution was adjusted to 8.5-8.7 using 6 M
hydrochloric acid and the solution was diluted to
1 liter.

Fermentation broth samples were diluted with
an equal volume of methanol prior to prepara-
tion for analysis. An appropriate aliquot of the
broth—methanol suspension was transferred into
a 125 mm X 16 mm [.D. centrifuge tube. Follow-
ing centrifugation at 3000 g for 15 min, the
supernatant was discarded ahd the pellet was
resuspended in 10.0 ml of solubilization reagent.
The sample was cooled on ice while sonicated for
30 s using a Vibra Cell sonicator (Sonics and
Materials, Danbury, CT, USA) equipped with a
microtip and set at a power setting of 5 in the
continuous mode. The solution was then stirred
for 10-16 h at room temperature (an inves-
tigation of the kinetics of protein sulfitolysis in
the presence of SDS at ambient temperature
revealed that sulfitolysis under these conditions
is complete within 6—8 hours [12]). On comple-
tion of stirring, the sulfitolysis reaction was
quenched and the solubilized protein stabilized
by adjusting the pH of the solution to 5.8-6.2
using 1 M maleic acid. The samples were then
filtered (0.45-um nylon membranes; Alltech,
Deerfield, IL, USA) prior to analysis.

3. Results and discussion

Micellar mobile phases have been employed
successfully for the chromatography of small
biomolecules, and these studies have demon-
strated the potential advantages offered by sys-
tems of this nature, such as enhanced fluores-
cence [13] and improved selectivity [14]. These
advantages may also be characteristic of the

micellar chromatography of macromolecules
such as proteins. The unique selectivity of the
micellar HPLC of MD-HGH is demonstrated in
Fig. 1, where the elution profiles of a 467 ug/ml
MD-HGH standard are displayed. Fig. 1c, ob-
tained through the use of isocratic elution with
n-propanol in the absence of SDS (SDS was
omitted from the mobile phases, which were
otherwise identical with those described under
Experimental), revealed the presence of a con-
taminant in the purified reference material which
eluted within the front shoulder of the MD-
HGH peak. The contaminant was also visible in
the profiles of solubilized fermentation broth
samples analyzed under the same conditions
(data not shown). This peak did not appear on
the shoulder of the main peaks generated by the
same samples when they were analyzed using
mobile phases containing SDS (see the chro-
matogram of the standard in Fig. 1b). Approxi-
mately 30 wg of the contaminant (determined by
dry mass relative to that of an equivalent volume
of mobile phase following freeze-drying) was
isolated via fraction collection in the absence of
SDS and then dried and reconstituted in 1.0 ml
of solubilization reagent. Analysis of the re-
solubilized isolated contaminant by micellar
HPLC revealed that the material generated a
peak at ca. 540 s, an elution time much earlier
than that of MD-HGH (see Fig. 1a). Also, the
analysis of a solubilization reagent blank (Fig.
1d) demonstrated that the peak of interest had
not been generated by a component present in
the reagent. Because it offered superior res-
olution between MD-HGH and this contami-
nant, micellar HPLC in SDS was the method of
choice for the analysis of the protein in E. coli
fermentation broth. :

Fig. 2b shows a typical chromatogram of MD-
HGH in solubilized fermentation broth obtained
via micellar HPLC. Under the chromatographic
conditions described, the wvalues of the
asymmetry and theoretical plate count were 1.2
and 1569 theoretical plates/m, respectively [15].
A test of precision with a fermentation broth
sample containing ca. 740 ug/ml of MD-HGH
(five injections analyzed on five different days)
generated a relative standard deviation (R.S.D.)
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Fig. 1. HPLC profiles of 20-u1 injections of (a) a 30.0 ng/ml solution of contaminant peak (isolated using chromatography in the
absence of SDS) obtained via isocratic elution at 47.5% B in 50 mM ammonium phosphate (pH 6.4)-1.0% SDS, (b) a 467 pg/ml
MD-HGH standard obtained using isocratic elution at 47.5% B in 50 mM ammonium phosphate (pH 6.4)-1.0% SDS, (c) a 467
ng/ml MD-HGH standard obtained using isocratic elution at 45.0% B in 50 mM ammonium phosphate (pH 6.4) in the absence
of SDS and (d) a reagent blank obtained using isocratic elution at 47.5% B in 50 mM ammonium phosphate (pH 6.4)-1.0% SDS,
using a 250 cm X 0.46 cm 1.D. Nucleosil C, packing, a flow-rate of 1.0 ml/min and UV detection at 214 nm. The contaminant in
the elution profiles of the solubilized standard material and the re- chromatographed fraction of the isolated contaminant are

indicated by arrows.

of 4.46% (the within-day RSD ranged from 0.50
to 1.88%). The method was determined to be
linear over the range 50-800 pg/ml (correlation
coefficient = 0.999) using peak area for quantifi-
cation.

