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ABSTRACT: The engineered disulfide bridge A23C/L203C in human carbonic anhydrase II, inserted from
homology modeling ofNeisseria gonorrhoeaecarbonic anhydrase, significantly stabilizes the native state
of the protein. The inserted cysteine residues are placed in the interior of the structure, and because of the
conformationally restrained localization, the protein is expressed in the reduced state and the cysteines
are not readily oxidized. However, upon exposure to low concentrations of denaturant (0.6 M guanidine
hydrochloride), corresponding to the lower part of the denaturation curve for the first unfolding transition,
the oxidation rate of correctly formed disulfide bridges was markedly increased. By entropy estimations
it appears that the increased flexibility, induced by the denaturant, enables the cysteines to find each
other and hence to form the disulfide bridge. The outlined strategy of facilitating formation of disulfide
bonds by addition of adjusted concentrations of a denaturant should be applicable to other proteins in
which engineered cysteine residues are located in nonideal conformations. Moreover, a S99C/V242C
variant was constructed, in which the cysteine residues are located on the surface. In this mutant the
disulfide bridge was spontaneously formed and the native state was considerably stabilized (midpoint
concentration of unfolding was increased from 1.0 to 1.4 M guanidine hydrochloride).

Proteins are useful for therapeutical or biotechnological
applications only if they are stable enough to be produced,
isolated, and stored. Several environmental factors such as
temperature, pH, pressure, and denaturing agents can influ-
ence the protein stability. Since proteins are biologically
active only when native, one important goal of protein
engineering is to find ways to enhance the stability of
proteins. The stabilizing factors in the native protein are the
secondary and tertiary interactions, such as van der Waals
interactions, hydrogen bonds, and salt bridges. In some
proteins there are also covalent bonds between cysteine
residues, disulfide bridges, which stabilize the structure. One
possible way of increasing the global stability is therefore
to engineer disulfide bonds into a protein of known structure
(1). This is rather straightforward on the surface of proteins.
However, in some cases it is not desirable to alter exposed
amino acids. It is then preferable to engineer the disulfide
bond into the interior of the protein, which is an objective
that is more difficult to achieve because of the more
conformationally restrained environment in the protein
interior. In wild-type proteins, disulfide bond formation and
the creation of structure are thermodynamically linked (2).
Disulfide bonds stabilize the protein by restraining the
unfolded state and thereby reducing the entropy loss upon
refolding (3). The maximum entropic stabilization that can
be achieved depends on the length of the loop between the
cysteines; the longer between the cysteines in the primary
structure, the more stabilizing the bridge will be (4-6). The

gained stability by disulfide bridges is estimated to be in
the order of 2.5-3.5 kcal/mol at 298 K (7). When a new
disulfide bond is introduced into a protein, the stability rarely
increases as much as predicted. This may be due to several
factors that must be subtracted from the theoretical value.
One reason can be that the replaced amino acids contributed
to the protein stabilization. Another reason can be that the
cysteines are not optimally placed with respect to each other,
which can induce a slight strain in the molecule (7). To form
a disulfide bond, the distance between the CRs should be
within 4.8-7.0 Å (8) and the side-chain environment should
be such that they are conformationally able to permit the
disulfide bond to adopt a torsional angle of 90° or -90°.

Besides the thermodynamic stabilization of proteins,
introduction of disulfide bridges into proteins can render them
less susceptible to proteolytic degradation by restraining
otherwise flexible loops. Furthermore, introduction and
analysis of engineered disulfide bridges can provide valuable
information on protein folding (9) and protein dynamics (10)
and can be used to suppress aggregation-prone intermediates
(11).

Low-molecular-weight thiols such as reduced and oxidized
glutathione or dithiothreitol are frequently used for the
formation of nonnative disulfide bonds (12). However, if the
two cysteines that are to be oxidized are buried within the
protein structure, the reagent will not be able to oxidize the
cysteine pair. In our ongoing studies on folding and stability
we have earlier, by homology modeling usingNeisseria
gonorrhoeaecarbonic anhydrase (NGCA) as a template,
constructed the remarkably stable double cysteine mutant
A23C/L203C of human carbonic anhydrase II (HCA II)1

