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ABSTRACT: The native state of the enzyme human carbonic anhydrase (HCA II) has been stabilized by
the introduction of a disulfide bond, the oxidized A23C/L203C mutant. This stabilized protein variant
undergoes an apparent two-state unfolding process with suppression of the otherwise stable equilibrium,
molten-globule intermediate, which is normally very prone to aggregation. Stopped-flow measurements
also showed that lower amounts of the transiently occurring molten globule were formed during refolding.
This led to a markedly lowered tendency for aggregation during equilibrium denaturing conditions and,
more importantly, to significantly higher reactivation yields upon refolding of the fully denatured protein.
Thus, a general strategy to circumvent aggregation during the refolding of proteins could be to stabilize
the native state of a protein at the expense of partially folded intermediates, thereby shifting the unfolding
behavior from a three-state process to a two-state one.

Protein aggregation is a major concern for biotechnology
and biomedicine, as well as for in vitro studies aimed at
investigating the mechanism of protein folding. In addition,
protein aggregation has recently been shown to cause
numerous diseases, such as Alzheimer’s disease, Parkinson’s
disease, and prion diseases.

In our ongoing folding studies, we use human carbonic
anhydrase II (HCA II)1 as a model protein (1, 2). It has a
molecular mass of 29.3 kDa and is essentially aâ-sheet
protein, containing a large hydrophobic core (3, 4). Unfolding
of the protein has been demonstrated to be a three-state
process with the formation of a stable, molten-globule
intermediate at moderate denaturing pressure (5, 6). This
molten-globule, equilibrium intermediate, including some of
its most apolarâ strands (7), is prone to aggregation and
has been shown to form aggregates in a very specific manner.
Aggregation during refolding also leads to incomplete
recovery of the native protein, which can be prevented by
the action of the chaperonin GroEL (8).

Recently, we succeeded in dramatically stabilizing the
native state of HCA II by engineering a disulfide bond into
the protein structure (the oxidized A23C/L203C mutant;
Figure 1). This stabilized protein variant undergoes an
apparent two-state unfolding process with suppression of the

otherwise stable equilibrium, molten-globule intermediate (9).
Therefore, in this paper, we investigated whether stabilization
of the native conformation, at the expense of the molten-
globule state, can be a strategy to avoid the formation of
aggregates at equilibrium conditions. The primary objective
was to see if stabilization of the native state and thus
suppression of the equilibrium, molten globule also leads to
suppression of the transient molten globule that is an
intermediate in the refolding process of HCA II (10). The
appearance of a kinetic molten-globule intermediate causes
a fraction of the molecules to become trapped in aggregates
and leads to reduced refolding yields of the active enzyme
(11-13). Our data clearly show that this strategy of
stabilizing the enzyme works in the case of carbonic
anhydrase and this approach could be a general way to
circumvent the formation of aggregates during the folding
process.
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1 Abbreviations: A23C/L203Cred, reduced form of HCA IIpwt with
the mutations Ala23f Cys and Leu203f Cys; A23C/L203Cox,
oxidized form of HCA IIpwt with the mutations Ala23f Cys and
Leu203f Cys; ANS, 8-anilino-1-naphthalenesulfonic acid; BCA II,
bovine carbonic anhydrase II; GuHCl, guanidine hydrochloride; HCA
II pwt, pseudo-wild-type human carbonic anhydrase II, with a Cys206
f Ser mutation.

FIGURE 1: (A) Overall structure of HCA II [PDB 2CBA (4)] with
the side chains of Ala 23 and Leu 203 marked and encircled. (B)
Enlargement of the encircled area showing a model of the oxidized
form of the double mutant A23C/L203C. This figure is modified
from Figure 1 in ref9.
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MATERIAL AND METHODS

Chemicals. Guanidine-HCl (GuHCl) was purchased from
Pierce, and the concentration of the solution was determined
by the refractive index (14). 8-Anilino-1-naphthalene sulfonic
acid (ANS) was obtained from Sigma. All other chemicals
were of reagent grade.

