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Control of aggregation in protein refolding:
A variety of surfactants promote renaturation

of carbonic anhydrase II
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Abstract

The denaturation and renaturation of carbonic anhydrase II (CAII) has been studied in several laboratories. Both
thermodynamic and kinetic evidence support the existence of at least two intermediates between denatured and -
native protein. Previous studies have shown that on rapid dilution of a CAII solution from 5 M to 1 M guanidi-
nium chloride, aggregation strongly competes with renaturation at higher protein concentrations, suggesting an
upper limit for [CAII] of ~0.1%. Our experiments show 60% renaturation at 0.4% [CAII] and that aggregate
formation is partially reversible. This yield can be substantially increased by several surfactant additives, includ-
ing simple alkanols as well as micelle-forming surfactants. Effective surfactants (promoters) act by suppressing
initial aggregate formation, not by dissolving aggregates. Promoters act on either the first folding intermediate
(I,) or oligomers thereof. Eight of the 18 surfactants examined showed promoter activity, and no correlation was
evident between promoter activity and chemical structure or surface tension lowering. These results indicate dis-
crimination (molecular recognition) by I, and/or its oligomers.
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Protein refolding, as in the renaturation of solubilized inclusion
bodies, is often frustrated by competing reactions leading to ag-
gregation and low recovery of soluble native protein (Saxena &
Wetlaufer 1970; Zettlmeissl et al., 1979; Brems, 1988; and nu-
merous papers in the recent volumes edited by Georgiou & De
Bernardez-Clark, 1991; and by Cleland, 1993). Refolding is usu-
ally carried out by manipulating the concentration of denatur-
ant in the refolding solvent and/or the kinetics of denaturant
removal. This process may be modeled on the assumption that
a species intermediate between denatured and native protein,
sometimes called a molten globule (Ptitsyn & Uversky, 1994),
exposes a greater-than-native fraction of nonpolar residues to
solvent, leading to increased intermolecular association. Vari-
ations on this model have been suggested (Rudolph & Buchner,
1991; De Young et al., 1993). One obvious practical approach
to this problem is high dilution of the protein. Although this can
substantially improve yields, the resulting large volumes com-
plicate subsequent recovery of native protein. We have here ex-
plored several parameters that affect refolding of a model
protein, including increasing the solubility of folding intermedi-
ates by surfactants that do not denature the native protein. Ob-

vious surfactant candidates were drawn from the membrane
biochemists’ armamentarium; less obvious candidates from
more fundamental considerations (Tang & Deming, 1983).
In this study we employ the extensively studied refolding of
carbonic anhydrase (CAIl) in dilute guanidinium chloride
(GdmCl) solutions (Yazgan & Henkens, 1972; Wong & Tanford,
1973; Ikai et al., 1978; Cleland & Wang 1990a, 1990b; Semisot-
nov et al., 1990; Cleland et al., 1992).! These studies have shown
the existence of two intermediates between denatured and native
protein. The earlier of these is formed very rapidly and shows
evidence of compactness and secondary structure but lacks some
of the specific three-dimensional structure of the native mol-
ecule. This early intermediate also binds hydrophobic fluorescent
probes, thereby demonstrating nonpolar surfaces not present
in the native protein. The first intermediate can isomerize to a
second intermediate and then to native protein but alternatively
is capable of forming micron-size aggregates via oligomer for-
mation (Cleland & Wang, 1990a). This early folding intermedi-
ate has been shown to bind polyethylene glycol reversibly and
thereby inhibit aggregate formation (Cleland & Wang, 1990b).
Because polyethylene glycol has a peculiar structure for a sur-
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! Carbonic anhydrase 11, as provided by Sigma Chemical Co., was
formerly labeled carbonic anhydrase B. Therefore, this study and those
referenced here are assumed to have studied the same enzyme.
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factant, it was of interest to explore a variety of other surface-
active materials. With the objective of refolding at relatively high
protein concentrations, we carried out our survey to satisfy that
condition. In addition to measuring the kinetics, we have mon-
itored the turbidity of the refolding solutions. Our survey shows
that several surfactants, including polymeric, micelle-forming,
and nonmicelle-forming, acted as renaturation promoters.

Our results are largely consistent with the previously proposed
folding scheme for folding plus off-pathway aggregation
(Cleland & Wang, 1990a). However, we find that aggregate for-
mation is partly reversible over the time course of typical refold-
ing experiments. Examining the mechanism of surfactant
promoters, we find that they act on soluble folding intermedi-
ates and not by dissolution of aggregates. We also show that,
even in the absence of surfactants, refolding can occur at much
higher protein concentrations than would be predicted by ear-
lier work.

Results

When a 5§ M GdmCl solution of CAII is rapidly diluted with
buffer to 1 M or lower, rapid recovery of enzymic activity fol-
lows (Fig. 1A). It is evident that higher plateau yields are ob-
tained with higher GdmCl concentrations in the folding solvent.
The kinetics are, on close examination, biphasic, and the data
are insufficient to determine how much the initial rates depend
on GdmCl concentration. These results are qualitatively simi-
lar to those previously reported for CAII refolding at similar
[GdmClI] and [CAII] (Cleland & Wang, 1990b). However, that
work did not extend observations beyond 30 min and therefore
in some cases did not show the biphasic character. The effect
of increasing protein concentration in decreasing both the rate
and recovery is shown in Figure 1B. The lowest concentration
of CAII refolds with a progress curve that fits first-order kinet-
ics (plot not shown), whereas the two higher concentrations do
not. Again, as in Figure 1A, the biphasic nature of the refold-
ing at higher concentrations is seen. We do not find any previ-
ous studies indicating that substantial yields of renatured protein
are obtainable at such high (4.0 mg/mL) CAII concentrations.

