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SUMMARY

Retention parameters of a-chymotrypsinogen-A were determined by isocratic
elution for a series of concentrations of calcium acetate and sodium acetate both in
the presence and absence of urea. Under non-denaturing conditions of temperature
and urea concentration, urea facilitated elution. Under reversible denaturing condi-
tions a sharp drop in chromatographic retention was observed over a narrow tem-
perature range which could be correlated with equilibrium measurements of the pro-
tein fluorescence.

Retention of both native and denatured protein could be fit to a non-mecha-
nistic retention model by plotting the log &k’ against log salt concentration. Conven-
tional interpretation of these findings indicates that, while the number of ions dis-
placed during binding is greater for the denatured protein, the affinity per ion de-
creases since the retention of denatured protein is much less than native.

Elution profiles obtained under partially denaturing conditions showed a
strong flow-rate dependence. We attribute these observations to a rate of equilibra-
tion between native and denatured protein that is on the timescale of the chromato-
graphic rate processes. ‘

INTRODUCTION

Since the development of cellulose-based ion exchangers by Peterson and
Sober?, ion-exchange chromatography has been an important tool for the separation
of proteins. The recent development of new ion-exchange column materials>~* has
given rise to high-performance ion-exchange chromatography (HPIEC). Like the
cellulose based materials, the new column packings are macroporous and have a
hydrophilic surface chemistry. Unlike the cellulose based materials, they are rigid
microparticles that can be used at elevated flow-rates and pressures. These new ma-
terials afford the advantages of both speed and efficiency compared to the more
traditional carbohydrate-based materials® (hence, the designation high-perform-
ance).

In its simplest formulation, the ion-exchange retention of a protein may be
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viewed as being the result of the interaction of a polyelectrolyte with a charged sur-
face® 7. Based on electrostatic considerations several authors have proposed math-
ematical models for the retention of proteins by ion exchange®?. Recently, Kopa-
ciewicz et al.'® and Rounds and Regnier!! have derived a model for HPIEC, based
on an earlier treatment of Boardman and Partridge!? which has been shown to be
useful for a number of proteins. These models are non-mechanistic insofar as neither
the nature of the interaction of the protein with the surface nor the implications of
the protein structure in determining retention are fully known. The problem of pre-
dicting protein retention is exacerbated by the complex and diverse chemical and
physical properties of proteins as a class of compounds. A discussion of some of the
problems involved in predicting protein retention and the assumptions and caveats
of current theoretical models has been given by Scopes?3.

In light of the complex structure and chemical nature of proteins, it is not
surprising that there have been various reports of anomalous retention behavior (i.e.
multiple peak formation, band shape problems, sharp drops in retention, etc.) using
high-performance size-exclusion chromatography (HPSEC)'4, reversed-phase!’ and
ion-exchange!® chromatography. In general these observations have been attributed
to changes in the three dimensional structure of the protein which are caused by
denaturation.

In a previous investigation'®, we reported that the seemingly anomalous
HPIEC retention behavior of hen egg white lysozyme in the presence of urea could
be attributed to its urea-thermal denaturation. The present investigation is a contin-
uation of our initial study of the effects of protein denaturation on HPIEC retention
parameters. For the purposes of this study, we have selected a globular protein, a-
chymotrypsinogen-A, that is somewhat less stable to urea-thermal denaturation than
lysozyme and is reported to be reversibly denatured under some conditions”. The
retention characteristics of both the native and denatured forms of this protein are
examined within the framework of the current theoretical models. We believe that
this study also provides some practical insights related to the diagnosis of denatur-
ation-related chromatographic artifacts.

EXPERIMENTAL

Materials

Salt-free, six-times crystallized, type II a-chymotrypsinogen-A (bovine pan-
creas No. C4879) was purchased from Sigma (St. Louis, MO, U.S.A.) and used
without further purification. Ultrapure urea was obtained from Schwarz/Mann
(Spring Valley, NY, U.S.A.). All other reagents were ACS certified analytical reagent
grade. Vydac 101TPB7.7 spherical silica (lot No. 180031) was used in the column
packing preparation and was a gracious gift of The Separations Group (Hesperia,
CA, U.S.A)). High-purity, HPLC grade water was used throughout and was prepared
in-house using a purification system from Mar Cor Medical Services (Harleysville,
PA, U.S.A).