(13). NGCA has an extremely stabilizing disulfide bridge
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(14), C28-C181, that corresponds to the buried residues
Ala23 and Leu203 in HCA II. Thus, these positions were
good candidates for engineering of a disulfide bond. This
variant of HCA II is interesting in that it is expressed in the
reduced form and does not spontaneously form a disulfide
bond (Figure 1). However, this had the effect that the
production of the oxidized variant was very tedious and time-

demanding, because even at pH 8.5 with excess oxidizing
agent (glutathione) the process is very slow, taking some-
times weeks of incubation to form 100% oxidized protein.
Furthermore, in some preparations it was not possible to yield
a fully oxidized protein. During stability studies of the
reduced variant of A23C/L203C it was observed that the
cysteine residues tended to oxidize more effectively upon
exposure to moderate concentrations of the denaturant
guanidine hydrochloride (GuHCl), which necessitated the
addition of reduced DTT in the stability measurements of
this variant (13). This indicates that the amino acids 23 and
203 are not optimally positioned in relation to each other in
the 3D structure of the reduced form to build a covalent bond.
The aim of this project was to produce the A23C/L203C
variant of HCA II and an additional disulfide bridge variant
of HCA II, where the cysteines to be oxidized are more
exposed, to analyze their (i) contribution to the stability and
(ii) disulfide bridge formation behavior.

MATERIALS AND METHODS

Molecular Modeling of the Side-Chain Conformations of
A23C and L203C.The atomic coordinates of HCA II (PDB
2cba) was imported to the SYBYL software (Tripos Inc.)
on a Silicon Graphics workstation, and the residues at
positions A23 and L203 were mutated into cysteines. All
hydrogens were added to the structure and the protein was
assigned all Kollman charges. Side-chain conformations
within the available space were systematically analyzed by
a grid search method in two steps to avoid a combinatorial
explosion. First, the combinations ofø1 torsional angles of
C23 and C203 were analyzed by exploring angles between
0° and 300° in steps of 60° and the energy was minimized
for each of the 49 produced conformations. In most of the
low-energy conformations the torsion angle of C203 was the
same (-53°). The combination of C23 and C203ø1 torsional
angles that gave the lowest energy was used in a second
systematic search, where the combinations ofø1 and ø2

torsional angles of C23 were analyzed. All energy minimiza-
tions (Powell, convergence at 0.05 kcal/mol) were done with
the Tripos force field with a distance-dependent dielectric
constant of 4.0; all other settings were default. The energy
was evaluated between the two cysteines and between the
two cysteines and the rest of the protein treated as an
aggregate. The structure with the lowest energy out of the
36 conformations produced for the C23 search was further
analyzed by energy minimization of the reduced and oxidized
forms of the structure obtained, by use of the same subset
of amino acids as previously described (13).

Chemicals.Guanidine hydrochloride (GuHCl) was ob-
tained from Pierce and was of reagent grade. The concentra-
tion was determined by refractive index (15). 7-Chloro-4-
nitrobenzofurazan (NBD-Cl) was purchased from Fluka. All
other chemicals used were of analytical grade.

Design of Surface-Located Disulfide Bridge Mutant.The
program SSBOND (16) was employed in order to find
candidate amino acids to change into cysteines that were
supposed to form surface-located disulfide bridges. The
positions found by the program were further analyzed by
molecular graphics by use of the biopolymer module in the
program SYBYL (Tripos Inc.).

Site-Directed Mutagenesis and Protein Expression and
Purification. To avoid any unwanted disulfide bridges, the

1 Abbreviations: A23C/L203Cox and A23C/L203Cred, oxidized and
reduced forms, respectively, of pseudo-wild-type human carbonic
anhydrase II with a Cys206f Ser mutation with the additional
mutations Ala23f Cys and Leu203f Cys; DTTox and DTTred,
oxidized and reduced dithiothreitol, respectively; GuHCl, guanidine
hydrochloride; HCA IIpwt, pseudo-wild-type human carbonic anhydrase
II with a Cys206f Ser mutation; NBD-Cl, 7-chloro-4-nitrobenzo-
furazan; S99C/V242Cox and S99C/V242Cred, oxidized and reduced
forms, respectively, of pseudo-wild-type human carbonic anhydrase II
with a Cys206f Ser mutation with the additional mutations Ser99f
Cys and Val242f Cys.