It was evident by visual observation that large aggregates
form at protein concentrations >1 mg/mL (see lowest curve in
Fig. 1B). We considered it useful to make quantitative measure-
ments of the apparent absorbance in a nonabsorbing spectral
region and to plot these on the same time scale as that of the
previous figure. The results (Fig. 2A) show clearly that, within
the dead time of mixing, the maximum apparent turbidity is
reached, and that this decays monotonically over the time course
of the experiment. This result is somewhat surprising in light of
light-scattering results (Cleland & Wang, 1990a), which show
large particles increasing with time — albeit at much lower protein
and denaturant concentrations. Putting aside for the moment
the results with n-hexanol additive, we see ~30% decrease (ini-
tial to final observation time) in the turbidity at 4 mg/mL CAII,
and about the same percentage decrease for the 2-mg/mL so-
lution. An obvious although not unique interpretation of the de-
cline in turbidity is that aggregate formation is partly reversible.

The necessity of Zn2* for rapid refolding of CAII was dem-
onstrated by Yazgan and Henkens (1972). In some of the refold-
ing studies of Wang and Cleland (1990a, 1990b), millimolar
EDTA was apparently present in the refolding solvent. Our con-
trol experiments (not detailed here) with millimolar EDTA in the
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Fig. 1. A: Refolding of CAII with different concentrations of GdmCl.
0, 1.00 M; <, 0.50 M; O, 0.25 M. Refolding solvents also contained
50 mM Tris-sulfate, pH 7.5. CAII concentration was 0.50 mg/mL.
B: Refolding of CAII with different concentrations of CAIlL. I, 0.20
mg/mL; <, 0.50 mg/mL; O, 4.0 mg/mL. Refolding solvent was 1.00 M
GdmCl, containing 50 mM Tris sulfate, pH 7.5.

refolding solvent showed no regeneration of enzymic activity;
presumably Zn2" is preferentially associated with EDTA.
While considering the suppression of refolding by EDTA, we
carried out a comparison of turbidity with and without 4 mM
EDTA in the 1 M GdmCl refolding solvent. The results of one
such pairwise comparison are shown in Figure 2B. These show
that turbidity gradually increases in the presence of 4 mM EDTA,
contrasting with the gradual decrease found in the absence of
EDTA. Replicate experiments showed the same qualitative dif-
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Fig. 2. A: Turbidity development during CAII refolding in 1.00 M
GdmCl. Upper curves: [J, 4.0 mg CAIl/mL; ¢, 4.0 mg CAII/mL with
0.01% n-hexanol. Lower curves: O, 2.0 mg CAIl/mL; A, 2.0 mg
CAIl/mL with 0.01% n-hexanol. Refolding solvent contained 50 mM
Tris sulfate, pH 7.5. B: Turbidity development during CAII refolding,
&, in the presence of 4 mM EDTA; O, in the absence of EDTA. CAIl
concentration, 2.0 mg/mL. Refolding solvent was 1.00 M GdmCl con-
taining 50 mM Tris sulfate, pH 7.5.

ference, although the turbidity values were quantitatively differ-
ent, presumably because manual mixing is not highly reproducible.

In an exploratory experiment with low concentrations of both
CAII and GdmCl in the refolding solvent, the surfactant
CHAPS is clearly seen (Fig. 3) to increase the rate and the yield
of renatured enzyme. As shown in this figure, the activity yield
at 30 min with CHAPS was 81%, compared with 37% for a re-
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Fig. 3. Enhancement of CAll refolding by CHAPS, O, in the presence
of 31 mM CHAPS; O, in the absence of CHAPS. CAII concentration,
0.50 mg/mL. GdmCl concentration, 0.25 M. Refolding solvent con-
tained 50 mM Tris sulfate, pH 7.5. Refolding of the same concentra-
tion of CAII in 1.00 M GdmCl, [J, is shown for comparison.

generation identical but lacking CHAPS. The concentration of
CHAPS employed in this experiment, at 31 mM, is substantially
greater than the reported critical micelle concentration (CMC)
values in water (Hjelmeland et al., 1983; Stark et al., 1984)
and the value we obtained in 1 M GdmCl (see Materials and
methods).

These results with CHAPS were strongly encouraging: a two-
fold increase in yield in a reasonable time. However, they were
carried out at the relatively low protein concentration of 0.50
mg/mL; a practical solubilizing additive should be effective at
much higher protein concentrations. Therefore an eightfold
higher CAII concentration was employed in an examination of
refolding in the presence of several alkanols. Figure 4 shows the
activity recovery after 150 min refolding of CAII at 4.0 mg/mL,
with several alkanols as additives. The complete timecourse of
the refolding in the absence of additive is the lowest curve in Fig-
ure 1B. Within experimental error, the C; and C, alcohols
showed no effect on recovery, neither inhibiting nor enhancing.
The next three higher alcohols show substantial enhancement
of recovery over a wide range of concentration. n-Pentanol and
n-hexanol show a similar pattern, the latter enhancing recovery
by 25% above the control with no additive. Both pentanol and
hexanol show saturation behavior, with [z-hexanol] = 10~ M
and [n-pentanol] = 2 x 10~ M at half-saturation. The single
point at the highest n-pentanol concentration may be spurious;
it approaches the solubility limit of the alcohol. Similar refold-
ing experiments were carried out with n-octanol as additive; ac-
tivity recovery was 60% + 3% (no different than control) over
concentrations ranging from millimolar to micromolar.