To evaluate the possibility of matrix effects on
the assay, a series of standards ranging from 0 to
800 pg/ml MD-HGH were prepared in a control
fermentation broth containing cells in which
MD-HGH had not been expressed. The slope of
a plot of peak area versus concentration for this
standard series was 45.06 arbitrary units. The
slope of a calibration plot for standards prepared
in solubilization reagent alone was 45.20 units,
i.e., only a 0.3% difference. In addition, the
former plot passed through the origin. Further
evidence for the absence of matrix interference

was provided by an overlay of the chromato-
graphic profiles of the control broth and a 467
ng/ml standard (see Fig. 2a and c).

The fermentation broth sample recovery was
evaluated by spiking a known volume of fermen-
tation broth with a non-sulfitolyzed MD-HGH
standard solution at four levels ranging from 100
to 800 pg/ml. The recovery of MD-HGH at
these levels averaged 103.5%, indicating com-
plete extraction of the sulfitolyzed protem from
the broth.

To determine the magnitude of the sensitivity
of the assay to changes in environmental and
operational parameters, analyses of an MD-
HGH standard, fermentation broth sample and a
resolution mixture containing human carbonic
anhydrases II and bovine carbonic anhydrase
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Fig. 2. Micellar HPLC profiles of 20-ul injections of (a) solubilized control fermentation broth, (b) solubilized fermentation
broth, (c) 467 wg/ml MD-HGH standard and (d) resolution control containing 500 ug/ml each of bovine carbonic anhydrase and
human carbonic anhydrase Ila obtained using isocratic elution at 47.5% B in 50 mM ammonium phosphate (pH 6.4)-1.0% SDS
using a 250 cm X 0.46 ¢cm L.D. Nucleosil Cy packing, a flow-rate of 1.0 m!/min and UV detection at 214 nm.

[chosen because of their elution time proximity
to MD-HGH in this assay (see Fig. 2d)] were
obtained in systems where the organic modifier
concentration, column temperature, mobile
phase pH and column packing were varied. The
two latest eluting peaks within the elution profile
of the resolution control were utilized for the
calculation of resolution values.

The effects of n-propanol concentration in the
mobile phase on the isocratic elution of MD-
HGH and the resolution control are displayed in
Table 1, where the retention time, plate count,
normalized peak width, tailing and resolution are
listed for analyses obtained at 45.0, 47.5, 50.0,
52.5 and 55.0% B (a 1% change in B corres-
ponded to a 0.1% change in the n-propanol

Table 1

Effects of mobile phase organic composition on the retention time, efficiency, normalized peak width, peak tailing and resolution
of MD-HGH

B (%) Retention time (s) Efficiency (plates) Peak width (s) Asymmetry Resolution
45.0 1319 1170 111.7 1.30 -

47.5 1190 1465 103.9 1.19 1.73

50.0 1085 1569 100.0 1.20 2.64

52.5 1000 1636 98.4 1.19 1.74

55.0 927 1670 98.4 1.16 2.33

All data are mean values from three replicate injections.
* Peaks did not elute within a 30-min run time.
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Table 2

Effects of column temperature on the retention time, efficiency, normalized peak width, peak tailing and resolution of MD-HGH

Temperature (°C) Time (s) Efficiency Peak width (s) Asymmetry Resolution
retention (plates)

54.0 1262 1679 99.8 1.12 2.60

57.0 1174 1710 97.8 1.15 2.61

60.0 1099 1934 92.3 1.14 2.75

63.0 1043 2114 88.2 1.14 2.75

66.0 996 2111 88.3 1.14 2.99

All data are mean values from three replicate injections.

concentration in the mobile phase). The reten-
tion time, peak width and asymmetry all ap-
peared to decrease in response to an increase in
mobile phase organic content. There was no
apparent decrease in resolution with these
changes in B content.