FIGURE 1: (A) Overall structure of HCA II (PDB 2cba) with the
sites for introducing disulfide bridges indicated. The S-S bridge
from S99C/V242C locks the long C-terminal loop toâ-strand 4,
and that of A23C/L203C locks the N-terminal domain. The boxes
give information on the number of hydrogen bonds formed by the
wild-type amino acids to be replaced, and the fractional solvent-
accessible surfaces (32) of these residues. The distances in amino
acid sequence between the wild-type amino acids to be mutated as
well as the distances between the CR and Câ atoms of these residues
are also given. The differences in volume (∆V) between the original
amino acid pair and the replacing cysteines, obtained by use of
earlier calculated side-chain volumes (33), are shown. (B) Detail
of the wild-type structure of HCA II, the modeled structure of
A23C/L203Cred and A23C/L203Cox, showing the CR trace and the
side chains in position 23 and 203. The hydrogen atoms are not
shown except for the thiol groups of C23 and C203. The sulfur
atoms are in dark gray.
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mutants (A23C/L203C and S99C/V242C) were produced in
the pseudo-wild-type variant of HCA II (HCA IIpwt) contain-
ing the mutation C206S, as described earlier (13). This
pseudo-wild-type form of the enzyme is functionally and
structurally indistinguishable from the wild-type form (17)
and its stability toward denaturation is practically identical
(18). In an attempt to produce S99C/V242C in both reduced
and oxidized forms, after affinity chromatography, the
solution containing the S99C/V242C variant was divided into
two approximately equal volumes, where one volume was
dialyzed against 10 L of 10 mM Tris-H2SO4, pH 7.5, and
the other volume was dialyzed against 10 L of 10 mM
sodium borate buffer, pH 8.5. This was to see whether the
disulfide bond was more efficiently formed when the pH
was raised. The dialysis buffers were changed four times
with at least 7 h in between. As there were some disulfide
bridges (approximately 5-10%) formed in the preparation
of the A23C/L203C variant, the protein was prepared as
described before (13) with the exception that all solutions
were degassed and supplemented with approximately 10 mM
reduced DTT until the dialysis step. The exact concentration
of enzyme was measured spectrophotometrically with the
molar extinction coefficient at 280 nm (54 800 M-1‚cm-1)
for HCA II (19).

Neisseria gonorrhoeaecarbonic anhydrase (NGCA) was
expressed inEscherichia colias described by Chirica et al.
(20).

Titration of Free Thiols. The content of free thiols was
analyzed by labeling with NBD-Cl by incubation (5 min) of
17 µM protein, 5 M GuHCl, and 0.1 M Tris-H2SO4, pH 7.5.
A 10-fold molar excess of NBD-Cl was added, after which
the thiol modification reaction was allowed to proceed for
30 min at room temperature and monitored spectrophoto-
metrically. The extent of NBD-Cl labeling was determined
by absorbance measurement with the molar extinction
coefficient at 420 nm (13 000 M-1 cm-1) for the NBD-
sulfur adduct (21).

Near-UV CD Measurements.Near-UV CD spectra were
recorded on a CD6 spectrodichrograph (Jobin-Yvon Instru-
ments) on the S99C/V242C enzyme variant (17µM) by
scanning the protein in both reduced and oxidized states,
formed by overnight incubation in a 100-fold molar excess
of DTTred and DTTox, respectively. The protein was buffered
with 10 mM Tris-H2SO4, pH 7.5, and a 5-mm quartz cell
was used. A spectrum of the reference solution was
subtracted from the protein spectrum.

Enzyme ActiVity Measurements. The esterase activity was
measured according to Armstrong et al. (22) with p-
nitrophenyl acetate (pNPA) as a substrate. The enzyme (0.85
µM) was buffered in 50 mM Tris-H2SO4, pH 8.5, and 0.1
M Na2SO4.

Stability Measurements.Stability analyses were made on
a Hitachi F-4500 spectrofluorometer by following the spectral
red shift of the intrinsic tryptophan fluorescence upon
increasing concentrations of GuHCl. A number of samples
of S99C/V242C were incubated overnight in different
concentrations of GuHCl (0-6 M) in 0.1 M Tris-H2SO4, pH
7.5. A 1000-fold molar excess of DTTred or a 100-fold molar
excess of DTTox was added to form the reduced and oxidized
states, respectively. Three fluorescence spectra (310-410
nm) of each sample were recorded after excitation at 295
nm with 5-nm excitation and emission slits, at 23°C in a

1-cm quartz cuvette. The GuHCl midpoint concentration of
unfolding (CM) was calculated by a nonlinear least-squares
fitting equation (23), with the program TableCurve 2D
(Jandel Scientific).

Analysis of Disulfide Bond Formation. The quantification
of disulfide bond formation was done by NBD-Cl (see
above). The A23C/L203Cred protein variant (68µM) was
incubated for 20 h before analysis in increasing concentra-
tions of GuHCl, at pH 7.5 and 8.5, with and without a 100-
fold molar excess of the oxidizing agent DTTox.

SDS-PAGE Analysis.The monomeric status of A23C/
L203C incubated in various concentrations of GuHCl was
analyzed by SDS-PAGE. The protein (68µM) in 10 mM
borate buffer, pH 8.5, with a 100-fold molar excess of DTTox,
was incubated for 20 h at different concentrations of GuHCl.
The samples were desalted by microdialysis (Pierce) over a
dialysis filter with a molecular weight cutoff of 10 000
(Millipore). SDS-PAGE was then performed on each sample
(∼30 µg) under nonreducing conditions.