Another group of putative solubilizing additives was exam-
ined, which included amphiphilic polymers and micelle-forming
surfactants. The results are seen in Figure 5, which shows at least
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Fig. 4. Recovery of CAII activity after 150 min refolding, with various
surfactant additives in the refolding solvent. (1, n-propanol; &, n-
butanol; O, n-pentanol; A, n-hexanol; H, cyclohexanol. CAIl concen-
tration, 4.0 mg/mL. GdmCl concentration, 1.00 M. Refolding solvent
also contained 50 mM Tris sulfate, pH 7.5. Each point on the graph rep-
resents duplicate determinations of activity. Control recovery (in the ab-
sence of any surfactant additive), 60 + 3%.

a slight enhancement in renaturation at some concentration by
all these additives. Triton X-100 and CHAPS show strongly
concentration-dependent enhancement/inhibition. C,,Eg shows
the greatest enhancement of all these additives (essentially the
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Fig. 5. Recovery of CAIl activity after 150 min refolding, with various
polymeric or micelle-forming surfactants. Surfactants added: O, Tri-
ton X-100; ¢, CHAPS; O, C,,Eg; A, PEG-8000; H, polyvinyl pyrrol-
idone. Remaining details are the same as for Figure 4.
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same as n-hexanol) over a 1,000-fold concentration range. As
CHAPS concentration is increased well above its CMC, its ef-
fect becomes inhibitory; in contrast, C,,E; shows no disconti-
nuity across its CMC (~10~% M). Triton X-100 is inhibitory at
its highest concentration (~0.1 M), but this is ~10* x higher
than its CMC (Brito & Vaz, 1986). Polyvinyipyrrolidone in-
creases the yield only marginally above that of the control,
whereas polyethylene glycol substantially increases the yield over
a broad concentration range. It should be noted that Cleland
and Wang (1990b) have shown that polyethylene glycol promotes
CAII refolding at much lower protein concentrations.

Seven additional surfactants were tested with the same sys-
tem that provided the data for Figures 4 and 5. Of these, only
cycloheptanone showed enhanced yield, with a yield versus con-
centration pattern similar to that of cyclohexanol (Fig. 4). Cy-
clohexyl ethanol, benzyl alcohol, N-octyl pyrrolidone, n-octyl
B-D-glucopyranoside, nonanoyl- N-methylglucamide, and Zonyl
FS-300 all produced control yields of enzyme activity at 150 min
over a substantial concentration range.

Having shown evidence of enhancement of native protein for-
mation by these simple alcohols, we turned to examine the ef-
fects on the inactive fraction, as expressed in the turbidity. One
can see that turbidity declines monotonically from an early max-
imum in the presence or absence of hexanol, the most effective
surfactant in the group shown in Figure 4. All four curves in Fig-
ure 2A show a substantial decrease in turbidity with time. Hex-
anol decreases the observed turbidity over the whole time course,
but the percent decrease is clearly greater at the lower protein
concentration (Fig. 2A, lower pair of curves).

With which intermediate species do the additives interact to
enhance the final yield? Refolding experiments were carried out
in which three progress curves for CAII renaturation at mod-
erate protein concentration and low GdmCl concentration are
compared (Fig. 6). In the first of these three, C,,Eg was present
from zero time in the refolding solvent; in the second, C,,E;
was added 10 s after zero time; and in the third, no additive was
present (control). As Figure 6 shows, when C,Eg is present at
the start of the refolding, both the initial rate and the yield of
native protein are substantially greater than in the control. When
the addition of C,Ey is delayed to 10 s after the start of refold-
ing, the progress curve is superimposed on that of the control.
In logically similar experiments, effective surfactants were added
to control renaturations 150 min after initiation of refolding.
Neither n-hexanol (1073 M) nor C,,Eg (10~* M) added at 150 min
led to an increase above the 60% control yield from 150 to
250 min. When the same concentrations of the respective surfac-
tants were present from the start of refolding, both led to yields
of 75-77%. Both of these “delayed surfactant addition” exper-
iments fit the idea that the surfactants act only on very early in-
termediates and do not facilitate dissolution of aggregates.