The effect of temperature on the chromatog-
raphy of MD-HGH was investigated by perform-
ing analyses at five different column oven set-
tings ranging from 54 to 66°C. The chromato-
graphic parameters determined in this set of
experiments are listed in Table 2. The effects of
temperature on the mass transfer kinetics appear
to be evidenced by the decrease in retention time
and peak width and the enhanced efficiency as
the column over temperature was adjusted to
higher levels. Peak asymmetry and resolution
were not influenced by temperature changes
within the range studied.

Mobile phase pH can have strong effects on
the elution characteristics of proteins. In general,
acidic proteins such as MD-HGH (pI =5.9) will

Table 3

display a tendency toward greater hydrophobic-
ity as the pH is lowered, since acidic residues
become protonated under these conditions. Evi-
dence for this occurrence is provided by the data
in Table 3. The optimum mobile phase pH for
the determination of MD-HGH appears to be
near 6.4. At pH 5.76 and 6.08, MD-HGH does
not elute within 1800 s. As the mobile phase pH
was increased from 6.40 to 7.04, the retention
time and peak width increased by ca. 10%, while
the efficiency decreased by 20%. Also, at pH >
6.40, the carbonic anhydrase resolution control
generated a profile of multiple partially resolved
peaks, which prevented the calculation of res-
olution for this sample under these conditions.
The extra peaks which appear at the higher pH
may represent contaminants present in the com-
mercially available carbonic anhydrase material
which are not resolved at pH 6.40. The effect of
temperature on mobile phase pH was deter-
mined to be minimal, as the pH of 50 mM
ammonium phosphate, which measured pH 6.4

Effects of mobile phase pH on the retention time, efficiency, normalized peak width, peak tailing and resolution of MD-HGH

pH Retention time (s) Efficiency (plates) Peak width (s) Asymmetry Resolution
5 .76 — a 2 —a a2 _ a

6‘08 2 _a 2 — a a

6.40 990 1563 101.0 1.19 2.18

6.72 1020 1298 108.0 1.25 i

7.04 1058 1223 111.0 1.25 ~°

All data are mean values from three replicate injections.
*Peaks did not elute within a 30-min run time.

® Multiple (>>4) peaks were generated, which prevented determination of resolution.
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Table 4

Effects of column packing on the retention time, efficiency, normalized peak width, peak tailing and resolution of MD-HGH
chromatography

Packing Retention time (s) Efficiency (plates) Peak width (s) Asymmetry Resolution
Nucleosil 1069 1934 92.3 1.14 2.75

Vydac 1108 1338 111 1.14 2.35

All data are mean values from three replicate injections.

at room temperature (26°C), rose to only 6.5 on
being heated in a water bath to 60°C to emulate
the environment present inside the column oven.

To identify an alternative column for use in
the micellar HPLC determination of MD-HGH,
a Vydac C, packing [15 cm X 0.46 cm 1.D. Vydac
C, packing, particle size 5 um, pore size 300 A
(Munhall)] was evaluated. Although the ex-
perimental data suggested that.the Vydac packing
was slightly inferior to the Nucleosil packing for
use in this application (see Table 4), the per-
formance of both columns appeared to be ac-
ceptable for the determination of the recombi-
nant protein in fermentation broth.

4. Conclusions

A micellar HPLC assay for the determination
of MD-HGH in E. coli fermentation broth has
been described. For this application, micellar
chromatography was directly compatible with
samples solubilized in SDS sulfitolysis reagent
and offered a resolution superior to that achiev-
able via reversed-phase chromatography in the
absence of surfactant. The method is rugged in
response to variations in mobile phase elution
strength, temperature and column packing, but
not to mobile phase pH changes. Analytical
column lifetimes have been found routinely to
correspond to at least 400 injections under the
conditions specified in the method. The linear
dynamic range of the method is particularly
useful for monitoring fermentation processes.
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Abstract

A technique using a biospecific affinity sensor, BIAcore, was applied to monitor and determine mammalian
cell-derived neu differentiation factor (NDF) in column fractions during chromatography. Specific purified
polyclonal antibody against Escherichia coli-derived NDF was chemically bound to the surface of BIAcore sensor
chips and the derivatized sensor chips were used to detect the specific binding of NDF. The measurement of NDF
at very low levels can be assessed by injecting small volumes of the crude media or column fractions into the
BlIAcore sensor containing antibody-bound sensor chips. This automated procedure performed under computer
programming control allows direct measurement of multiple NDF sampies in a short period of time and provides
excellent quantitative data, which is not possible using other related methods such as Western blotting, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and stimulatory activity assay on receptor autophosphorylation.