Protein Expression and Purification.The HCA II mutant
with an engineered disulfide bond (A23C/L203C) used in
this paper was made using the cysteine-free C206S pseudo-
wild-type protein (HCA IIpwt) as a template, as described
earlier (9). Bovine carbonic anhydrase II (BCA II) was
prepared from cattle erythrocytes. The initial preparation and
chromatographic purification of BCA II were carried out
according to Lindskog (15) and subsequently followed by
affinity chromatography (16).

Unfolding Measurements.The unfolding profile of the
HCA II variants was determined by intrinsic Trp fluorescence
measurements as previously described (9).

Refolding Yield Measurements.The HCA II variants (14.2
µM) were denatured for 24 h in various concentrations of
GuHCl (0.5-5 M) buffered with 0.1 M Tris-H2SO4 at pH
7.5. The denaturing solution containing the reduced A23C/
L203C mutant was also supplemented with a 1000-fold molar
excess of reduced DTT (dithiothreitol). Refolding was
initiated by dilution of the denatured enzyme solution to 0.3
M GuHCl and a final protein concentration of 0.85µM
(0.025 mg/mL). The CO2-hydration activity of the enzyme
was measured after 2 h of refolding. The enzyme activity
assay has previously been described (17).

Refolding Kinetic Measurements.The reactivation kinetics
were measured at 23°C after denaturation of the HCA II
variants (14.2µM) in 5 M GuHCl for 1 h. Reactivation was
achieved by rapidly diluting to 0.3 M GuHCl and a protein
concentration of 0.85µM. All solutions were buffered with
0.1 M Tris-H2SO4 at pH 7.5. The refolding reaction was
monitored by measuring the recovery of the CO2-hydration
activity (17). Using a nonlinear least-squares program
(TableCurve, Jandel Scientific), kinetic reactivation data were
fit with a series of exponential terms.

Sequential Mixing Stopped Flow.All kinetic experiments
were performed at 23°C on an SX.18MV-R stopped-flow
reaction analyzer (Applied Photophysics) equipped with a
SQ1 sequential flow accessory. Excitation was performed
at 360 nm, with a bandwidth of 5 nm, in a 20-µL cell. The
emission was collected via the fluorometric port of the cell,
through an optical filter with a cutoff at 455 nm. Before the
measurements, the photomultiplier tube voltage and offset
were adjusted using the folded protein (1.7µM) and a 40
times molar excess of ANS in 0.3 M GuHCl to bring the
signal to zero with the folded protein mixed with ANS in
the cell.

The protein (34µM) was denatured for 1 h by 3 MGuHCl
at 23 °C. The first mixing stage (total volume of 300µL)
was used to refold the protein to a concentration of 3.4µM
in 0.3 M GuHCl, in a 115-µL aging loop, by a 1:10 dilution
with 0.1 M Tris-H2SO4 at pH 7.5. After various delay times,
the refolding protein was mixed in a 1:2 ratio with ANS
(136 µM) in 0.3 M GuHCl in a second stage, to a final
concentration of 1.7µM in 0.3 M GuHCl with a 40 molar
excess of ANS. The binding of ANS to the folding protein
was monitored for 5 s, and the data reported for the kinetics

of the interaction between the folding protein and ANS
originate from the first data point. The shortest possible aging
time with the setup used was 35 ms, as reported by the
instruments software, whereas the dead time between the
protein and ANS mixing and collection of the first data point
was about 3 ms. For each delay time, six consecutive runs
were made in a short period of time, of which the first two
were discarded because these often showed signs of being
influenced by the diffusion in the tubing. The small increase
of fluorescence intensity upon interaction between ANS and
the native protein in 0.3 M GuHCl was also recorded for
reference purposes. This reference trace was subtracted from
all experimental traces before the value of the first data point
was determined. All data were collected with the drive
pressure held constant through the 5-s measurement because
this gave more reproducible data and did not influence the
refolding. All solutions were buffered with 0.1 M
Tris-H2SO4 at pH 7.5.