To examine the question further, “With what intermediates
do the effective surfactants interact?,” refolding experiments
were carried out at low protein concentrations, which should fa-
vor monomeric over oligomeric species. In Figure 7A we see
that, with no additives, refolding at 0.20 mg CAIl/mL is slower
than at 0.07 mg/mL. Oligomerization of an intermediate at the
higher concentration probably accounts for this slowing. Sur-
prisingly, both C,,Ez and n-hexanol reduce the early rate of re-
folding. Because this is in contrast with the increase in 150-min
yield seen (Figs. 4, 5) with these surfactants at 4.0 mg CAIl/mL,
it was desirable to confirm the 4-mg/mL finding. Figure 7B
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Fig. 6. CAII refolding with, O, C|,Eg added at zero time compared
with, O, C,Eg added 10 s after dilution of protein to 0.25 M GdmCl;
O, folding with no surfactant. CAII concentration, 0.50 mg/mL;
GdmCl, 0.25 M; C;Eg, 0.40 mM. Refolding solvents also contained
50 mM Tris sulfate, pH 7.5.

shows progress curves at [CAII] = 4 mg/mL with and without
C;2E;. The results show that the presence of C;,Eg has no ef-
fect on the early rate and confirm that this surfactant increases
the longer time yield.

Discussion

Our results can usefully be discussed in terms of the reaction
scheme shown in Figure 8, based on the work of Cleland et al.
(1992) and several other laboratories (Wong & Tanford, 1973;
Ikai et al., 1978; Stein & Henkens, 1978; Dolgikh et al., 1984;
Cleland & Wang, 1990a; Semisotnov et al., 1990). Although
some of our results are not fully consistent with this scheme, it
provides a very useful reference framework. Figure 1A shows
that the practical recovery of CAII activity at 150 min decreases
with decreasing [GdmCl]. Qualitatively this result is in agree-
ment with that of Cleland and Wang (1990b). The increasing
yield with increasing [GdmC]] is consistent with the ability of
this denaturant to solubilize molecules with nonpolar surfaces
(Wetlaufer et al., 1964). A further increase in [GdmCl] above
1.00 M would be counterproductive, because the equilibrium de-
naturation of CAII increases rapidly with increasing [GdmCl]
above 1.00 M (Yazgan & Henkens, 1972; Wong & Tanford,
1973; Ikai et al., 1978). Figure 1B shows that increasing [CAII]
both slows the rate of native enzyme formation and decreases
the yield. Refolding yields of native protein are commonly found
to decrease with increasing protein concentration. This is re-
flected mechanistically in Figure 8, where increasing [I,], the
obligatory first intermediate, favors off-pathway oligomer for-
mation, leading to aggregation.

However, Figure 1B also shows the surprising result that at
the highest [CAII], 4 mg/mL, 60% refolding occurs in 150 min.
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Fig. 7. A: Refolding of CAII at low protein concentrations. The top
two curves were carried out at 0.07 mg/mL CAIl in 1.00 M GdmCl: O,
control containing no surfactant; ¢, containing 0.40 mM C;Eg. The
next three curves from the top were carried out in the same solvent, with
CAIl concentration, 0.20 mg/mL; O, control with no surfactant; B,
0.40 mM n-hexanol; A, 0.40 mM, C,Eg. Duplicate refolding experi-
ments in these three solvents produced the same order of reaction veloc-
ities: O > H > A. B: These two curves, at higher protein concentration
than in A, are shown for comparison to the low-concentration groups.
CAIl concentration was 4.0 mg/mL; GdmCl, 1.00M; O, 0.4 mM C,,Ejg;
<O, no surfactant. Results for the 5-min and 15-min time points are
superimposed for the two regenerations. Refolding solvents in both A
and B contained 50 mM Tris sulfate, pH 7.5.

This is surprising in light of Cleland and Wang’s (1990a) descrip-
tion of a “refolding regime,” which has an upper limit of ~1.2
mg/mL for CAII. It appears that these workers did not actu-
ally test CAII concentrations >1.0 mg/mL nor refolding times
longer than 30 min. It should be noted that Cleland and Wang
defined the “refolding regime” as a two-dimensional surface de-
fined by GdmCl and CAII concentrations such that no large
(micron-sized) aggregates form during the course of the reac-
tion. Of course, with 4 mg/mL CAII, we have abundant aggre-
gate formed — both by visual inspection and by simple turbidity
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Fig. 8. Model for refolding of CAIl in GdmCl, after Cleland et al.
(1992). When the unfolded protein, U in 5 M GdmCl, is rapidly diluted
to GdmCl < 1 M, the first intermediate, 1, is formed rapidly (¢;,, <
1 s). At high dilution of CAII, I, isomerizes to I, (f;,, = 120 s), which
subsequently rearranges (¢,,, = 550 s) to form N, the native protein. At
higher protein concentrations, self-association of I, yields dimer (D)
and trimer (T), which in turn can irreversibly form micron-size aggre-
gates. When a surfactant promoter P (polyethylene glycol was used by
Cleland et al., 1992) is added to the system, it can reduce aggregate for-
mation by reversibly binding I,, competing with dimerization. The ki-
netic parameters cited were obtained for refolding in 0.60 M GdmCl at
23 °C (Semisotnov et al., 1990) and are noted only to provide order-of-
magnitude estimates for the range of conditions encountered in the
present work.

measurements (Fig. 2A). However, if one is willing to separate
the aggregated protein, by filtration or centrifugation, a 60%
yield is substantial. Further, we suppose that the aggregated ma-
terial might be collected, redissolved at high [GdmCl], and put
through another refolding cycle. Because of the expense of CAII,
we did not attempt to refold CAII at even higher concentrations,
but there is no reason to believe that this could not be done with
substantial recovery of native enzyme.

Because the analytical methods used for Figures 1 and 3 did
not stop refolding during assay (see Methods), quantitative anal-
ysis of the kinetics is inappropriate.