1. Introduction

The neu differentiation factor (NDF) or
heregulin gene family encodes a number of
secreted forms of soluble factors that specifically
interact with an M, 185000 tyrosine kinase
receptor, termed p185"", HER-2 or c-erbB-2
[1-4]. Upon ligand-receptor binding, NDF can
stimulate receptor autophosphorylation and pro-
mote subsequent cellular functions [2,4]. Over-
expression of p185™" or HER-2 has been found
in some neoplastic tissues and also associated
with poor prognosis for several types of cancers,
including breast cancer [5-8]. The structural and
functional aspects of the multiplicity of the
human and rat NDF have been investigated
[3.4].

Our efforts, aiming at understanding the struc-

* Corresponding author.

0021-9673/94/$07.00
§SDI 0021-9673(94)00737-3

tural characteristics of soluble NDF forms and
their roles in as yet unknown biological func-
tions, led to the production and isolation of rat
NDF from rat cell lines in addition to human and
rat NDF recombinant forms in Chinese hamster
ovary (CHO) cells. As both natural cell lines and
the engineered CHO cells can only secrete a
small amount of NDF, the detection and isola-
tion of mammalian cell-derived NDF has been
difficult {1,9,10]. Although Western blotting,
sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and tyrosine kinase
phosphorylation assay [9] can be adapted to
monitor the column effluents during fractiona-
tion, these methods, in general, are time con-
suming, less sensitive and not applicable to
samples containing low expression levels of
NDF. In this paper, we describe the use of an
antibody-based bioaffinity technique (BIAcore)
[11,12] as an alternative to measure rat NDF

© 1994 Elsevier Science B.V. All rights reserved
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during column chromatography from media con-
ditioned by natural cell line or by recombinant
CHO cells. This automated procedure is capable
of handling multiple column fractions with suffi-
cient speed and sensitivity in detection and
provides precise NDF quantification for various
samples including pooled fractions and purified
NDF preparation.

2. Experimental
2.1. Production and isolation of NDF

NDF prepared from rat-1 EJ cells was pro-
duced according to our previous papers [1,2].
Expression of rat proNDF-a2 and -84 forms
(encoding 639 and 661 amino acid proNDFs,
respectively) in CHO cells was also described in
previous papers [4,10]. In the cultured medium,
the NDF proteins are secreted as M, 44000
soluble molecules. They were isolated by a series
of purification steps including concentration of
medium by diafiltration and chromatography
using heparin-Sepharose, DEAE-Sepharose and
phenyl-Sepharose columns [10]. Western blotting
and SDS-PAGE were performed according to
previously described methods [10].

2.2. Polyclonal antiserum production

Rabbit polyclonal anti-rate NDF antibody was
produced against Escherichia coli-derived recom-
binant rat NDF-a2 and purified using an Affigel
affinity column coupled with the same rat NDF
protein. The partially purified antibody was used
in assays with a BIAcore system or Western
blotting.

2.3. Real-time biospecific interaction analysis
(BIA)

The analysis was performed using a BIAcore
instrument (Pharmacia Biosensor, Uppsala,
Sweden) [11,12]. To detect the specific binding
between rat NDF and the antibody, a sensor
chip surface used in the BIAcore system was first
immobilized with affinity-purified rabbit anti-
body against E. coli-derived rat NDF-a2. The

immobilization was performed using sensor chip
CMS programs according to the procedures
described in the instructions of the amine cou-
pling kit (Pharmacia). Samples containing vari-
ous amounts of NDF were diluted with BIAcore
HBS buffer [10 mM 4-(2- hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH
7.4)-150 mM NaCl-3.4 mM EDTA and 0.05%
BIAcore surfactant P20] to a concentration rang-
ing from 5 to 300 ng/ml before injection. Sam-
ples were automatically injected and flowed
through the sensor chip surface. Injection vol-
umes ranged from 10 to 100 ul depending on
sample concentration. After sample injection,
the chip surface was washed with HBS buffer to
eliminate non-specific binding. Any NDF bound
to the surface results in an increase in surface
plasma resonance (SPR), which can be detected
optically by the equipment. The intensity of this
resonance response, expressed as resonance
units (RU), is proportional to the amount of
NDF bound to the chip surface. After calibration
with a standard amount of CHO cell-derived rat
NDF-a2 which was determined by amino acid
analysis [10], samples containing unknown NDF
concentrations can be analysed.

