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Abstract

The chromatographic behaviour of several amino acid derivatives, peptides and proteins has been investigated
with the so called “tentacle-type” LiChrospher-100 SO, adsorbent and an analogous poly(2-sulphoethylaspar-
tamide) cation-exchange adsorbent, PolySulphoethyl A. In particular, the dependences of the retention properties
of a range of biosolutes on temperature and the chromatographic residence time were evaluated with the objective
of gaining further insight into the influence of ligand type and flexibility and the role of solute conformation on the
chromatographic behaviour of proteins with these two strong cation-exchange chromatographic adsorbents. The
results indicate that significant differences in the chromatographic retention behaviour between proteins and
low-molecular-mass solutes occur as a function of temperature and the type of co- and counter ions present in the
mobile phase with both adsorbents. Moreover, the dependences of the Z_ and log K_ values on temperature for
most of the proteins examined exhibited significant changes in magnitude between 4 and 75°C, whilst no equivalent
changes were evident for low-molecular-mass solutes. With the “tentacle-type” LiChrospher-1000 SO, adsorbent at
higher temperatures, e.g., at 75°C, most of the proteins could still be eluted although several exhibited very large
increases in their retention parameters. With the PolySulphoethyl A adsorbent, on the other hand, none of the
proteins examined were eluted at 75°C. The results moreover indicate that hydrophobic interactions play an
increasingly important role in protein retention with both types of ion-exchange adsorbents at higher temperatures,
but are more dominant with the PolySulphoethyl A ligand. In general, the Z_ values for the proteins with the
“tentacle-type” LiChrospher-1000 SO, adsorbent were greater than those obtained with the PolySulphoethyl A
adsorbent, suggesting that the “’tentacular” ligands present on this strong cation-exchange adsorbent interact with
protein molecules through larger contact areas. Collectively, these investigations provide further support for the
concept that the adsorption behaviour of proteins with the “tentacle-type” LiChrospher-1000 SO, adsorbent and
similar types of “tentacular” ligand systems involves a multilayer dissolution mechanism with the protein
interacting with a more diffuse or extended Donnan double layer in the ion-exchange environment, resulting in
multi-site binding processes.
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1. Introduction

The behaviour of proteins in high-performance
ion-exchange chromatography (HPIEC) is well
known to be influenced by a variety of ex-
perimental parameters. In particular, various
studies have shown (see, e.g., [1-5]) that the
interaction between a protein and an electro-
static adsorbent can be significantly affected by
the choice of buffer type, the nature of the co-
and counter-ions present in the eluent, the pH
conditions used, the flow-rate and the mode of
delivery of the mobile phase. Collectively, these
studies have also demonstrated that the distribu-
tion of the surface charge on the protein, but not
the net charge, is an important controlling factor
in the electrostatic interaction between a protein
solute and an HPIEC adsorbent.

In previous studies [12-14], the relationships
between solvent composition and protein struc-
ture with several “tentacle-type” anion-exchange
adsorbents have been investigated. In the present
study, a systematic analysis of the retention
behaviour of several proteins and other smaller
biosolutes with a “tentacle-type” strong cation
exchanger, LiChrospher 1000 SO;, is described.
These studies were undertaken with particular
reference to the influence of temperature on the
characteristics of the electrostatic interactions
which occur between proteins and this type of
“tentacle-type” cation-exchange adsorbent sur-
face. In addition, the derived chromatographic
results were compared with the retention be-
haviour observed for the same group of solutes
under similar temperature conditions using Poly-
Sulphoethyl A adsorbent, which also involves a
linear grafted polymeric coating, but one based
on the incorporation of taurine into cross-linked
chains of polysuccinimide immobilized on amino-
propylsilica [15].

2. Experimental

2.1. Chemicals and reagents

Bovine erythrocyte carbonic anhydrase, sperm
whale myoglobin (type III), hen egg white lyso-

zyme (grade 1), hen egg white ovalbumin, bovine
ribonuclease A (type III A), bovine insulin,
horse heart cytochrome ¢, soya bean trypsin
inhibitor, dansyl-L-arginine, angiotensin-I, an-
giotensin-1II, angiotensin-III, piperazine, Bis-Tris
and triethanolamine were purchased from Sigma
(St. Louis, MO, USA). Characterization of the
proteins followed the procedures described pre-
viously [8,12]. Sodium chloride, hydrochloric acid
(specific gravity 1.16), sodium acetate and cal-
cium chloride were all AnalaR-grade reagents
from Merck Australia (Kilsyth, Australia).
Quartz-distilled water was purified with a Milli-Q
system (Millipore, Bedford, MA, USA).

2.2. Chromatographic apparatus

All chromatographic studies were carried out
with a System Gold chromatographic system
from Beckman Instruments (Fullerton, CA,
USA), which included a Model 126 program-
mable solvent module, a Model 166 program-
mable detector module and a Model 507 auto-
sampler molecule, a System Gold computer
system and an Epson LX-400 printer. The Li-
Chrospher 1000 SO, cation-exchange adsorbent
was obtained as prepacked columns of dimen-
sions 50 mm X 10 mm LD. from Merck (Darm-
stadt, Germany) and the PolySulphoethyl A
cation-exchange adsorbent (packed into columns
of dimensions 100 mm X 4,6 mm L.D.) was ob-
tained from Poly LC (Columbia, MD, USA). The
temperature of the columns was controlled by a
column jacket connected to a Model 2209 Multi-
temp thermostater (Pharmacia, Uppsala,
Sweden) with circulating coolant.

2.3. Mobile phase preparation

Solvent A was 0.05 M sodium acetate (pH 4.0)
and Solvent B was 0.05 M sodium acetate con-
taining 1.0 M NaCl or 1.0 M CaCl, (pH 4.0).
Both eluents were adjusted to the specified pH of
4.0 with 10 M HCI using an Orion SA 520 pH
meter (Orion, Cambridge, MA, USA). The
eluents were then filtered through HAWP 04700
0.45-um cellulose acetate filters from Millipore
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and degassed under vacuum or sparged with
helium.

2.4. Sample preparation

The dansylarginine sample was dissolved in
buffer A at a concentration of 0.5 mg/ml. The
protein and peptide samples were also dissolved
in buffer A but at a concentration of 5 mg/ml.
These samples were either filtered through 0.22-
pm ACRO LC13 filters (Gelman Sciences,
Sydney, Australia) or centrifuged with a Eppen-
dorf 5413 centrifuge at 1150 rpm for 10 min and
the filtrates/supernatants collected. The samples
were stored in a refrigerator at 4°C prior to use.