Equipment
The chromatographic system employed has been previously described!® and
consists of a Waters M6000A pump, a Rheodyne Model 7125 injection valve
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equipped with a 20-ul sample loop, a Waters Lambda Max Model 480 spectropho-
tometer and a Hewlett-Packard 3390A reporting integrator. The column was ther-
mostated in a water jacket using a circulating water bath to maintain the temperature
to £0.2°C.

The chromatographic column packing was a weak cation exchanger that was
prepared according to the procedure of Alpert3. This material has a hydrophilic,
poly(aspartic acid) coating bonded on a silica base which has a nominal pore size of
300 A and an average particle size of 7 ym. A 250 x 4.6 mm I.D. column was packed
to a constant pressure of 5000 p.s.i. using a Micromeretics Model 705 stirred-slurry
column packer (Norcross, GA, U.S.A.). The column was operated at pressures well
below the packing pressure, typically 500-1000 p.s.i., to prevent voiding.

The retention behavior of a test solute, hen egg white lysozyme, was very
similar to that previously obtained using a commercially-available column of this
type, The PolyCAT A WCX column (Custom LC, Houston, TX, U.S.A.). Sym-
metrical peaks were observed for both lysozyme and a-chymotrypsinogen-A. Our
column had an efficiency of ca. 500 theoretical plates for a-chymotrypsinogen-A (1
ml/min, 24°C, sodium acetate-acetic acid buffer at pH = 4.80 and k' ~ 4). The
capacity factor, k', for a standard sample of a-chymotrypsinogen-A was found to
gradually increase ca. 10% during the first 50 h of use before stabilizing. It has been
suggested that this break-in period may be due to residual ongoing hydrolysis, or
some time dependent change in the polymeric phase. Intrinsic fluorescence mea-
surements were made as previously described!6.

Buffers

Mobile phase buffers containing calcium were made by the dilution of a con-
centrated stock solution prepared from calcium carbonate and glacial acetic acid.
The pH of each buffer was adjusted to 4.80 with glacial acetic acid at room temper-
ature (21-24°C) using a glass electrode. The final calcium ion concentration was
determined by titration with EDTA after dilution and pH adjustment.

Buffers containing sodium were similarly prepared using a standardized stock
solution of carbonate free sodium hydroxide and glacial acetic acid.

All mobile phase buffers were filtered through a Millipore type HA (0.45 yum)
filter and degassed by sparging with helium before use. Solutions containing urea
were prepared fresh daily.

Chromatography

All chromatograms were run using isocratic conditions at a nominal flow-rate
of 1 ml/min unless otherwise specified. A 20-ul sample size was injected manually
using the filled loop technique. The capacity factor, k’, was determined using the
observed time of the solvent perturbation as the retention time of an unretained
component*. Measurements of k" made by replicate injections were found to be re-
producible to better than +1% in the k' range of 2-12. The day-to-day &’ repro-
ducibility was generally better than +2%. This was accessed by using standard sam-
ples under standard conditions to insure column stability during the course of the
study.

* The capacity factor, k', was calculated using the equation k* = (tx —#,)/to Where tg = component
retention time and ¢, = retention time for unretained component.
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Sample preparation

Protein samples were prepared to contain ca. 1 mg/ml by dissolving the protein
in the mobile phase. In some cases a small amount of water was added to the sample
to facilitate measurement of the unretained peak from the solvent perturbation. This
was found not to affect the retention time of the protein component.