RESULTS AND DISCUSSION

Disulfide Bond Variant.The disulfide bond variant inves-
tigated in this paper (A23C/L203C) was engineered from a
pseudo-wild-type template (HCA IIpwt) in which a C206S
mutation was made to replace the single cysteine in the wild-
type protein. This was made to avoid the unwanted formation
of intermolecular disulfide bonds. We have previously shown
that HCA IIpwt has properties that are indistinguishable from
those of the wild type (5). The oxidized variant with the
disulfide bond intact (A23C/L203Cox) and the reduced variant
with two free SH-groups (A23C/L203Cred) were both studied
in this paper.

Unfolding of the HCA II Variants.The equilibrium
unfolding behavior of the HCA II variants is illustrated in
Figure 2A, where the dependence of the Trp fluorescence
on the concentration of the denaturing agent GuHCl is shown.
As can be seen, HCA IIpwt and A23C/L203Cred unfold with
two separated transitions via a stable folding equilibrium
intermediate (Nf I f U). This intermediate has been shown
to have characteristics that are typical for a molten globule
(5, 6, 9). On the other hand, the unfolding of A23C/L203Cox

shows a two-state pattern. The total red-shift of the Trp
fluorescence demonstrates that all of the protein variants
totally unfold to the same degree regarding Trp exposure,
which also means that the starting states of the variants are
similar in the performed refolding experiments described
below.

Aggregation BehaVior at Equilibrium.Previously, we have
shown that the molten-globule intermediate of HCA II is
prone to aggregation at equilibrium conditions. Thus, if HCA
II is denatured at GuHCl concentrations promoting the
molten-globule state (1-2 M), the recovery of the active
enzyme upon dilution of the denaturant is drastically reduced.
This is due to irreversibly formed aggregates by the molten-
globule intermediate (7). For A23C/L203Cred, similar to HCA
II pwt, the refolding yield was significantly decreased when
refolding was performed on the protein that was denatured
by lower concentrations of GuHCl (Figure 2B). The reac-
tivation yield is inversely reflected by the two unfolding
curves Nf I and If U, respectively, leading to a “refolding
trough” (7, 18). This demonstrates that the amount of protein
that can be correctly folded decreases in parallel with the
increase in I formed (molten globule) at both transitions.
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A23C/L203Cox does not seem to form any stable folding
intermediate at equilibrium (Figure 2A). The hydrophobic
fluorescent dye ANS can be used to probe the existence of
the molten-globule intermediate, and earlier reported ANS-
binding studies (9; Figure 3B) revealed that a molten-globule
intermediate is also formed for A23C/L203Cox but to a much
lesser extent (5-10% compared to HCA IIpwt and A23C/

L203Cred). The decreased formation of the molten globule
occurs according to the ANS-binding data with a maximum
at 2.0 M GuHCl, i.e., during the global unfolding transition
for this variant (9). In Figure 2B, it can be seen that the
corresponding drop in the reactivation yield is markedly
decreased for A23C/L203Cox when it is denatured at GuHCl
concentrations between 1 and 2 M that otherwise cause major
aggregation problems. The reactivation yield minimum was
70% after denaturation at 2.0 M GuHCl compared to about
only 5% for HCA IIpwt and A23C/L203Cred. Thus, it is clear
that the noted avoidance of aggregation is due to suppression
of the equilibrium molten-globule intermediate formed during
denaturation.

Refolding of the Denatured Protein.Refolding of HCA II
that has been globally, completely unfolded only yields about
75% of active HCA II under optimal experimental conditions
(7, 19). The reason for the reduced recovery of the native
enzyme is that aggregation occurs during the refolding
process (11-13). To obtain full reactivation, the assistance
of a chaperone such as GroEL is needed, which, by binding
to the molten-globule intermediate, prevents it from ag-
gregating (7, 8). The time course of the reactivations of HCA
II pwt, A23C/L203Cred, and A23C/L203Cox after denaturation
for 1 h with 5 M GuHCl is shown in Figure 3. From these
data, it is evident that denatured A23C/L203Cox can be
reactivated to a significantly higher degree (95%) than the
other variants (75%). A similar trend was also observed in
the “refolding trough” experiments (85 and 65% yield,
respectively; Figure 2B). It should be pointed out that the
denaturation time in the latter experiments was 24 h; thus,
the somewhat lower yields indicate that some irreversible
slow aggregation also occurs in the fully unfolded state.