Refolding of more concentrated CAII solutions shows (visual
inspection) the formation of strong turbidity immediately fol-
lowing dilution (5 M GdmCl — 1.00 M). When turbidity is mon-
itored by apparent absorbance, the signal decays monotonically.
Figure 2A suggests that turbidity has a protein concentration de-
pendence to ~1.8 power. Because the manual mixing of small
volumes is not highly reproducible, and because Beer’s Law does
not hold for turbidity, this can only be a very crude guide, but
it does appear to be in rough agreement with the idea that the
initial turbidity depends on a reaction that has the same concen-
tration dependence as dimerization.

More important is the observation that, from an early maxi-
mum, the turbidity decreases with time. This is in contrast with
the findings of Cleland and Wang (1990a), who showed by
Quasi-Elastic Light Scattering (QLS) that the population of
micron-size particles increased with time. Although their obser-
vations were made at lower concentrations of CAII (0.50
mg/mL) and GdmCl1(0.70 M) than shown in Figure 2A, it is sur-
prising that the trend should be so different. This unexpected
finding prompted us to carry out comparative measurements of
turbidity with and without EDTA in the refolding solvent. The
results (Fig. 2B) show that the presence of EDTA gives rise to
a slow monotonic increase in turbidity. We cannot draw a firm
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conclusion on this issue, but it appears possible that at least some
of Cleland and Wang’s QLS refolding experiments were carried
out in the presence of EDTA. If this were so, the whole folding
reaction course is very different, as shown by Yazgan and
Henkens (1972), comparing the refolding rates of zinc-free en-
zyme and holoenzyme.

Surfactant additives

General experience in membrane biochemistry shows that sur-
factants bearing net charge bind strongly to proteins and tend
to denature them. Surfactants of zero net charge are preferred
for solubilization without denaturation. With this in mind, we
chose CHAPS, a dipolar ion derivative of cholic acid, as an
additive in our initial experiments. Control activity assays with
native CAII showed no interference by CHAPS. Based on the
report of Tandon and Horowitz (1987) that refolding of rho-
danese is assisted by micelles of dodecyl maltoside, but not
by monomers, we chose a concentration substantially higher
(31 mM) than the reported CMC of CHAPS (4-8 mM, Hjel-
meland et al., 1983; Stark et al., 1984). Under low-yield refold-
ing conditions, the addition of CHAPS doubled the 30-min yield
of active enzyme, which appears to have reached a plateau in
the absence of CHAPS (Fig. 3). This was an encouraging result
but also a time to reassess our objectives.

We might have chosen to use the control conditions of Fig-
ure 3 as reference for comparing other surfactant additives. In-
stead, we chose to employ much higher protein concentrations
(4.0 mg/mL) and higher GdmCl (1.00 M) concentrations. In-
creasing both these concentrations is consistent with a general
objective for a preparative process: to carry out high-yield re-
folding without excessive protein dilution (=volume increase).
Here the advantage of approaching practical process conditions
outweighed the appeal of economy resulting from working with
dilute solutions of a moderately expensive enzyme. However,
the issue of economy of both time and materials was reasserted
in choosing to survey a large number of surfactant additives by
only measuring recoveries at 150 min, instead of measuring com-
plete progress curves.

What Figures 4 and 5 display, then, are the end-point yields
of enzyme activity: the limiting percentage of refolded protein
formed, as affected by various surfactant candidates to be pro-
moters. First of all, the results of this survey show that roughly
half of the 18 surfactants added show some enhancement of
yield. Although the interactions of the surfactants are almost
certainly with one or more partly organized folding intermedi-
ates (see below), the interacting protein clearly can discriminate
at the molecular or oligomer level, even between similar surfac-
tants. Considering the possibility that the effects of surfactants
in 1.00 M GdmCl might be very different from those in water,
we compared the surface tensions of several alcohols in the two
solvents. These alcohols (see Methods) showed virtually the
same surface tension lowerings in the two solvents.?

It is remarkable that several promoters are effective at very
low concentrations. For example, #-hexanol is still maximally

2 Although, strictly speaking, we should attempt to correlate inter-
facial tensions with folding enhancement, such measurements would re-
quire a suitable model for the surface of the I; intermediate. Lacking
such a model, we rely on air/liquid surface tensions to provide at least
a qualitative guide.
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effective at 5 x 107> M, whereas [CAII] = 1.3 X 10~* M. This
indicates a stoichiometry of 1 hexanol to 2 or 3 CAIl monomers,
and the concentration dependence of enhancement looks to
be saturable —note the plateau from 5 x 107> to 5 x 107> M
n-hexanol.

This stoichiometry is inconsistent with the mechanism shown
in Figure 8, which has promoters interacting with monomeric I;.
However, if the promoter were interacting mostly with dimers
and trimers, the stoichiometry could be satisfied. The experi-
ments of Figure 7 were carried out to address this question. Re-
folding at low [CAII] should increase the percent monomer (I;)
in the pathway. Our expectation was that, if promoters interact
with monomer and not with dimer and trimers, a promoter-
altered refolding would still be seen at very high dilution. What
Figure 7A shows is that the promoters affect the refolding to
about the same extent at [CAII} = 0.20 mg/mL and at 0.07 mg/
mL. Our attempts to make the comparison at still lower [CAII]
were inconclusive due to high signal/noise in the assays.