RESULTS

When the retention of a-chymotrypsinogen-A was measured as a function of
temperature in a urea-containing calcium acetate-acetic acid buffer, a sharp drop
in the capacity factor, k', was observed to occur over a narrow temperature range
as shown in Fig. 1. The midpoint of this transition, T,,, was found to shift to a
lower temperature when the urea concentration was increased from 5.0 to 5.5 M.
Shown in the inset to Fig. 1 are the results of a set of measurements of the intrinsic
fluorescence spectrum of the protein in the same buffers used in the chromatographic
retention studies. Qualitatively, when the protein is heated, the wavelength of the
emission maximum, Ay, shifts to a longer wavelength with a concomitant decrease
in the overall fluorescence intensity. These changes are attributed to the changing
microenvironment of tryptophan residues in the protein concomitant with confor-
mational changes in protein structure due to urea-thermal denaturation. As indicated
by the inset, Amax sharply increases over a narrow temperature range and T, of the
observed transition also shifts to a lower temperature as the urea concentration is
increased. Similar results were obtained using urea-containing sodium acetate-acetic
acid buffers although in these cases the T, for the transitions were generally shifted
to lower temperatures (Fig. 2). The higher T, observed with calcium can be ration-
alized, since the binding of calcium by this protein is known to enhance its stability!8.
The midpoint temperature of each transition in both the chromatographic studies
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Fig. 1. Effect of urea-thermal denaturation on the HPIEC retention of a-chymotrypsinogen-A using a
calcium acetate buffer (pH 4.80, [Ca2*] = 0.0294 M) containing (@) 5.0 M and (A) 5.5 M urea. Inset:
wavelength of maximum intensity derived from equilibrium measurements of the intrinsic fluorescence
spectrum in the same buffers used in the chromatography.
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Fig. 2. Effect of urea-thermal denaturation on the HPIEC retention of a-chymotrypsinogen-A using a
sodium acetate buffer (pH 4.80, [Na*] = 0.1589 M) containing 5.0 M (@) and 5.5 M (A) urea. Inset:
wavelength of maximum intensity derived from equilibrium measurements of the intrinsic fluorescence
spectrum in the same buffers used in the chromatography.

and the fluorescence studies was determined graphically and are compared in Table
I. In all cases, the Ty, from chromatographic retention data and fluorescence are
well correlated.

Typical chromatograms obtained through the transition range are shown in
Fig. 3. Once again, gross changes in the chromatograms are observed to occur over
a narrow temperature range. It is seen that the peak collapses and becomes ill-defined
in the temperature range of the denaturation transition. This presents a problem in
obtaining retention data in the transition region.

The capacity factor, k', was measured as a function of calcium ion concentra-
tion both in the presence and absence of urea and at temperatures well above and
below the midpoint transition temperature previously determined. As shown in Fig.
4A, generally, k¥’ had a strong dependence on calcium ion concentration and in-

TABLE I

COMPARISON OF THE MIDPOINT TEMPERATURES OF THE UREA-THERMAL TRANSI-
TION, T,,,, DETERMINED USING CHROMATOGRAPHIC RETENTION DATA AND INTRIN-
SIC FLUORESCENCE

Buffer composition* Ty 2** Ty ™
°C) °C)
0.0294 M Ca?* plus 5.0 M urea 42 +1 41 + 1
0.0294 M Ca?* plus 5.5 M urea 331 38 + 1
0.1589 M Na™ plus 5.0 M urea 39 £ 1 381
0.1589 M Na* plus 5.5 M urea 321 33+1

* Metal acetate-acetic acid buffers at pH 4.80.
** Determined graphically from chromatographic retention data.
*** Determined graphically from intrinsic fluorescence data.
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Fig. 3. Typical chromatograms obtained at selected temperatures through the urea-thermal transition
region in a sodium acetate buffer containing 5.5 M urea (pH 4.80, [Na*] = 0.01589 M).

creased rapidly as the concentration was decreased. Increasing the temperature was
found to decrease retention both in the absence and presence of urea. The addition
of urea to the buffer was found to decrease overall retention. It is interesting to note
that under denaturing conditions (47°C and 5.0 M urea) the retention characteristics
of the denatured protein were qualitatively similar to those observed under non-
denaturing conditions.
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Fig. 4. Cation HPIEC retention characteristics of a-chymotrypsinogen-A in various calcium acetate buf-
fers (pH 4.80) at selected temperatures. (A) Retention under non-denaturing conditions at 26°C (@), 47°C
(O) and 25.6°C (A) plus 5.0 M urea and denaturing conditions (A) 47°C plus 5.0 M urea. (B) Retention
data from A replotted using the retention model given by eqn. 1.
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Using the protein retention model proposed by Kopaciewicz et al.'?, the data
from Fig. 4A were replotted using the equation:

log k' = 3/, Z log ( ) + log ¢ 6}

1
[Ca**]
where k' = capacity factor, Z = number of charged groups involved in the
adsorption-desorption process, ¢ = collection of constants.