2.5. Chromatographic procedures

All chromatographic experiments were per-
formed by using a linear salt gradient from 0 to
100% of the solvent B at a constant flow-rate of
1 ml/min. The gradient times chosen for these
investigations were 20, 40, 60, 80 and 100 min.
Between each gradient elution experiment, sol-
vent A was re-introduced at a flow-rate of 1
ml/min for 20 min as part of the re-equilibration
process. The column dead time (7,) was deter-
mined from the breakthrough peak of an unre-
tained salt (e.g., NaCl) by injection of 50 ul of a
1 M solution of the salt with 100% solvent A
isocratically delivered to the system at a flow-rate
of 1 ml/min. The gradient elapse time (z,) was
obtained by pumping solvent B into the chro-
matographic system with the inlet tube of the
column directly connected to the detector. In the
elution experiments, various amounts of the
samples (10-50 ul) were injected individually or
co-injected according to their retention time and
peak height of the samples, so as to allow
optimal separations to be achieved. All chro-
matographic data used in the generation of
retention plots represented the average of repli-
cated experiments. The chromatographic reten-
tion parameters such as the median capacity
factor (k), the median concentration of the
displacing salt (¢) and the gradient steepness
parameter (b) based on the assumptions of the
LSS model [16] were derived using the Pekinese

program written in our laboratory for the analy-
sis of ion-exchange chromatographic data
[5,11,13]. The retention data obtained from these
experiments were subjected to iterative regres-
sion analysis of the plot of log k versus log 1/¢ to
determine the slope value (Z.). The intercept
values (log K_) of these plots were determined
by extrapolation of the ¢ value to the limiting
case of ¢— 10~° mol/l, according to Eq. 1.

3. Results and discussion

3.1. Effect of temperature on protein retention
behaviour

Column temperature is an important parame-
ter which is often used to influence the chro-
matographic behaviour of molecules in order to
enhance resolution. In particular, changes in
temperature have been commonly used in this
manner with reversed-phase high-performance
liquid chromatography (RP-HPLC) of small
molecules such as amino acids and peptides [17-
24]. Variation of the column temperature can also
be used to study changes in peptide and protein
conformation which occur during the reversed-
phase separation process. Such studies also pro-
vide insight into the thermodynamics of the
surface interaction between the solute and ad-
sorbent. For example, the folding and structural
stability of peptides and proteins in RP-HPLC
has been extensively investigated through analy-
sis of the retention and band broadening be-
haviour under different temperature conditions
[23.24].

The effect of temperature on the separation of
ions and low-molecular-mass polar compounds
with ion-exchange adsorbents has also been the
subject of extensive investigation for more than
40 years. For example, Kraus and Raridon [25]
and Bonner and Overton [26] over 35 years ago
documented the effect of temperature on the
chemical equilibria of various ions and counter-
ions in ion-exchange processes. Similarly, Par-
tridge and Brimley [27] were able to resolve
L-proline, r-valine, L-methionine and a mixture
of D- and L-leucine with two synthetic cation
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exchangers at 60 and 80°C, whereas these amino
acids were not resolved at room temperature.
Evaluated column temperatures have also been
widely used to achieve the improved resolution
and sensitivity of detection as part of amino acid
analysis with microparticulate ion-exchange ad-
sorbents [28,29].

In contrast to the above representative exam-
ples of studies with low-molecular mass sub-
stances and ions, the effect of temperature on the
HPIEC behaviour of higher molecular mass
biosolutes, in particular proteins, has not been as
extensively investigated. Part of the reason for
the more limited literature on high-temperature
HPIEC of proteins can be attributed to the fact
that the equilibrium processes for the ion-ex-
change separation of proteins are more complex
than for the separation of small molecules. In
addition, the general concern held by many
biologists that elevated temperatures will auto-
matically lead to protein denaturation and pre-
cipitation has also been a significant factor. The
lower viscosity of the mobile phase and the
enhancement of the desorption kinetics at higher
temperatures, however, offer the opportunity for
improved peak shape and better resolution of
closely related protein compounds, particularly
in the analytical mode [20].

The use of elevated temperatures for the
enhancement of the resolution of proteins in
HPIEC has led, however, to some conflicting
observations. For example, Vanecek and Regnier
[30] reported that the resolution of ovalbumin
isoforms from albumin with strong anion-ex-
change Synchropak SAX adsorbents increased
when the temperature was raised from 4 to 25°C.
In contrast, a decrease in resolution between
B-lactoglobin and carbonic anhydrase [31] was
observed with an increase in temperature with
Partisil-10 SAX adsorbent. Similar dichotomous
results have been observed with various other
proteins [9-11,20]. Therefore, the effect of tem-
perature on the ion-exchange chromatographic
resolution of proteins cannot yet be readily
predicted. However, the available evidence from
other areas of chromatographic optimization
suggests that variations in column temperature
could represent a useful approach to adjusting

the chromatographic resolution of proteins and
other high-molecular-mass biomacromolecules.
In addition, variations in the column temperature
and the chromatographic residence time provide
a straightforward avenue to investigating the role
of protein hierachial structure in HPIEC, par-
ticularly since the changes in the secondary and
tertiary structures of proteins, which can be
induced within the temperature range 0-100°C,
occur over a temperature increment where chro-
matographic separations can also be readily
performed. As a consequence, studies on the
ion-exchange chromatographic behaviour of pro-
teins over a wide range of temperatures should
both provide important information on the role
of protein conformation in HPIEC systems and
also allow optimization of resolution per se.

Protein retention with ion-exchange adsor-
bents primarily arises from electrostatic interac-
tions between the protein surface and the
charged surface of the adsorbent. A number of
theoretical models based on empirical relation-
ships or thermodynamic considerations have
been developed to describe protein retention in
HPIEC under isocratic and gradient elution
conditions (see, e.g., [1,2,10-14,32-34]). Over a
limited range of ionic strength conditions, the
following empirical equation can be used to
describe the gradient elution relationship be-
tween the median capacity factor of a protein
solute, k, and the corresponding median salt
concentration, c:

log k =log K, + Z_ log(1/¢) 1)

where log K, is the intercept value of the log k
versus log 1/¢ plot, and is related to the associa-
tion constant, K,, for the protein-ligand inter-
action when ¢—107° mol/], and Z, represents
the slope. The magnitude of Z_ and log K at a
defined temperature can thus be readily deter-
mined by iterative analysis of the plots of log k
versus log 1/¢c.

In order to investigate the respective contribu-
tions of the ion-exchange ligand structure and
the conformational properties of the protein
solutes in the retention phenomenon, a basic
dansylamino acid derivative and several small
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Fig. 1. Plots of log k versus log 1/¢ with LiChrospher 1000
SO; adsorbent at 25°C with NaCl as the displacer salt.
Solutes: @ = ANG [; 0= ANG II; B = ANG III; ¥ = ARG;
A =CYT; A=INS; O=L1YS; V=0V; & =RIB; ¢=STI
See Experimental for other details.

peptides were investigated as control solutes in
this study. These control solutes are low-molecu-
lar-mass compounds which exist in solution with-
out any significant secondary structure. Changes
in the retention behaviour of these solutes over
the temperature range studied will therefore not

structure. In contrast, the conformational behav-
iour of proteins will be substantially influenced
by temperature over the range available in these
chromatographic studies. The progress of these
temperature induced perturbations of the protein
secondary and tertiary structure during the ion-
exchange chromatographic separation can thus
be monitored from the variations in the mag-
nitude of the Z_ and log K, values under differ-
ent temperature conditions.