The results in Figure 7A are consistent with, but not decisive
evidence for promoter interaction with dimers and trimers.

Many of the promoters do not form micelles, and the most
effective micelle-forming promoter, C,,Eg, is equally effective
above and below its CMC (1.7 X 107* M in 1.00 M GdmCl).
Therefore, under the conditions of Figures 4 and 5, micelle for-
mation is not a requirement and, in particular cases (CHAPS
and Triton X-100), may inhibit refolding. This is in contrast with
the conclusions of Tandon and Horowitz (1987), who found that
rhodanese folding was promoted by several surfactants, but only
above their CMC values.

Zardeneta and Horowitz (1992) have observed that binding to
certain micelle systems slows rhodanese refolding but increases
final recovery. The parallel to slowed refolding by promoters
(Fig. 7A) is evident but clearly the mechanism is different,

Conclusions

Refolding CAII at high protein concentration produces a much
higher yield than expected by extrapolation of earlier studies.
This illustrates the risks involved in extrapolation when the re-
action mechanism is complex. Our overall findings are in gen-
eral agreement with the reaction scheme of Cleland et al. (1992),
except that, under our conditions, turbidity decreases monoton-
ically from a very early maximum, indicating partial reversibility
of aggregate formation. About half of the 18 surfactants exam-
ined showed enhancement of CAII renaturation at 2.5 h. Sev-
eral of these, including n-hexanol and n-pentanol, were effective
promoters over a broad concentration range. Two of the sur-
factants decreased the renaturation rate at low protein concen-
tration while increasing yield at high protein concentration. We
repeat the above caution about extrapolations. Two effective
promoters demonstrated no ability to dissolve aggregates. More-
over, if these promoters are not present at the initiation of re-
folding, they are ineffective. Therefore, these promoters do not
act by dissolving aggregates but by suppressing initial aggregate
formation. Micelle formation is not obligatory for promoter ac-
tivity, inasmuch as half of the effective promoters do not form
micelles. All of the candidates for promoter activity are surface
active, yet only half of them were successful promoters. This im-
plies a discrimination at the level of folding intermediate I, or
its oligomers, with the result that some of the candidates form
associated species that discourage early aggregate formation,
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whereas others do not. The apparent stoichiometry of success-
ful promoters suggests interaction at the oligomer level of fold-
ing intermediates, but we must remember our own caution about
rushing to interpret complex reactions. Further investigation is
needed to explore the mechanism of these promoters and to de-
termine whether they can enhance renaturation in other protein
refolding systems.

Materials and methods

Materials

Bovine CAIl (MW = 29,000, pl = 5.9), purified by electro-
phoresis, was purchased from Sigma Chemical Co., St. Louis,
Missouri. The isozyme distribution was checked by IEF in our
laboratory. Octyl glucoside, CHAPS, polyethylene glycol (mean
MW, 8000), p-nitrophenyl acetate, Tris(hydroxymethyl)amino-
methane (Trizma base, mol. biol. grade), and Na,EDTA were
also obtained from Sigma Chemical Co. Ultrapure GdmCl was
the product of Schwartz/Mann Biotech, Cleveland, Ohio. The
aliphatic alcohols (C;-Cy), cyclohexanol, cyclohexyl ethanol,
cycloheptanone, benzyl alcohol, and polyvinyl pyrrolidone (mean
MW, 10,000) were obtained from Aldrich Chemical Co., Mil-
waukee, Wisconsin. Mega-9 and Triton X-100 were obtained
from Boehringer-Mannheim Corp., Indianapolis, Indiana. The
detergent octaethylene glycol monolauryl ether (C,,Eg) was ob-
tained from Calbiochem Inc., La Jolla, California. Zonyl FS-300,
a water-soluble fluorocarbon surfactant, is a product of E.I. du
Pont Corp., Wilmington, Delaware. N-octyl pyrrolidone was
obtained from ISP Technologies(GAF), Wayne, New Jersey.
Acetonitrile (HPLC grade) was a product of Fisher Scientific,
Pittsburgh, Pennsylvania. All solutions were prepared with Milli
Q water, and buffers were filtered through a 0.45-y4 membrane
before use.

Methods

Protein concentration

The concentration of native bovine CAII in 50 mM Tris-
sulfate (pH 7.5) was determined by its absorbance at 280 nm
with an extinction coefficient of 1.83 (mg/mL protein) cm ™!
(Wong & Tanford, 1973). The extinction coefficient of dena-
tured bovine CAIl in 5.0 M GdmCl was determined experimen-
tally to be 1.67 (mg/mL protein) cm~! at 280 nm. For all the
measurements, the denatured protein was prepared by mixing
higher concentration solutions of native protein (in buffer) and
GdmCl together, and allowing at least 12 h for denaturation,
but not more than 24 h in the resulting 5.0 M GdmCl. GdmCl
concentrations were determined refractometrically (Nozaki,
1972).