Regeneration of the NDF-bound sensor chips
was obtained by a washing step with 10 mM HCl
(pH 2.2) and an equilibration step with HBS
buffer. The regenerated sensor chips can then be
used to assay the next sample.

3. Results and discussion

Fig. 1A shows SPR raw data obtained from
the analysis of an NDF standard produced in
engineered E. coli cells using a freshly prepared
antibody-bound sensor chip. In these particular
analyses, the BIAcore program used a 12-min
run time, including a 5-min sample analysis (as
shown) and an extra 7-min HCl washing and
equilibration (not shown). The SPR was ob-
tained from the RU difference between the
sample injection starting point (S) and the
equilibration point after sample injection (E).
Sensorgram 1 as indicated in Fig. 1A represents
a blank run containing only sample buffer and
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Fig. 1. Real-time BIAcore assay of rat NDF using a sensor chip coupled with anti-NDF antibody. (A) Sensorgrams from analysis
of an NDF standard; (B) sensorgrams from analysis of fractions from heparose-Sepharose chromatography (see Fig. 3).

shows almost no response (RU=35). Sensor-
grams 2-5 represent analyses of NDF standard
at concentrations of 5, 20, 100 and 300 ng/ml.
The background RU for controls ranges from ca.
—10 to +10 RU. The data clearly show that the
method can detect NDF at concentrations above
20 ng/ml. Samples were always diluted with
HBS buffer (minimum dilution = 1:1). Although
concentrated culture media can be analysed
directly they can potentially cause background
interference due to light scattering.

Fig. 2 illustrates typical titration curves for
standard rat NDF-«-2 and -B4 recombinantly
produced in CHO cells as well as rat NDF-a2
produced in E. coli. These data indicate that
antibody produced against bacterially derived rat
NDF-a2 is able to recognize glycosylated forms
of rat NDF-a2 and -84 derived from CHO cells
[10], but with a lesser extent of binding affinity.
This lower binding for CHO-derived NDFs may
be contributed to by carbohydrates present in
the molecule. The difference in binding between
CHO-derived NDF-a2 and -84 may be due to
variations in the primary structure at the EGF
domains and their C-termini. The difference may
also be caused by the pattern of glycosylation, as
CHO cell-derived rat NDF-a2 and -84 contain
two Asn-linked and eleven O-linked sugars [10].

Although the responses are different among
these NDF forms, the BIAcore response versus
NDF concentration is linear at all samples,
indicating that the antibody coupled to the
sensor chips is capable of recognizing both E.
coli and CHO cell-derived NDF feeding into the
sensor surface in a concentration-dependent
manner. The NDF concentrations that fall into
the linear quantitation range is approximately
10-200 ng/ml for rat NDF-a2 derived from E.
coli, 20-300 ng/ml for CHO-derived NDF-a2
and 50-600 ng/ml for CHO-derived NDF-84.
Precautions should be taken into consideration
when the bioaffinity technique is used for sample
monitoring and quantification. For example, the
accuracy of measurement relies on the recogni-
tion of NDF by the coupled antibody being
within a linear response range (see Fig. 2);
samples containing NDF above the concentra-
tion limit require further dilutions with HBS
buffer. A gradual decrease in RU occurred on
daily use. To compensate for this problem,
calibration standards are always established at
the beginning and end of runs to ensure consis-
tency of the results within 24-h operation. A
3-5% variation for the observed RU is accept-
able and is frequently observed within 24 h.
After coupling to the sensor chips, usually anti-
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Fig. 2. Calibration graphs for determination of CHO cell-derived recombinant rat NDF-a2 and -4 in solution versus rat
NDF-a2 produced in E. coli. The resonance response on the vertical axis is proportional to the amount of the NDF bound to

anti-NDF antibody on the sensor chip surface.