As shown in Fig. 4B, linear relationships were obtained using this formalism
for both denaturing and non-denaturing conditions. Similar results were obtained
when sodium was substituted for calcium as shown in Fig. 5. In this case, however,
the equation:

1
log k& 27 IOg([Na+]> + logd 2)
(where d = collection of constants) was used as the retention model to reflect the
use of a monovalent ion (i.e., Na™).
Using linear regression, the slopes and intercepts of data from Fig. 4B and 5B
(plus some additional data not shown) were calculated and are summarized in Table
I1. The quantity Z, which is conventionally interpreted as being related to the number
of charged groups involved in the adsorption/desorption process'®, was calculated
from the line slope, using

Z =/, (slope) 3

for calcium, and

Z = '/, (slope) “
for sodium.
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Fig. 5. Cation HPIEC retention characteristics of a-chymotrypsinogen-A in various sodium acetate buf-
fers (pH = 4.80) at selected temperatures. (A) Retention under non-denaturing conditions at 26°C (@),
47°C (O) and 26°C (A) plus 5.0 M urea and denaturing conditions 47.2°C (A) plus 5.0 M urea. (B)
Retention data from A replotted using the retention model given by eqn. 2.
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TABLE 11

LINEAR PARAMETERS CHARACTERIZING THE HPIEC RETENTION OF «-CHYMOTRYP-

SINOGEN-A

Arrow indicates denaturing conditions.

E. S. PARENTE, D. B. WETLAUFER

Elution buffer* Temperature Slope*™* Intercept™ z
°C)
Ca?* (no urea) 26.0 3.50 + 0.04 —3.94 + 0.09 233 + 0.03
35.5 3.40 £ 0.03 —-3.91 + 0.04 2.27 £ 0.02
39.0 341 + 0.04 —4.06 + 0.05 2.27 £ 0.03
47.0 3.39 £ 0.04 —4.00 £ 0.05 226 + 0.03
Ca?* plus 5.0 M urea 25.6 3.52 £ 0.01 —4.64 + 0.01 2.35 + 0.01
320 3.49 + 0.03 —4.63 £ 0.05 233 £ 0.02
—47.0 3.89 £ 0.16 —6.06 £ 0.26 2.59 + 0.11
Na* (no urea) 26.0 5.83 £ 0.20 —2.75 £ 0.09 291 + 0.13
47.0 553 £ 0.22 —275 £ 0.13 2.77 £ 0.15
Na* plus 5.0 M urea 26.0 5.75 £ 0.06 —3.60 £ 0.04 2.88 + 0.04
—47.2 6.52 £ 0.02 —4.80 + 0.02 3.26 £ 0.01

* Metal acetate-acetic acid bufffers at pH 4.80.
** Error estimates for 90% confidence limit.
*** Calculated from the slope using eqn. 3 for calcium and eqn. 4 for sodium buffers (see text).
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Fig. 6. Effect of flow-rate on the chromatographic profile near the midpoint of the urea-thermal transition
(sodium acetate buffer, [Na*] = 0.1589 M plus 5.5 M urea, 32.5°C). The peak corresponding to native
protein is indicated by the fiducial line at ca. 26 ml. Early eluting peaks (indicated by the arrow) are due
to some irreversible decomposition of the protein.
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Fig. 7. Chromatographic evidence for the apparent reversibility of the urea-thermal denaturation. (A) A
sample of a-chymotrypsinogen-A was heated in the same buffer described in Fig. 6 for 2.5 h at 39°C
(denaturing conditions), cooled and chromatographed at 24°C. A control sample which had not been
heated is shown in B. Note the appearance of minor degradation products at shorter retention times.

As shown in Table II, Z was found to be relatively independent of temperature
for buffers containing calcium without urea. In the presence of calcium and urea
under non-denaturing conditions the Z values were essentially the same as those
determined in the absence of urea. Under denaturing conditions, however, there is
a small but measurable increase in the value of Z. Although the data for sodium are
not as complete as for calcium, the result is similar (i.e., the Z value increases with
denaturation).

A preliminary investigation of some of the kinetic aspects involved in the chro-
matography of proteins subjected to denaturing conditions was undertaken. When
a-chymotrypsinogen-A was chromatographed under conditions near its Ty, value,
the chromatograms obtained were found to be a function of the column flow-rate.
For the purpose for comparison, elution volumes rather than retention times were
used (Fig. 6). As the flow-rate is decreased, the peak corresponding to the native
protein (as indicated by the fiducial line) diminishes and a broad peak with a retention
volume intermediate between native and denatured is observed. Similar experiments
outside the denaturation transition do not show flow-rate dependence.