Refolding and esterase activity

The refolding was carried out by rapid dilution of denatured
CAIl in 5.00 M GdmCl to 1.00 M (or more dilute) GdmCl and
the desired protein concentration, with a dilution buffer com-
posed of 50 mM Tris-sulfate, pH 7.5. For testing the effects of
additives, various surfactants were added to the dilution buffer.
All the refolding operations and activity assays were carried out
at 20.0 = 0.3°C. The activity assay was employed with p-
nitrophenyl acetate (pNPA) as substrate (Pocker & Stone, 1967).
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The enzymatic activity was measured after various refolding
times by dilution of the assay sample 10-fold or 100-fold with
50 mM Tris sulfate, pH 7.50 buffer before adding 1/10 volume
pNPA dissolved in acetonitrile to produce an initial concentra-
tion of 5 x 107> M pNPA. The formation of the product p-
nitrophenolate was measured at 400 nm for 2 min with a Cary
210 spectrophotometer. The percent activity recovery was found
by comparing with the activity of the native protein in the same
concentration of GdmCI in the Tris-sulfate buffer and any ad-
ditive used. A correction is made for the nonenzyme-catalyzed
hydrolysis of pNPA. Because aggregation sometimes occurs in
the activity assay, a 2-min measurement of turbidity is also car-
ried out at 400 nm, with the diluted protein solution having the
same composition as in the assay but lacking substrate. The rate
of apparent absorbance (turbidity) increase in the absence of
substrate is subtracted from that in the presence of substrate to
give a corrected measure of enzyme activity. Larger turbidity
corrections are seen at early times and higher protein concen-
trations. At 4 mg CAII/mL, the turbidity contribution at 5 min
was 9-14%; at 30 min the turbidity contribution was 4-7% of
the apparent rate.

To test the effects of a large number of surfactant additives,
each over a substantial concentration range, we compared the
activity yields at 150 min refolding for CAII at 4.0 mg/mL and
GdmCl at 1.00 M. For each additive, refolding was carried out
over a series of concentrations. Duplicate determinations of ac-
tivity were made (at 150 min and 153 min). A separate control
containing no additive was included in each set of measure-
ments. Enzyme activity assays for Figures 6 and 7 were carried
out with 4 mM EDTA in the assay solution, to suppress refold-
ing during the assay. EDTA does not inactivate native CAII. The
assays for Figures 1, 3, 4, and 5 were carried out without EDTA
as a quench in the assay solution. For rapidly regenerating so-
lutions, this leads to somewhat higher estimates of activity than
what is found with EDTA in the assay solutions. However, we
found that, for activity measurements at 150 min, when the ac-
tivity changes very slowly with time, the same concentration of
enzyme is found with or without EDTA in the assay solution.

The presence of EDTA (5 mM) in the refolding solvent, as
specified by Cleland and Wang (1990a, 1990b), completely sup-
presses formation of esterase activity. It appears likely that this
specification was a simple error of fact that eluded proofread-
ing. This is the more plausible because these authors also indi-
cate that EDTA was used in the assay dilution buffer (which is
sensible because it stops continuing formation of active enzyme
in the assay solution). Also, none of the earlier studies of CAII
refolding employed EDTA in the refolding solvent, but where
comparisons are possible, there appears to be consistency be-
tween Cleland and Wang (1990a, 1990b), Cleland et al. (1992),
and earlier investigations. We therefore assume, as a working
premise, that Cleland and Wang did not employ EDTA in their
refolding solutions that regenerated CAII activity.

Turbidity measurement in refolding solvent

The denatured protein in 5.00 M GdmCl was diluted rapidly
to 1.00 M GdmCl with 50 mM Tris-sulfate buffer, pH 7.5, with
or without additives. The turbidity of the solutions was mea-
sured as apparent absorbance at 330 nm after 10 s manual (end-
over-end) mixing in cells of 10.0-mm pathlength, and thereafter
turbidity measurements were made at frequent intervals, each
measurement preceded by manual mixing. Replicate experiments

D.B. Wetlaufer and Y. Xie

showed substantial variability in the initial measurements, pre-
sumably due to variability in the manual mixing. The data
shown in Figure 3 are representative data.

CMC determinations

Using the fluorescence titration method of Horowitz (1977),
CMC determinations were carried out for CHAPS and for
C;Eg in 1.00 M GdmCl (containing 50 mM Tris sulfate, pH 7.5)
at 20 °C. We also determined the CMC in the buffer alone. For
CHAPS, CMC (in GdmC}) = 10 mM, CMC (in buffer) = 4 mM.
For Cy,Eg, CMC (in GdmCl) = 0.17 mM, CMC (in buffer) =
0.07 mM.

Surface tension

Employing a Du Nouy ring apparatus, we measured the sur-
face tensions of a range of concentrations of ethanol, n-butanol,
n-hexanol, and n-octanol in 50 mM Tris sulfate buffer, pH 7.5,
22-23 °C. A similar set of measurements was made with 1.00 M
GdmCl containing the same buffer components. The GdmCl so-
lution and the aqueous buffer showed the same surface tension
within 1%; plots of surface tension versus [alkanol] were iden-
tical within experimental error (est. +1 dyne/cm) for solutions
with and without GAmCI, and the buffer-only solutions agree
well with published values found in pure water (Posner et al.,
1952).

Acknowledgments

We thank Prof. Mahendra Jain for access to his fluorescence spectro-
photometer for CMC measurements and Prof. Mary Wirth for access
to the Du Nouy equipment for surface tension measurements. This work
was supported by a grant-in-aid from Genentech, Inc., and by the Col-
lege of Arts and Science of the University of Delaware.