bodies are stable and can be used for approxi-
mately 2 weeks, at which time the resonance unit
may remain less than half of a freshly prepared
chip. Chips coupled with antibodies can be
repeatedly assayed for approximately 1000 sam-
ples. Thus, as a routine and automatic operation,
this procedure can continuously assess measure-
ments for 2 weeks using a single chip. However,
chips coupled with other protein molecules,
especially soluble receptors, may be less stable,
and might have a much shorter life span. This
decreased SPR or shorter life span may be partly
due to washout or acid-induced inactivation of
the bound antibodies or proteins during regene-
ration. The coupling efficiency is usually re-
producible with antibodies obtained from the
same purification batch. However, significant
variations in resonance response did occur using
different batches of antibodies. Coupling of
lower titer antibodies sometimes yielded an
unusable chip.

As shown in Table 1, the linear response
characteristic for binding between NDF and

antibody allows the reliable quantification of
crude NDF preparation concentrated from the
cultured medium. The accurate quantification of
NDF was not possible by methods using both
Western blotting and tyrosine kinase assays
[1,2,10]. SDS-PAGE gave multiple overlapping
protein bands from the concentrated medium
over a wide range of molecular mass, and the
method was unable to locate the M, 40000-
44 000 NDF band after Coomassie Blue staining
in samples having low NDF expression.

Fig. 1B shows SPR raw data obtained from
analyses of several column fractions from
heparin-Sepharose chromatography of rat NDF-
a2 produced in CHO cells. In these analyses,
fractions were diluted 50-100-fold with HBS
buffer before sample loading. Sensorgrams 1-4
are for samples taken from fractions 20, 53, 60
and 80 as indicated in Fig. 3A. Fraction 60
clearly gave a very high reading (RU > 600),
indicating that it exceeds the linear response
range. Any samples such as this were diluted
further and reanalyzed within the linear response
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Table 1

Determination of rat NDF by 280 nm and BIAcore detection

Step Volume (ml) Protein® NDF® (mg) Purification Yield (%)

(280 nm) (-fold)

(A) CHO cell-derived rat NDF-B4
(1) Medium 10000 - - = -
(2) Concentrate 1000 1600.0 5.52 1 100
(3) Heparin-Sepharose 110 222 3.60 72 65.2
(4) DEAE-Sepharose 78 10.8 2.50 148 453
(5) Phenyl-Sepharose 7 1.10 2.00 1455 36.2

and concentration

(B) Rat-1 EJ cell-derived NDF
(1) Medium 115000 - - - -
(2) Concentration 2100 10710.0 0.081 1 100
(3) Heparin-Sepharose 165 49.5 0.042 216 529
(4) DEAE-Sepharose 60 3.5 0.028 3060 35.0
(5) Phenyl-Sepharose 1.7 ~0.015° 0.025 - 31.3

and concentration

For detailed purification procedure, see Experimental.

* Proteins were measured by absorbance at 280 nm. The numbers on this column are the total absorbance readings.

® The NDF content was measured by BIAcore (see Experimental).
“The 280-nm absorbance is not accurate owing to low concentration, hence the purification fold cannot be precisely calculated.

range. Fig. 3A shows a typical chromatographic
profile of the first heparin-Sepharose column
step to purify rat NDF-84 from 1 1 of concen-
trated medium (see also Table 1A). The chro-
matographic profile shows both the protein elu-
tion detected by the 280 nm absorption and
BlAcore quantification. The amount of NDF
eluted was quantified and expressed in pg per
fraction after the detected resonance units were
calibrated with a calibration graph (Fig. 2).
Clearly, the NDF eluted later as a shoulder by
280-nm measurement and was located at the
right portion of the major protein peak by
BIAcore detection. This observation matches the
detected M, 44000 NDF bands observed in
Western blots (inset in Fig. 3) where the anti-
body reacts strongly with the SDS-denatured
NDF protein bands After SDS-PAGE.

The NDF elution profile detected by antibody
surface binding in BIAcore also works really well
for both DEAE- and phenyl-Sepharose chroma-
tography. In these chromatographic separations,
detection at 280 nm only picks up NDF protein
peak at very low absorption. As shown in Fig.
2B, BIAcore clearly demonstrates its better

sensitivity and capability of identifying the NDF
fractions during phenyl-Sepharose chromatog-
raphy. The sensitivity limit for NDF quantifica-
tion is approximately 20-30 ng/ml.