Fig. 1 shows representative plots of log k
versus log 1/¢ for each solute listed in Table 1
when eluted with 0-1 M NaCl as the displacing
salt from the LiChrospher 1000 SO, adsorbent
at 25°C. The relative positions of the plots for
these solutes allowed the experimental data to be
considered in terms of three different groups.
Clearly, with the availability of additional protein
and polypeptide examples, a continuum in the
retention dependence behaviour, revealed from
the log k versus log 1/¢ plots as a function of
temperature, can be expected for small peptides
through to large globular or fibrous proteins. The
trends evident with the solutes employed in the
present study consequently provide a framework
around which the retention dependences of other
polypeptides and proteins can be compared. The
availability of additional thermodynamic data on
the thermal stability of various proteins derived

be related to variations in their conformational from independent spectroscopic or micro-

Table 1

Physical and chemical properties of the solutes studied

Solute (source) Abbreviation pl Molecular mass

g-Dansylarginine (synthetic) ARG 444.1

Angiotensin III (synthetic) ANG-III 931.1
Arg-Val-Tyr-Ile-His-Pro-Phe

Angiotensin II (synthetic) ANG-II 1046.2
Asp-Arg—Val-Tyr-Ile-His—Pro-Phe

Angiotensin I (synthetic) ANG-I 1296.5
Asp—-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu

Insulin (bovine pancreas) INS 5.32 5700

Ribonuclease A (bovine pancreas) RIB 9.60 12640

Cytochrome ¢ (horse heart) CYT 11.00 12384

Lysozyme (hen egg white) LYS 11.00 14300

Soybean trypsin inhibitor (soybean) STI 4.55 20000

Carbonic anhydrase (bovine erythrocytes) CA 5.89 30000

Ovalbumin (hen egg white) oV 4.70 43000
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calorimetric measurements would be very benefi-
cial to the interpretation of the trends and
variation noted in the parameters derived from
the log k versus log 1/¢ plots in the present
investigations and similar recent studies by other
investigators. The utilization of such extra-chro-
matographic approaches has been described else-
where.

In the context of the present investigations, the
first group, corresponding to proteins eluting
with longer retention times, included CYT, LYS
and RIB. The second group of proteins and
peptides, eluting with intermediate retention
times, included INS, STI, OV, ANG-I and ANG-
II, while the third group, with the earliest
elution times, included ANG-II and dansyl-
ARG. Closer inspection of the retention data for
the first group of solutes reveals that these
proteins exhibited sharp increases in their capaci-
ty factors over a very narrow range of high salt
concentrations. In addition, the p/ values of this
group of proteins (CYT, LYS and RIB) are
between 9 and 11, i.e., over 5 units higher than
the mobile phase pH value of 4.0. The second
group of proteins and peptides exhibited smaller
changes in their capacity factors over a wider
range of intermediate salt concentrations. The p/
values of these proteins and peptides were less
than 2 units higher than the mobile phase pH
value, ie., pI 4.55-5.89. The third group of
solutes, including the peptide ANG-II and
dansyl-ARG, exhibited the smallest changes in
their capacity factors over the lowest salt con-
centration range. These three elution patterns
were evident at all temperatures except 4 and
75°C. It was apparent from these experimental
data that all the log k versus log 1/¢ plots were
linear [the correlation coefficients (r’) ranged
between 0.90 and 0.999], indicating that the
predominant free-energy changes involved in the
interactions between these solutes and this “ten-
tacle-type” absorbent were associated with
electrostatic forces. A

The retention behaviour of these solutes was
further characterized in terms of the effect of
changes in temperature on the magnitude of Z_.
Although an experimentally derived constant for
a particular protein, adsorbent and chromato-

graphic system, the Z_ values has been used as an
empirical measure of the average number of
charge groups contributing to the electrostatic
characteristics of the portion of the solute surface
in contact with the ion-exchange adsorbent. The
Z_ values, calculated according to Eq. 1, of the
different solutes chromatographed of the Li-
Chrospher 1000 SO, cation exchanger were
plotted against temperature (Fig. 2a) to provide
an indication of the extent of changes in the
electrostatic contact area with increasing tem-
perature. In addition, the corresponding inter-
cept values of the log k versus log 1/¢ plots, i.e.,
the log K, values, were also plotted against
temperature as shown in Fig. 2b. Inspection of
the data in Fig. 2a and b indicates that the small
control solutes exhibited relatively small Z, and
log K, values compared with the corresponding
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Fig. 2. Plots of (a) Z_ and (b) log K_ versus temperature with
LiChrospher 1000 SO, adsorbent at 25°C with NaCl as the
displacer salt. Solutes: @ = ANG I, V = ANG II; ¥ = ANG
III; O=ARG; ¢=CYT; A=1INS; O=LYS; B=0V; A=
RIB; O = STI. See Experimental for other details.
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parameters for the larger protein solutes. For
example, the control solutes such as dansyl-ARG
exhibited a Z_ value of ca. 1 and the angiotensins
had Z_ values of ca. 2. The magnitude of these
values is consistent with the number of positively
charged residues in the amino acid sequences of
these solutes (Table 1). In contrast, the majority
of the protein solutes, except for INS, had larger
Z_ values, typically greater than 3. Dansylar-
ginine and the small peptides contain only one,
two or three positive charges and their electro-
static contact areas will be restricted to the
fractional contribution of these charge groups.
The small contact regions exhibited by this group
of solutes are also associated with lower affinity
or log K_ values. With the larger polypeptides
and proteins, there are a larger number of
positively charged residues which are surface
accessible and which can interact with the ligand,
leading to larger values of Z_ and log K, How-
ever, the maximum value of Z_ is limited by the
accessible area of contact and the distribution of
the, positive charges within this binding region(s)
presented by the surface of the protein [1,35].
The nature of the dependence of the Z_ and
log K_ values on temperature with LiChrospher
1000 SO, adsorbent shown in Fig. 2a and b also
differs between small and large solutes. The Z,
values of small molecules are relatively constant
with increasing column temperature, whereas the
Z values for the large molecules varied over the
same temperature range. For example, more
significant changes in the Z_ values for CYT,
LYS and OV are clearly apparent in Fig. 2a, in
contrast to the essentially constant Z_ values for
dansyl-ARG and the angiotensin peptides. As
noted above, the small control molecules such as
dansyl-ARG and the angiotensins exist in solu-
tion as fully extended or random coil structures.
Since these small molecules do not undergo any
secondary or tertiary structural rearrangements,
the number of charged groups exposed to the
ligands will remain constant and the interaction
will be reflected in essentially constant Z_ and
log K, values with increasing temperature. In
contrast, the charged amino acid residues that
contribute to the electrostatic contact region(s)
of the protein surface will depend on the sec-

ondary and tertiary structures of the protein.
Thus, the larger polypeptide and protein solutes
INS, STI, LYS and RIB had relatively small Z_
values at 4°C, but these values increased sig-
nificantly as the temperature was increased up to
25°C, after which the Z_, and log K_ values for
each solute remained essentially constant.