In a control experiment, the reversibility of the urea-thermal transition under
these conditions was studied. In Fig. 7A a chromatogram is shown which was ob-
tained after the protein was heated in urea-containing buffer under denaturing con-
ditions for an extended period, cooled and then chromatographed under non-dena-
turing conditions. Although some minor peaks were observed at shorter retention
times compared to a sample that had never been heated (Fig. 7B), the peak corre-
sponding to native protein was by and large intact. These minor peaks are believed
to be due to either carbamylation or degradation of a-chymotrypsinogen-A by chy-
motrypsin contamination in the sample preparation. In a separate experiment, it was
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found that samples of protein which had been heated and cooled as for Fig. 7A gave
a fluorescence spectrum indistinguishable from that of native protein which had never
been heated.

DISCUSSION

Based on the close correlation between the T'j,, measured by two independent
techniques (i.e., chromatographic retention and intrinsic fluorescence), we believe
that the sharp drop in retention can be attributed to conformational changes in the
protein which occur during urea-thermal denaturation. It has been reported that
under certain conditions this protein undergoes a reversible transition during its den-
aturation which can be approximated by a two-state model (i.e. native dena-
tured)17-19:.20, Although we make no claim as to the validity of the two-state ap-
proximation under these conditions, the results of our control experiments indicate
that the conformational changes involved can be reversed.

The drop in HPIEC retention upon denaturation can be contrasted with re-
ported increases in the retention of denatured proteins for reversed-phase chromato-
graphic separation®$. In the case of reversed-phase chromatography, the increase in
retention has been rationalized on the basis that during denaturation additional hy-
drophobic residues from the protein interior which are exposed when the protein
unfolds participate to produce stronger binding of the denatured protein?!. We do
not find a parallel in the present HPIEC studies. In terms of current theoretical
models of retention behavior, it would seem that even though the net number of ions
displaced was greater for the denatured protein compared to the non-denatured form
(i.e. Zaenatureda > Znaiive), the net binding strength of the denatured protein was de-
creased, as evidenced by the sharp drop in HPIEC retention concomitant with de-
naturation. It should be pointed out, however, that even though the interpretation
of the Z number is based on theoretical considerations, its meaning is still somewhat
uncertain since the retention model itself is non-mechanistic.

It is interesting to note that the retention behavior of the denatured protein is
consistent with expectations based on the proposed HPIEC retention model and is
qualitatively similar to that observed for the undenatured form. One possible expla-
nation for the similarity in retention behavior between the native and denatured
states outside the transition region is that on the chromatographic timescale the
observed retention reflects macroscopic properties of each particular state. We em-
phasize that denatured and native states cannot be distinguished by their fit to model
behavior. Linear plots were obtained (Figs. 4 and 5) describing the elution of both
native and denatured protein, with only small differences in slope. Additional criteria
are required to determine whether the protein is native or denatured.

Even in our limited kinetic experiments, the value of varying the column flow-
rate in diagnosing denaturation artifacts is evident. Changes in the chromatographic
pattern with flow-rate would be expected in a system equilibrating slowly during
transport?2-23, We believe that changes in peak shape and retention time with flow-
rate that occur in the transition region are due to slow equilibration kinetics24.
Assuming for the sake of simplicity a reversible two-state denaturation model, one
can propose the following scheme for the binding of native and denatured protein
to the ion-exchange stationary phase:
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Nativere. = Denaturedp;..

i1 i1

Nativepouna = Denaturedgouna

In a case where the interconversion between native and denatured states is slow
compared to the chromatographic timescale, two peaks could be expected to be ob-
served, corresponding to native and denatured forms. For a fast equilibration rate,
one peak corresponding to the average retention time would be predicted. In an
intermediate kinetic region, asymmetrical bands may result. Thus, by changing the
chromatographic timescale, in some cases secondary equilibrium effects resulting
from on-column denaturation may be detected. Without any loss of generality, the
scheme above can be extended to multi-state denaturation models so long as the
denaturation processes involved are relevant on the chromatographic timescale.

Although forcing conditions were used in this study to produce denatured
protein, we believe that our results may prove useful in understanding the retention
behavior of less stable proteins.
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