Table 1A summarizes the purification recovery
and step yield for recombinant NDF-84 deter-
mined by absorption measurement and BIAcore.
The overall step yield for the recovery of NDF
protein is about 36% when measured by BIA-
core. Various chromatographic steps yielded ap-
proximately 1500-fold purification from the con-
centrated medium. The NDF content in the final
concentrated and purified preparation is calcu-
lated to be 2 mg, consistent with the data
precisely quantified by amino acid analysis.

Rat-1 EJ cells produce only very small
amounts (700 ng/1) of natural NDF. The detec-
tion of the NDF fraction using phosphorylation
assay has been difficult [1,2]. Assay using BIA-
core allowed high-sensitivity detection and
quantification of NDF. As shown in Table 1B,
NDF can only be detected after substantial
concentration. A 2.1-1 diafiltrate concentrated
from 115 1 of medium contained less than 100 ng
of NDF. Following similar purification proce-
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Fig. 3. (A) Heparin-Sepharose chromatography of a crude medium containing recombinant rat NDF-B4 (also see Table 1). The
concentrated medium loaded on to the column (20 X 2.5 cm 1.D.) contains 5.52 mg of NDF and 1.6 g of total proteins. After
sample loading, 95% of contaminating proteins was washed off the column by 0.3 M NaCl in PBS buffer (pH 7.2). The column
was then eluted with a 0.3-1.0 M NaCl linear gradient to fractionate NDF. Fractions (3.0 ml) were collected and detected for 280
nm absorption (O). Aliquots of fractions, after dilution, were also subjected to BlAcore analysis (@). Inset: Western blotting of
fractions shown in (A). (B) Phenyl-Sepharose chromatography of a DEAE-Sepharose pool containing recombinant rat NDF-84
(also see Table 1). A linear gradient was established from 1.5 to 0 M ammonium sulfate in PBS (150 ml each) after sample
loading. Fractions (1.8 ml) were collected and subjected to UV absorption measurement ((0) and BlAcore assay ().

kDa = kilodalton.

dures, separation of NDF can be obtained. Fig. 4
illustrates the DEAE-Sepharose chromatograph-
ic profile of a natural rat NDF preparation after
a heparin-Sepharose column fractionation. A
small shoulder peak, detected at 280 nm and
eluted earlier than a major contaminating peak,
was recognized to contain NDF activity. After
final purification, a total of 25 ug of pure NDF
was obtained.

The above results support the advantage of
BIAcore analysis over phosphorylation assay and
Western blotting in sample detection and NDF

quantification. As thé tyrosine kinase stimulatory
activity of NDF was performed using membrane-
bound p185™" in whole cell lysates, the assay
results displayed phosphorylated receptor in pro-
tein blots which was visualized by anti-phos-
photyrosine antibody after NDF stimulation. As
the assay requires several manual operations, the
observed data would inevitably vary from run to
run. The phosphorylation assay is thus less
applicable in handling multiple chromatographic
samples and performing precise quantification.
Western blotting is also inherently not suitable
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Fig. 4. DEAE-Sepharose chromatography of an NDF sam-
ple obtained from heparin-Sepharose chromatography of
concentrated media conditioned by rat-1 EJ cells (see Table
1B). A linear gradient from 0 to 0.5 M NaCl in 10 mM
phosphate buffer (pH 7.0) (200 ml each) was applied after
loading. Fractions (3 ml) were collected and assayed by
280-nm absorption measurement ((J) and BIAcore assay

(®).

for quantification as recognition of a target
protein by its specific antibody is performed by
an SDS-PAGE-electroblotting procedure.

In summary, the specific bioaffinity technique
provides an alternative measurement for the
quantification of NDF produced naturally or
recombinantly during chromatographic fractiona-
tion. This automated method provides sufficient
sensitivity for detection and quantification and
should be applicable to other proteins using
similar antibody binding as described here and
other affinity assay techniques such as receptor—
ligand binding. A recent paper has reported the
use of such an approach to discover the ligand
for an ECK receptor of unknown function [13].
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