The implication can be drawn from these
observations that the retention mechanism with
the low-molecular-mass solutes (e.g., dansyl-
ARG, ANG-I, -II and -III) remains constant
over this temperature interval, but that between
4 and 25°C the mechanism of ligand interaction
with the larger polypeptides and proteins
changes, presumably because, inter alia, these
larger polyelectrolytes undergo conformational
changes which result in increases in the mag-
nitude of the electrostatic contact region and the
overall binding affinity. Between 25 and 55°C,
smaller changes in the Z_ and log K, values were
generally evident for most of the larger solutes,
indicating that less significant variations in the
secondary or tertiary structure of these solutes
may be occurring in this temperature interval. At
higher temperatures (e.g., 55-75°C), the degree
of variation in the Z_ values for some proteins
increased significantly again. For example, the Z,
values for CYT decreased to 3.9 at 55°C but
increased again to 5.9 at 65°C, whereas CYT was
not eluted at 75°C. Similarly, at 75°C, the Z_ and
the log K values for LYS increased significantly
whereas STI, INS, OV and CYT were also not
eluted at this temperature.

When the tertiary structure of a protein
changes, as occurs, for example, during unfold-
ing, the contact region between a protein and
immobilized ligands on the surface of a support
material may increase owing to the distribution
of internal salt bridge and exposure of additional
charged amino acid residues. This unfolding
process may thus allow additional electrostatic
interactions between the protein and the ad-
sorbent. Therefore, in a chromatographic en-
vironment, increases in the Z_ values of the
protein may occur. Concurrently, the unfolded
protein surface will exhibit to the chromato-
graphic surface additional accessible hydropho-
bic amino acid residues. This rearrangement of
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the surface structure of the protein at the liquid— without the addition of 20% (v/v) acetonitrile,
solid adsorbent interface may induce or reinforce respectively. It is evident that at 65 and 75°C
hydrophobic interactions between the protein CYT was not eluted until the organic solvent was
and the coulombic adsorbent. The addition of an added to the mobile phase, indicating the in-
organic solvent to the mobile phase can be used volvement of a significant hydrophobic compo-
to verify if any additional hydrophobic interac- nent in the protein-ligand interaction with this
tions are involved at higher temperatures. The ion-exchange system at these higher tempera-
elution profiles of CYT with LiChrospher 1000 tures.
SO, at 65 and 75°C are shown in Fig. 3 with and Fig. 4 illustrates, as histogram plots, the Z_
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Fig. 3. Chromatograms demonstrating the influence of acetonitrile on the retention behaviour at high temperatures of CYT with
LiChrospher 1000 SO, adsorbent and NaCl as the displacer salt. (a) 65°C, no acetonitrile; (b) 75°C, no acetonitrile; (c) 65°C, with
20% acetonitrile in buffer B; (d) 75°C, with 20% acetonitrile in buffer B.



F. Fang et al. | J. Chromatogr. A 729 (1996) 49-66 57

7 7

el +© = sl ¢ FL_
st B 5[ r‘_r“ 4
ar g 4t - 4
3} 1 3} g
2+ 4 24 4
s L L
0 ]

455 470 532 960 11.0011.00 455 470 532 9.60 11.00 11.00

25°C 4

3Isc B
S =

LT |

455 470 532 9.60 11.00 11.00

S - N W a0~
T
L

P I T A A - IR
T T
TR

455 470 5.32 960 11.0011.00

Zc

55°C '
.

Hinli

455 470 532 960 11.0011.0¢

= )

455 470 532 960 11001100

[ o 1

O ~“- N W a 0 N
T
)

a = N W e~
T
!

75°C

0 - N WA N~
T
L

C - N W a o N
=T
i

455 470 532 9.60 11.0011.00
STl OV INS RIB LYS CYT

455 470 532 9.60 11.0011.00
STI OV INS RIB LYS CYT

pl

Fig. 4. Histogram representations of the protein Z, values
and p/ values at each temperature with LiChrospher 1000
SO, adsorbent and NaCl as the displacer salt. See Ex-
perimental for other details.

values of the different proteins compared with
their corresponding p/ values at each tempera-
ture tested. These data reveal that there is no
simple additivity relationship between the Z,
value and the p/ value. Similarly, as shown in
Fig. S, no simple dependence exists between the
Z values for each protein and the corresponding
molecular mass. Collectively, these results are
consistent with the conclusions based on earlier
experimental results, and also recent theoretical
considerations of protein retention on ion-ex-
change surfaces [1,2,10,11,33-35], that retention
models, such as the net charge hypothesis [36,37],
based solely on considerations of the p/ value,

the net charge, the average surface area and
molecular volume or the molecular mass of
globular proteins are poor predictors of the
retention behaviour of proteins in ion-exchange
chromatography. The surface of a protein mole-
cule is characterized by asymmetric distribution
of charged amino acid residues, and this property
results in regions of varying electrostatic po-
tential. As the temperature increases and the
conformation of the protein is disrupted, the
electrostatic contact regions will become more
extended, which in turn will influence the re-
tention of the protein and the magnitude of the
Z. and log K_ values. Overall, these results
reinforce the concept that the contact area be-
tween the protein solute and the ion-exchange
adsorbent is not directly related to the overall
charge of the protein or to its molecular size per
se, but rather to the charge anisotropy and its
relationship to the distribution of hydrophobic
regions present on the protein surface. Analo-
gous conclusions can be reached from the data
reported recently in other publications, including
the interaction of rat cytochrome b with Mono-
Q anion exchanger [38,39] and bovine serum
albumin with Sepharose Fast Flow Q [40]. The
plurality of this interplay of electrostatic and
hydrophobic interactions in protein chromatog-
raphy with ion-exchange adsorbents has been the
subject of various fundamental investigations
based on extensions of the Manning counter-ion
condensation theory [11,41,42] and thermody-
namic considerations [12-14,43].

3.2. Effect of the nature of the displacer salt on
the dependence of protein retention behaviour
on temperature

It is well known that different salts can in-
fluence the ion-exchange chromatographic be-
haviour of proteins owing to the chaotropic or
kosmotropic nature of the cations and anions
[5,11,44-47]. In previous studies [12-14], the
influence of different monovalent anions on the
retention behaviour of several proteins with
“tentacle-type” anion-exchange adsorbents was
investigated. The results demonstrated that the
ionic radius and electronegativity of the mono-
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Fig. 5. Histogram representations of the protein Z_ values and the molecular mass values at each temperature with LiChrospher
1000 SO, adsorbent and NaCl as the displacer salt. See Experimental for other details.