References

Brems DN. 1988. Solubility of different folding conformers of bovine growth
hormone. Biochemistry 27:4541-4546.

Brito RM, Vaz WLC. 1986. Determination of the critical micelle concentra-
tion of surfactants using the fluorescent probe N-phenyl-1-naphthylamine.
Anal Biochem 152:250-255.

Cleland JL, ed. 1993. Protein folding in vivo and in vitro. ACS Symposium
Series 526. Washington, DC: American Chemical Society.

Cleland JL, Hedgepeth C, Wang DIC. 1992. Polyethylene glycol enhanced
refolding of bovine carbonic anhydrase B, reaction stoichiometry and
refolding model. J Biol Chem 267:13327-13334.

Cleland JL, Wang DIC. 1990a. Refolding and aggregation of bovine car-
bonic anhydrase B: Quasi-elastic light scattering analysis. Biochemistry
29:11072-11078.

Cleland JL, Wang DIC. 1990b. Cosolvent assisted protein refolding.
Bio/Technology 8:1274-12717.

De Young LR, Fink AL, Dill KA. 1993. Aggregation of globular proteins.
Acc Chem Res 26:614-620.

Dolgikh DA, Kolomiets AP, Bolotina 1A, Ptitsyn OB. 1984, “Molten-globule”
state accumulates in carbonic anhydrase folding. FEBS Lett 165:88-92.

Georgiou G, De Bernardez-Clark E, eds. 1991, Protein refolding. ACS Sym-
posium Series 470. Washington, DC: American Chemical Society.

Hjelmeland LM, Nebert DW, Osborne JC Jr. 1983. Sulfobetaine derivatives
of bile acids: Nondenaturing surfactants for membrane biochemistry.
Anal Biochem 130:72-82.

Horowitz P. 1977. A comparison between ANS and TNS as fluorescent in-
dicators of the CMC of sodium dodecyl sulfate. J Colloid Interface Sci
61:197-198.

Ikai A, Tanaka S, Noda H. 1978. Reactivation kinetics of guanidine dena-
tured bovine carbonic anhydrase B. Arch Biochem Biophys 190(1):39-45.

Nozaki Y. 1972. The preparation of guanidine hydrochloride. Methods En-
zymol 26:43-50.

Pocker Y, Stone JT. 1967. The catalytic versatility of erythrocyte carbonic



Control of aggregation in protein folding

anhydrase. II1. Kinetic studies of the enzyme-catalyzed hydrolysis of p-
nitrophenol acetate. Biochemistry 6:668-678.

Posner AM, Anderson JR, Alexander AE. 1952. The surface tension and
surface potential of aqueous solutions of normal aliphatic alcohols. J
Colloid Sci 7:623-644.

Ptitsyn OB, Uversky VN. 1994. The molten globule is a third thermodynam-
ical state of protein molecules. FEBS Lett 341:15-19.

Rudolph R, Buchner H. 1991. Modeling protein folding with aggregation.
Curr Opin Biotechnol 2:532-538.

Saxena VP, Wetlaufer DB. 1970. Formation of three-dimensional structure
of proteins I. Rapid nonenzymic reactivation of reduced lysozyme. Bio-
chemistry 9:5015-5023.

Schmid FX. 1992. Kinetics of unfolding and refolding of single-domain pro-
teins. In: Creighton TE, ed. Protein folding. New York: W.H. Freeman.
pp 197-242.

Semisotnov GV, Uversky VN, Sokolovsky IV, Gutin AM, Razgulyaev OI,
Rodionova NA. 1990. Two slow stages in refolding of bovine carbonic
anhydrase B are due to protein isomerization. J Mol Biol 213:561-568.

Stark RE, Leff PD, Milheim SG, Kropf A. 1984. Physical studies of CHAPS,
a new detergent for the study of visual pigments. J Phys Chem 88:
6063-6067.

1543

Stein PJ, Henkens RW. 1978. Detection of intermediates in protein folding
of carbonic anhydrase with fluorescence emission and polarization. J Biol
Chem 253:8010-8018.

Tandon S, Horowitz PM. 1987. Detergent assisted refolding of GdmCl-
denatured rhodanese, the effects of concentration and type of detergent.
J Biol Chem 262:4486-4491.

Tang M, Deming SN. 1983. Interfacial tension effects of nonionic surfac-
tants in reversed-phase liquid chromatography. Anal Chem 55:425-428.

Wetlaufer DB, Malik SK, Stoller L, Coffin RL. 1964. Nonpolar group par-
ticipation in the denaturation of proteins by urea and guanidinium salts.
J Am Chem Soc 86:508-514.

Wong KP, Tanford C. 1973. Denaturation of bovine carbonic anhydrase B
by guanidine hydrochloride. J Biol Chem 248:8518-8523.

Yazgan A, Henkens RW. 1972, Role of zinc(II) in the refolding of guani-
dine hydrochloride denatured bovine carbonic anhydrase. Biochemistry
11:1314-1318.

Zardeneta G, Horowitz PM. 1992. Micelle-assisted protein folding. J Biol
Chem 267:5811-5816.

Zettimeissl G, Rudolph R, Jaenicke R. 1979. Reconstitution of lactic de-
hydrogenase. Noncovalent aggregation vs. reactivation. 1. Physical prop-
erties and kinetics of aggregation. Biochemistry 18:5567-5575.