From the time courses of reactivation, it is observed that
A23C/L203Cox reaches the native state more rapidly than
HCA IIpwt and A23C/L203Cred (Figure 3). However, a more
detailed analysis shows that the reactivation kinetics of
A23C/L203Cox can be described by a single-exponential
expression in contrast to the two-phase kinetics noted for
the other variants (Table 1).

This indicates that HCA IIpwt and A23C/L203Cred each has
one slow and one fast reactivating population, whereas the
formation of the disulfide bridge appears to lock more than
90% of the A23C/L203Cox molecules in the fast reactivating
population. It should be noted that the rate of reactivation
for the fast folders is identical for A23C/L203Cox and A23C/
L203Cred. Note also that the fast reactivating population
(38%) of HCA IIpwt is about twice as fast as the correspond-
ing population of A23C/L203Cox. This means that the
important effect of the introduced disulfide bridge is to shift
the populations in favor of essentially only fast reactivating
molecules. The observed effects on the kinetic parameters
can be explained in molecular terms by: (i) The disulfide

FIGURE 2: (A) Unfolding profiles of the protein variants in the
presence of increasing concentrations of denaturant. Symbols: (b)
HCA IIpwt, (9) A23C/L203Cox, and (0) A23C/L203Cred. This figure
is modified from the data presented in Figure 3A in ref9. (B)
Refolding yield of the proteins after incubation in various denaturant
concentrations. Symbols: (b) HCA IIpwt, (9) A23C/L203Cox, and
(0) A23C/L203Cred.

FIGURE 3: Time course of reactivation of completely denatured
HCA II variants. The kinetic data were best fitted to two-exponential
terms for HCA IIpwt and A23C/L203Cred and to one-exponential
term for A23C/L203Cox. Symbols: (b) HCA IIpwt, (9) A23C/
L203Cox, and (0) A23C/L203Cred.

Table 1: Kinetic Parameters of Reactivation

protein k1 (min-1)a A1
a k2 (min-1)a A2

a r2 b

HCA IIpwt 0.18 0.38 0.02 0.38 0.9993
A23C/L203Cox 0.08 0.93 0.9994
A23C/L203Cred 0.08 0.38 0.02 0.39 0.9936

a The rate constants and amplitudes were calculated using a nonlinear
fit program (see the Materials and Methods). The amplitudes correspond
to fractional reactivation.b The goodness of fit was calculated by the
r2 coefficient of determination.
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bridge causing a reduction of the conformational freedom
in the unfolded state. The rate-limiting step during the
reactivation of unfolded HCA II has been demonstrated to
be the cis-trans isomerization of peptidyl-prolyl bonds,
probably involving the twocis-prolines (P30 and P202)
present in the HCA II structure (19). Because the introduced
disulfide bond between positions 23 and 203 is located close
to thesecis-prolines, it is possible that their native conforma-
tions are maintained in the unfolded state to a higher degree
than when this linkage is absent. This will lead to a more
uniform ensemble of unfolded molecules that will fold to
the native conformation from an apparent single state. (ii)
Circumventing or suppressing the folding intermediates such
as the molten globule that form aggregates or misfolded states
(11, 13).

The fact that the yield of reactivated A23C/L203Cox from
the fully denatured state is significantly higher than can be
obtained for HCA IIpwt and A23C/L203Cred (Figure 3)
demonstrates that it is the higher stability of the native state
and not the mutations per se that causes this change. Thus,
stabilization of the native state that suppresses the existence
of the aggregation prone molten-globule intermediate at
equilibrium also appears to lead to suppression of the
transient kinetic molten-globule intermediate and thereby lead
to a less off-pathway formation of aggregates.