valent anion can significantly influence the chro-
matographic behaviour of proteins with this type
of anion-exchange adsorbent. Systematic com-
parative studies on the effect of monovalent and
divalent salts on protein retention behaviour
with “tentacle-type” cation-exchange sorbents
have not been reported. In the present studies,
displacing salt concentrations over the range 0-1
M CaCl, were thus used for the cation-exchange
chromatographic separation of the various sol-
utes under similar chromatographic conditions to
those described for the 0-1.0 M NaCl system.
The Z, and log K_ values of the various solutes
with 0-1.0 M CacCl, as the displacing salt were

plotted against temperature (Fig. 6) and com-
pared with the results obtained with 0-1.0 M
NaCl. These comparative results show that the
Z. values of each solute were greater when NaCl
was used as the displacer salt than for CaCl,.
Also, some of the proteins were not eluted at
high temperatures when NaCl and was used as
the displacer salt, but were eluted when CaCl,
was present. For example, with the NaCl system,
STI was not eluted at 65 and 75°C whereas OV,
INS and CYT were not eluted at 75°C. However,
with CaCl,, all the proteins tested were eluted at
both 65 and 75°C. Furthermore, the variations in
the Z_ and log K_ values of the proteins were
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Fig. 6. Plots of (a) Z_ and (b) log K, versus temperature with
LiChrospher 1000 SO, adsorbent at 25°C with CaCl, as the
displacer salt. Solutes: O = ANG I, ® = ANG II; V = ANG
III; ¥=ARG; O=CYT; B=INS; A=LYS; A=0V, &=
RIB; @ = STI. See Experimental for other details.

observed to be much smaller with the CaCl, than
with the NaCl elution system. The only excep-
tions were CYT and STI at 65 and 75°C. These
observations suggest that both the nature of the
cation and the ionic strength of the displacing
salt can influence the retention behaviour and
thus the magnitude of the Z_ values of protein
solutes in cation-exchange HPIEC. Overall, these
results confirm that the relative -elutropic
strength of 1.0 M Ca(l, is greater than that of
1.0 M NaCl and the elution times of the solutes
are reduced accordingly. In particular, the ability
of cations to interact with the immobilized lig-
ands and the dipoles of the polypeptide back-
bone and specific side-chain amino acid groups

will modulate the apparent electrostatic charge
characteristics of a protein, and these effects will
contribute to the change in retention behaviour.

The influence of the valency and activity
coefficients of the displacer salt on protein re-
tention behaviour and surface structural charac-
teristics of the protein and electrostatic ligand
can be predicted from theoretical treatments of
the ion-exchange chromatographic separation of
proteins. According to the non-mechanistic stoi-
chiometric model of protein retention behaviour
in HPIEC [1,11,13,14], the influence of a divalent
cation salt such as CaCl, on the retention be-
haviour of a protein in HPIEC can be evaluated
in terms of the following relationship:

=k (s50e) =D @)

g-y

where K,, A, and V,_, are equilibrium constant
for the interaction of the protein with the ion-
exchange adsorbent, the accessible surface area
of the adsorbent in m”/g and the volume of the
mobile phase, respectively, and z is the number
of charge groups on the protein associated with
the chromatographic adsorption/desorption pro-
cess. The term D,; relates to the initial ligand
concentration, D, is the displacing ion concen-
tration in mol/l and C, is the concentration of
counter-ions associated with the protein, i.e., the
concentration of H™ ions involved with the
protein which are substituted by other cations
during the cation-exchange binding events. The
relative elutropic strength and activity coeffi-
cients of the displacing ions and counter-ions for
the ion-protein and the ion-ligand interactions
are represented by the terms a;;, and b, and the
fraction of the adsorbent surface covered by the
protein following the adsorption interaction is
given by f. If it is assumed that near equilibrium
conditions apply and the amount of the protein
loaded on to the adsorbent is small, i.e., if only a
small percentage of the adsorption capacity, g*,
is involved in the binding and the protein-ligand
interaction occurs within a linear region of the
adsorption isotherm, then the terms f—0 and
D,; will remain essentially constant. Under such
conditions, the dependence of &’ on the con-
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centration of the participating ions can be repre-
sented by

k'=K,-

AS < -2
V. Dbi(aijbijDOCi) (3)

m

For a displacing salt with a divalent cation but
a monovalent anion, each cation (e.g., Ca2+) will
cause the neutralization of two charge group
interactions between the protein and the ligand,
with the concentration of the M** cation, D, (in
mol/l), required to maintain electroneutrality
exactly equal to half of the concentration of the
accompanying monovalent (e.g., Cl7) counter-
ions, C; (in mol/l), associated with the positively
charged protein when it is desorbed from the
cation exchange adsorbent, and hence

As z 1.5y-z
vV 'Dbi(aijbijDo ) (4)

m

kK'=K,-

The logarithmic form of Eq. 4 can be ex-
pressed, for the case of CaCl, as the displacing
salt, in the following terms:

’ AS 4
log k' =log Ka'V - Dy,

m

1
+zlog 2+11.5 (5)
aijbij[Ca ]

or alternatively

1
logk’=logK,.+zlog<a b )
474

1
+15z log(m) (6)
where
A,
KtzKa'V Dy, @)

According to Eqgs. 2-5, the magnitudes of the
slope terms, i.e., the Z_ values, of the isocratically
derived log k versus log 1/c¢ plots or the gradient-
derived log k versus log 1/¢ plots are predicted
to be dependent on the valency of the displacing
salt. It can also be seen from Egs. 2—4 that the
relationship between the slope term Z_ and the
effective charge term z can be represented by
2z =Z_, provided that the valences of the dis-

placing ion and counter-ion are unity, the activity
coefficient terms a; and b, are independent of
the concentrations of the protein, the ligand
chains, the displacing ion, the counter-ion and
the temperature and the magnitude of the prod-
uct of a,; and b is close to 1. When the valency,
n, of the displacing ion is >1, but the counter-ion
remains monovalent, then the relationship pre-
dicted by Egs. 1 and 5 follows the dependence
[(n +1)z]/n=Z_, again assuming that the value
of a;b,;—1 and the other criteria listed above
prevail.

The above approach, in principle, allows the
effect of the valency and the activity coefficients
of different displacer salts to be considered in the
evaluation of the Z_ or the corresponding z
values. For example, if the retention results for a
series of proteins chromatographed with the
sample adsorbent, column, flow-rate, elution
conditions, buffer composition, pH and tempera-
ture, but with NaCl or CaCl, as the displacing
salt, are compared, then the relative differences
between these two salt systems can be evaluated
in terms of a free energy selectivity parameter,
7*, such that

™ =loga= log(k_NaCl/k-CaClZ) (8)

or

T*F= [AG?CaC,Z) = AG{y,ey)/23 RT
=AAG i ieny/23 RT 9)

where Alc,c,) and AGy,q, are the Gibbs free
energy for the protein-ligand interaction in the
presence of CaCl, and NaCl, respectively,
AAG {,,iex) 1s the difference in Gibbs free energy
for the ion-exchange interaction at the same
standard state for these two displacing salt sys-
tems, R is the gas constant and 7T is the absolute
temperature.

By utilizing Eqs. 2-7, the following theoretical
description for the salt selectivity effect can be
obtained for the NaCl (represented below as
system 1) and CaCl, (system 2) elution con-
ditions (and similar expressions would apply for
other monovalent or multivalent salt elution
conditions), assuming that the chromatographic
phase ratio remains constant for the two salt
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systems, and the same number of charge groups
accessible on the surface of the protein are
involved in the interaction with the coulombic
ligands, namely

F=lo Ka,lDéi,l[aij,zbij,2D0,2Ci,2]z
& Ka,ZDlZ)i,Z[a b, DO,IC',1]2

ij,1 i

(10)

ij,1

If the same adsorbent and column are em-
ployed, then the initial ligand concentration, D,
will be identical for the NaCl and the CaCl,
experimental conditions, and Eq. 10 can be
simplified to

™ =1lo K“’l(aiiylbijl[ca%]l's)z
s Ka,Z(aij,lbij.l[Na+]2)z

(11)

As noted above, the 7* values for a series of
proteins, investigated under identical chromato-
graphic conditions, represent the incremental
differences in Gibbs free energies manifested by
the two salt systems. Hence, from Egs. 8-11, as
the temperature is varied over the same range,
linear dependences of the 7* values on the
reciprocal of the temperature are predicted for a
series of different proteins, whilst the ratio of the
Z., and Z_, values for a particular protein
should remain constant, provided that the in-
dividual a;; and b,; terms are independent of the
temperature and the characteristics (solvated
ionic radius, charge density, etc.) of the ions of
the displacing salt. On the other hand, if the a;;
or b, terms associated with the protein-ligand
interaction are dependent either on the ionic
characteristic temperature relationships of the
displacing salt or are affected by changes in the
conformational or aggregation state of the pro-
tein as the temperature is varied, then both salt
and temperature specific variations in the Z_,/
Z., ratio can be predicted to occur for a series of
proteins. If, moreover, at a fixed temperature the
product of a;b;—1 for CaCl, as the displacing
salt, then the relationship between k& and the
experimental salt concentration takes on the
more familar form of Eq. 12 (cf., Eq. 6):

log k= log K, + 1.5z log(1/[CaCl,]) (12)

According to Eqgs. 2-12, when a monovalent salt

such as NaCl is used as the displacer salt, the
average z value for a protein is predicted to be a
half of the slope of the plot of log k versus log
1/¢. When a divalent salt such as CaCl, is used as
a displacer salt, the z value of a protein is
predicted to be two thirds of the slope of the plot
of log k versus log 1/¢. Limited evidence for
positive correlations between the retention be-
haviour and the z values of proteins have been
found when di- and trivalent ions have been
employed as ionic components of the displacing
salt [3,7,40,42,45-47]. If it is assumed that the
mechanism of interaction between a protein
solute and a charged ligand immobilized on the
LiChrospher 1000 SO, adsorbent is not influ-
enced by the nature of the displacer salt, then the
extent of change in the Z or 7* value of a
protein in response to a change in temperature
should be the same for either the 0-1.0 M NaCl
or the 0-1.0 M CaCl, elution system, since the
average orientation of the protein following
binding is expected to be initially the same with
either displacing salt system. When such criteria
apply, then for different proteins the ratios of the
slopes of the log k versus log 1/¢ plots de-
termined at the same temperature with a 0-1 M
NaCl or a 0-1 M CaC(l, elution system are,
according to Egs. 2-11, predicted to be 4:3.
Table 2 lists the ratios of the slopes Z_ of the
plots with NaCl and CaCl, as the displacing salt
for each solute tested at each temperature con-
dition with the same ‘“‘tentacle-type” LiChros-
pher 1000 SO, adsorbent. The results show that
at most temperatures the ratios are significantly
different from 1.33 for all the solutes, irrespective
of their molecular size or conformational status.
In addition, the magnitude of the Z_,/Z_, ratio
varies differently (and with no linear inverse
dependence of 7* on temperature) for the vari-
ous solutes as the temperature is increased.
These results strongly indicate that the assump-
tions implicit to the stoichiometric binding
model, requiring that the values of z or Z, are
independent of a,, and b; (and that the product
a;b;— 1) over the range of displacing salt con-
centrations and temperatures employed, are not
physically or themodynamically realistic. As a
consequence, the results of this investigation
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Table 2

Ratios of the Z_values of the different solutes obtained with 0-1.0 M NaCl or 0-1.0 M CaCl, as the displacing salt and

LiChrospher 1000 SO, adsorbent

Solute ZonacL!Z, cacn,

15°C 25°C 35°C 45°C 55°C 65°C 75°C
ARG 1.30 1.35 112 1.25 1.19 1.28 N/A®
ANG-III 1.40 1.71 1.78 1.60 1.87 1.70 1.78
ANG-II 1.01 158 1.55 1.21 1.64 1.56 1.49
ANG-I 1.85 2.03 212 1.97 1.81 1.77 2.01
INS 1.67 133 1.35b 1.04 1.34 1.20 N/A
RIB 1.58 1.75 1.62 1.60 1.67 1.62 1.66
CYT 1.72 1.65 1.82 1.56 151 1.62 N/A
LYS 1.59 1.53 1.56 1.47 1.55 1.52 1.85
STI 1.76 1.60 1.46 1.44 1.52 N/A N/A
ov 1.64 1.94 152 1.65 1.86 1.75 2.03

*N/A = not determined owing to a significant change in retention behaviour with either £k —0 or &k — .

confirm that the a,, and b, terms associated with
the particular protein-displacing salt system must
be taken into account in the interaction between
the protein and the ion-exchange adsorbent, both
in terms of their effect on the magnitude of the
contact area, i.e., the Z_ value, and the overall
association constant, K,, of the protein for the
adsorbent during the ion-exchange chromato-
graphic process.

In this context, recent investigations [13,14] on
the thermodynamic basis of the adsorption of
proteins on LiChrospher 1000 SO, and other
HPIEC adsorbents with similar types of ‘“ten-
tacular” ion-exchange ligands take on additional
significance. These recent studies and related Hill
plot investigations [48] have indicated that the
interaction of large, charged biomacromolecules
with this class of HPIEC adsorbents essentially
follows rectilinear isothermal behaviour involv-
ing a multi-layer dissolution mechanism [14],
which represents an extension of the ion con-
densation theory [41]. The thermodynamically
favourable interaction [14,43] of a protein with
the highly charged polyelectrolyte chains of the
ligand will lead to partial neutralization of the
regional electrostatic charges on the polymer
chains, and result in the formation of more
closely packed protein—protein or protein-ligand
complexes at the ligand-solvent interface. In

essence, the interaction of two different types of
flexible polyelectrolyte chains with complemen-
tary types of charge characteristics, e.g., the
protein and the “tentacular” ligand, will result in
a reduction in the effective charge density per
unit area of the adsorbent in the microenviron-
ment of the interaction, reinforced by free
energy changes associated with a decrease in
chain solvation and possibly an entropically
driven motion of the ‘“tentacular” ligands to
transiently encapsulate the protein. With low-
molecular-mass compounds, on the other hand,
more dispersed or extended solute-liquid struc-
tures can occur because, in these cases, the
effective charge density per unit area of the
surface of the adsorbent in the microenviron-
ment of the binding of the low-molecular-mass
solutes will remain higher, and changes in the
solvational and ionic equilibria associated with
the Stern double layer will be restricted to
considerably smaller regions of the “tentacular”
ligand surface.