To demonstrate that the kinetic molten globule exists to a
lower extent during refolding of A23C/L203Cox than for
HCA IIpwt, stopped-flow studies of the kinetics of interaction
of the molten-globule state with the hydrophobic dye ANS
during the refolding process were performed. The presence
of the dye from the onset of refolding has been shown to
prolong the lifetimes of partially folded states (20). To avoid
such complications, we used the ANS-pulsed method de-
scribed by Engelhard and Evans (21), in which ANS, by
sequential mixing, is introduced after folding has been
allowed to proceed for a variable time. From the ANS
fluorescence intensity developed at various stages of the
folding reaction, it can be seen in Figure 4 that the amount

of molten globule present throughout the reaction (from the
shortest detectable aging time; approximately 35 ms) is
significantly less for A23C/L203Cox than for HCA IIpwt. This
can be seen very clearly in the inset (Figure 4), reflecting
the fast phase during which most of the molten-globule
intermediates disappear. This parallel decay with similar rate
constants (Table 2) also indicates that the concentration of
molten globule is lower for A23C/L203Cox than for HCA
II pwt during the initial folding stages, before the first
observation. Moreover, the slow molten-globule decay phase
of A23C/L203Cox is almost 6 times faster than that of
HCAII pwt, supporting the conclusion that suppression of the
molten-globule intermediate during refolding is the main
reason for the changed aggregation behavior.

For comparative purposes, the pulsed ANS experiment was
repeated for BCA II. Interestingly, the time course for the
disappearance of the molten-globule intermediate of BCA
II is rather similar to that of A23C/L203Cox (Figure 4). The
equilibrium unfolding behavior of BCA II is also similar to
that of A23C/L203Cox, but with a much less pronounced
intermediate during GuHCl denaturation than noted for HCA
II (22). Thus, the molten-globule state of BCA II, similar to
that of A23C/L203Cox, is suppressed at equilibrium condi-
tions because of a more stable native state than in HCA II.
BCA II incubated in GuHCl at concentrations inducing the
molten-globule state, similarly to A23C/L203Cox, can be
reactivated much more efficiently than is possible for HCA
II (23). Reactivation of denatured BCA II at a protein
concentration identical to the optimal concentration for
refolding of HCA II (0.025 mg/mL) gives a significantly
higher reactivation yield for BCA II (90 versus 75%) (19).
Although it has been shown that the molten-globule inter-
mediate forms aggregates during refolding, it is quite clear
from the comparison above that BCA II is significantly less
prone to aggregate than HCA II is. Instead, it behaves very
similarly to A23C/L203Cox in this respect, most likely
because of suppression of the aggregation-prone molten
globule also in BCA II.

CONCLUSIONS

As demonstrated for HCA II, it is possible, by appropriate
protein engineering to reconstruct the energy landscape for
folding, to circumvent folding traps that, under normal
conditions, appear to be impossible to avoid. To conclude,
improved refolding yields are possible to achieve, if the
emergence of aggregation-prone intermediates, such as the
molten globule, can be controlled. A general strategy to
circumvent aggregation during refolding of proteins could
then be to stabilize the native state of a protein to the extent

FIGURE 4: Disappearance of the molten-globule intermediate during
refolding. This step is monitored by sequential mixing stopped-
flow measurements as the change of the ANS fluorescence signal
upon binding to the protein after various times of refolding, as
indicated by the symbols (for details see the Materials and Methods).
Inset: Initial phase is shown. The curves were obtained after fitting
to the sum of two-exponential terms. Symbols: (4, - - -) BCA
II, (b, ‚‚‚‚‚) HCA IIpwt, and (9, s) A23C/L203Cox.

Table 2: Kinetic Parameters of Refolding as Monitored by ANS
Binding

protein k1 (min-1)a A1
a k2 (min-1)a A2

a r2 b

HCA IIpwt 7.2 0.88 0.04 0.55 0.9950
A23C/L203Cox 7.7 0.74 0.23 0.45 0.9984
BCA II 20 0.67 1.1 0.82 0.9907

a The rate constants and amplitudes were calculated using a nonlinear
fit program (see the Materials and Methods). The amplitudes correspond
to the values of the fluorescence signal.b The goodness of fit was
calculated by ther2 coefficient of determination.
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that its equilibrium unfolding behavior is converted from a
three-state to a two-state process.
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