3.3. Influence of the structure of the ion-
exchange adsorbent on the retention behaviour
of proteins at different temperatures

In previous studies [3,4,10-13], a number of
differences in the retention behaviour of proteins
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with anion-exchange adsorbents was observed
between the “tentacle-type’ LiChrospher 1000
TMAE or Fractogel TMAE adsorbents and the
Mono-Q adsorbent, suggesting that differences in
ligand morphology and accessibility play an im-
portant role in the ion-exchange retention pro-
cess. In the present study, analogous differences
were apparent when the chromatographic be-
haviour of the same group of amino acids,
peptides and proteins were compared using the
PolySulphoethyl A and the LiChrospher 1000
SO, cation exchange adsorbents under the same
temperature conditions with NaCl as the dis-
placer salt. The PolySulphoethyl A adsorbent is a
silica-based ion-exchange adsorbent with the
charged ethylsulphonic acid groups attached to
the modified polysuccinimide chains at the sur-
face of the aminopropylated silica support ma-
terial. With the LiChrospher 1000 SO, adsor-
bent, in contrast, the charged groups are grafted
as intertwined polymer chains to the surface of
the silica support material, potentially providing
a different mode of electrostatic interaction be-
tween the protein surface and the ligands.

Fig. 7 shows the dependences of the log k
versus log 1/¢ terms for each solute chromato-
graphed on the cation-exchange adsorbent Poly-
Sulphoethyl-A at 25°C. Linear relationships be-
tween the log & and the log 1/¢ values were
observed with correlation coefficients ranging
from 0.70 to 0.99 for all temperatures. Closer
examination of these plots showed a clustered
pattern such that the solutes can be similarly
divided into three groups as was observed with
the “tentacle-type’” LiChrospher 1000 SO, ad-
sorbent. At 4°C, the dependence of the capacity
factor of the solutes on salt concentration with
the PolySulphoethyl A followed the order LYS >
CYT>STI=RIB>INS=0V. At 15°C, the
order of the dependence changed to LYS>
CYT > STI > INS > RIB > OV, with no retention

of ANG-II. Between 25 and 35°C, the sequence-

of the dependence of the capacity factor on the
salt concentration changed again to LYS>
CYT > INS > RIB > STI > OV. These changes in
the retention behaviour of the proteins are again
not consistent with the retention being controlled
by the net charge of the protein. However,

1.0

log k

log 1/¢c

Fig. 7. Plots of log k versus log 1/¢ with PolySulphoethyl A
adsorbent at 25°C with NaCl as the displacer salt. Solutes:
®=ANG [ O=ANG II, V=ANG III; ¥=ARG; O=
CYT; B=INS; A=LYS; A =0V, O=RIB; ®=STIL See
Experimental for other details.

between 45 and 65°C, the order of the retention
dependences of the capacity factors of the differ-
ent proteins on salt concentration did correlate
with the p/ value of the protein in the order of
CYT >LYS > RIB > INS > STI > OV. Compari-
son of these plots with the corresponding data
obtained with the ‘‘tentacle-type” LiChrospher
1000 SO, adsorbent reveals significant differ-
ences in the dependence of the capacity factors
of these proteins on salt concentration. The data
obtained with this adsorbent indicated that the
retention order of the same group of proteins
was unchanged at different temperatures and salt
concentrations with the order following the se-
quence of proteins CYT>LYS>RIB >INS >
STI>OV. With the PolySulphoethyl A adsor-
bent, dansyl-ARG was not retained at any tem-
perature, and none of the protein or peptide
solutes were eluted when the temperature was
increased to 75°C. In contrast, LYS, RIB, OV,
ANG I, ANG II, ANG III and ARG were all
eluted from LiChrospher 1000 SO; at 75°C.
Fig. 8 illustrates the dependence of the Z_ and
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Fig. 8. Plots of (a) Z_and (b) log K_ versus temperature with
PolySulphoethyl A adsorbent with NaCl as the displacer salt.
(a) Solutes: O=ANG I; @ =ANG II; V=ANG III; ¥ =
CYT; O=INS; A=LYS; A =0V, & =RIB; ¢ =STIL Sece
Experimental for other details,

log K_ values of the examined solutes on tem-
perature with the PolySulphoethyl A adsorbent.
The Z_ and log K values for the low-molecular-
mass control solutes are small and remain con-
stant with increasing temperature. In contrast,
the Z_ and log K_ values for the protein mole-
cules were larger and varied more with increas-
ing temperature. Comparison of these plots with
the corresponding data for the “tentacle-type”
LiChrospher 1000 SO, adsorbent reveals that
the magnitude of the Z_ and log K values for all
the solutes obtained on the PolySulphoethyl A
adsorbent were generally smaller than the values
obtained from the ‘tentacle-type” adsorbent,
except for ANG-II, INS and STI at 4°C. How-
ever, the degree of variation in the Z_ and log K

values for the PolySulphoethyl A adsorbent was
much greater than the variation observed with
the “tentacle-type” LiChrospher 1000 SO, ad-
sorbent. These results indicate that the overall
influence of temperature on the protein—adsor-
bent contact region and the affinity of the protein
molecule for the adsorbent is much greater with
the PolySulphoethyl A than the LiChrospher
1000 SO, adsorbent. The conclusion which can
be drawn from these results is that a larger
number of positively charged residues on the
protein surface can interact with the LiChrospher
1000 SO, “tentacle-type” adsorbent, but that
changes in protein conformation are manifested
as greater variations in the Z_ and log K_ values
with the PolySulphoethyl A adsorbent.

The Z_ values of the solutes obtained with the
PolySulphoethyl A adsorbent at different tem-
peratures were also plotted against the isoelectric
point of the point (p/) and molecular mass
(MW) and the results are shown in Figs. 9 and
10. These results show that no simple relation-
ship exists between the Z_ values obtained for
these solutes and the isoelectric point (p/) and
molecular weight (MW). These results again
demonstrate that the binding behaviour of the
contact region established between a protein
molecule and the ion-exchange adsorbent is
influenced in terms of the contributions from the
protein by the number, distribution of charged
residues and the conformation, in addition to the
structure of the ligands present in the ion-
exchange adsorbent.

4. Conclusions

The molecular basis of the interactions of
proteins with ion-exchange adsorbents has yet to
be fully characterized in terms of the role of the
protein three-dimensional structure, the distribu-
tion of charged groups on the protein surface and
the nature of the ligand structure. The inves-
tigations presented in this paper provide further
insight into the ion-exchange chromatographic
process under conditions where proteins can
undergo conformational change. These changes
can be detected by analysing the retention pa-
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Fig. 9. Histogram representations of the protein Z_ values
and p/ values at each temperature with PolySulphoethyl A
adsorbent and NaCl as the displacer salt. See Experimental
for other details.

rameters such as the Z_ and log K values of the
proteins. These studies have established that
proteins interact with the “tentacle-type” cation-
exchange adsorbent with a higher contact area
and affinity than with the more conventional
monolayer coverage HPIEC adsorbents, such as
PolySulphoethyl A. Overall, these studies have
further demonstrated the interplay between the
influences of temperature, displacer salt and ion-
exchange ligand which modulate protein reten-
tion behaviour in HPIEC. In a forthcoming
paper [49], the influence of temperature, protein
structure, displacer salt and ligand structure on
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Fig. 10. Histogram representations of the protein Z_ values
and molecular masses at each temperature with PolySul-
phoethyl A adsorbent and NaCl as the displacer salt. See
Experimental for other details.

the bandwidth behaviour of proteins will be
described for both the LiChrospher 1000 SO,
and the PolySulphoethyl A adsorbents in order
to elucidate further the mechanism of protein
interaction with these two HPIEC adsorbents.

Acknowledgements

These investigations were supported by project
grant funding from the Australian Research
Council. The award of an Alexander von Hum-
boldtforschungspreis to M.T.W. Hearn is also
gratefully acknowledged.



66 F. Fang et al. | J. Chromatogr. A 729 (1996) 49-66

References

[1] W. Kopaciewicz, M.A. Rounds, J. Fausnaugh and F.E.
Regnier, J. Chromatogr., 266 (1983) 3.

{2] RW. Stout, S.I. Sivakoff, R.D. Riker and L.R. Snyder, J.
Chromatogr., 353 (1986) 439.

[3] M.TW. Hearn, A.N. Hodder and M.L. Aguilar, J. Chro-
matogr., 443 (1988) 97.

[4] A.N. Hodder, M.I. Aguilar and M.T.W. Hearn, J. Chro-
matogr., 476 (1989) 391.

[5] A.N. Hodder, M.I. Aguilar and M.T.W. Heamn, J. Chro-
matogr., 512 (1990) 41.

[6] K M. Gooding and M.N. Schmuck, in M.TW. Hearn
(Editor), HPLC of Proteins, Peptides and Polynu-
cleotides: Contemporary Topics and Applications, VCH,
New York, 1991, pp. 177-197.

[7] W. Kopaciewicz and F.E. Regnier, Anal. Biochem., 133
(1983) 251.

[8] A.N. Hodder, M.I. Aguilar and M.T.W. Hearn, J. Chro-
matogr., 506 (1990) 17.

[9]1 M.P. Henry, in M.TW. Hearn (Editor), HPLC of Pro-
teins, Peptides and Polynucleotides: Contemporary Top-
ics and Applications, VCH, New York, 1991, pp. 149-
175.

[10] S. Yamamoto, K. Nakanishi and R. Matsuno, in Ion-
Exchange Chromatography of Proteins, Marcel Dekker,
New York, 1988, pp. 209-304.

[11] M.I. Aguilar, ANN. Hodder and M.TW. Heamn, in
M.TW. Hearn (Editor), HPLC of Proteins, Peptides and
Polynucleotides: Contemporary Topics and Applica-
tions, VCH, New York, 1991, pp. 199-245.

[12] M. TW. Hearn, A.N. Hodder, F.W. Fang and M.I. Agui-
lar, J. Chromatogr., 548 (1991) 117.

[13] J. Xie, M.I. Aguilar and M.TW. Hearn, J. Chromatogr.
A, 691 (1995) 273.

{14] J. Xie, M.I. Aguilar and M.TW. Hearn, J. Chromatogr.
A, 711 (1995) 43.

[15] AJ. Alpert and P.C. Andrews, J. Chromatogr., 443
(1988) 8s.

[16] L.R. Snyder, in Cs. Horvath (Editor), High Performance
Liquid Chromatography, Advances and Perspectives,
Vol. 1, Academic Press, New York, 1980, p. 208.

[17] H. Colin, J.C. Diez-Masa, G. Guiochon, T. Czajkowska
and 1. Miedziak, J. Chromatogr., 167 (1978) 41.

[18] W.A. Saner, J.R. Jadamic and R.W. Sager, Anal. Chem.,
50 (1978) 749.

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

[20] K. Kalghatgi and Cs. Horvéth, J. Chromatogr., 398
(1987) 335.

[21] D.M. Dion, K. O’Connor, D. Phillips, G.J. Vella and W.
Warren, J. Chromatogr., 535 (1990) 127.

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

[23] AW. Purcell, M.I. Aguilar and M.TW. Hearn, J. Chro-
matogr., 593 (1992) 103.

[24] K.L. Richards, M.I. Aguilar and M.TW. Hearn, J.
Chromatogr. A. 676 (1994) 17.

[25] K.A. Kraus and R.J. Raridon, J. Phys. Chem., 82 (1959)
3271.

[26] O.D. Bonner and J.R. Overton, J. Phys. Chem., 65
(1961) 1599.

[27] S.M. Partridge and R.C. Brimley, Biochem. J., 48 (1951)
313.

[28] S. Moore and W.H. Stein, J. Biol. Chem., 192 (1951) 663.

[29] R. Kellner, F. Lottspeich and H.E. Meyer, in Micro-
characterisation of Proteins, VCH, Weinheim, 1994, pp.
93-110.

[30] G. Vanecek and F.E. Regnier, Anal. Biochem., 109
(1980) 34s.

[31] C.A. Frolic, LL. Dart and M.B. Sporn, Anal. Biochem.,
125 (1982) 203.

[32] J. Stdhlberg, B. Jonsson and Cs. Horvath, Anal. Chem.,
63 (1991) 1867.

[33] J. Stéhlberg, B. Jonsson and Cs. Horvath, Anal. Chem.,
64 (1992) 3118.

[34] L. Haggerty and A M. Lenhoff, J. Phys. Chem., 95
(1991) 1472.

[35] F.E. Regnier, Science, 238 (1987) 319.

[36] N.K. Boardman and S.M. Partridge, Nature, 171 (1953)
208.

[37] N.K. Boardman and S.M. Partridge, Biochem. J., 59
(1955) 543.

[38] D.J. Roush, D.S. Gill and R.C. Willson, J. Chromatogr.
A, 653 (1993) 207.

[39] D.S. Gill, DJ. Roush and R.C. Wilison, J. Colloid
Interface Sci., 167 (1994) 1.

[40] R.D. Whitney, R. Wachter, F. Liu and N.-H.L. Wang, J.
Chromatogr., 465 (1989) 137.

[41] G.S. Manning, Q. Rev. Biophys., 11 (1978) 179.

[42] W.R. Melander, Z. El-Rassi and Cs. Horvath, J. Chro-
matogr., 469 (1989) 3.

[43] J.A. Gerstner, J.A. Bell and S.M. Cramer, Biophys.
Chem., 52 (1994) 97.

[44] W.A. Jensen, J.McD. Armstrong, J. DeGiogio and
M.TW. Hearn, Biochemistry, 34 (1995) 472.

[45] M.A. Rounds and F.E. Regnier, J. Chromatogr., 293
(1984) 37.

[46] M.A. Rounds, W.D. Rounds, F.E. Regnier, J. Chroma-
togr., 397 (1987) 25.

[47] D.L. Gooding, M.N. Schmuck and K.M. Gooding, J.
Chromatogr., 296 (1984) 107.

[48] R. Janzen, K.K. Unger, W. Muller and M.T.W. Hearn, J.
Chromatogr., 522 (1990) 77.

[49] FW. Fang, M.I. Aguilar and M. TW. Hearn, J. Chroma-
togr. A, 729 (1996) 67.

[50] Q.M. Mao and M.TW. Hearn, Biotechnol. Prog., in
press.