Analysis of Time Course of Disulfide Bridge Formation.
The A23C/L203Cred variant (68µM) was incubated in 10
mM borate buffer, pH 8.5, and a 100-fold molar excess of
DTTox supplemented with 0.6 M GuHCl. Aliquots of the
solution were, at different times, withdrawn and the content
of free thiol groups was analyzed by NBD-Cl titration, as
described above. As a reference the same experiment was
repeated on an identical sample, without GuHCl.

Unfolding Entropy Change Determination.Solutions of
0.85µM A23C/L203Cred in 0.1 M MOPS [3-(N-morpholino)-
propanesulfonic acid], pH 7.5, with and without 0.6 M
GuHCl were prepared and kept on ice. Aliquots (1.6 mL)
were transferred from the solution to a thermostated cuvette.
The time to reach unfolding equilibrium was established by
monitoring the change in fluorescence intensity at 336 nm
at each temperature, and for each temperature a fresh sample
was incubated in order to prevent any problems with
aggregation during incubation. After the sample had equili-
brated, the intrinsic Trp fluorescence wavelength maximum
was determined as described above. Measurements were
performed on a Fluoromax-2 spectrofluorometer (Jobin-Yvon
Instruments). The excitation wavelength was 295 nm and
the excitation and emission slits were 3 and 4 nm, respec-
tively. The fraction of unfolded protein was calculated from
the fluorescence data and plotted as a function of temperature.
The transition curves were obtained from nonlinear least-
squares analysis (23). ∆G of unfolding was calculated for
each temperature in the unfolding transition, assuming a two-
state unfolding model.∆Sof unfolding was determined from
the slope of the temperature dependence of∆G. The data
were fitted by linear regression. In an additional experiment
the reversibility of the unfolding/refolding process was
analyzed. A Trp fluorescence spectrum was first recorded
at 20 °C below theTm value of heat denaturation in the
absence and presence of GuHCl (0.6 M; see Figure 6). The
temperature was then raised to 20°C above theTm value
and the time to reach unfolding equilibrium (approximately
6 min) was monitored as described above; the sample was
then cooled to the starting temperature, while the fluorescence
signal was monitored at 336 nm. When equilibrium was
reached (1 h), a spectrum of the refolded protein was
registered and the refolding yield was calculated from the
difference in fluorescence wavelength maximum of native
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(335.5 nm) and refolded protein relative to the fluorescence
maximum of unfolded protein (345 nm).

RESULTS AND DISCUSSION

A23C/L203C Mutant.The disulfide bond present in
Neisseria gonorrhoeaecarbonic anhydrase (NGCA) was
recently grafted into structurally equivalent positions in
human carbonic anhydrase II (HCA II, positions 23 and 203,
Figure 1A), which led to a dramatic stabilization of the native
structure. The A23C/L203C mutant was, however, expressed
in E. coli in reduced form and the disulfide bridge was
formed first after prolonged treatment with an oxidizing agent
(oxidized glutathione) (13). On the contrary, the correspond-
ing disulfide bridge in NGCA was spontaneously formed
when also expressed inE. coli. This indicates that the
engineered Cys residues are not optimally located in the HCA
II structure. From the X-ray structures the CR-CR distance
between the two Cys residues in NGCA is 5.1 Å (24), which
is rather close to the average distance observed for a right-
handed disulfide bond (5.4 Å) (8), whereas the CR-CR

distance between Ala23 and Leu203 in HCA II is longer
(6.3 Å; 25). Modeling and geometry optimization of the
location of the Cys residues and disulfide bond in the reduced
and oxidized form, respectively, of the A23C/L203C mutant
(Figure 1B; Table 1) showed that the CR-CR distance
between the Cys residues was 6.3 Å in the reduced form
and was shortened to 5.3 Å upon disulfide bridge formation.
Moreover, the gap between the Câ atoms of the Cys residues
in A23C/L203Cred is 0.3 Å wider than between the corre-
sponding wild-type residues. Creation of the disulfide bond
led to a 1.5 Å shorter Câ-Câ distance. In addition, the
distance between the sulfur atoms in the free Cys residues
was 4.5 Å, 2.5 Å longer than in the disulfide bond. Thus,
the unwillingness of the A23C/L203C mutant to form a
disulfide bond combined with the X-ray and modeled
structural data suggest that these engineered Cys residues
are not located in an ideal conformation for a disulfide
linkage to occur. Furthermore, we checked whether programs
designed to select appropriate positions for Cys replace-
ments for introduction of disulfide bonds based on stereo-
chemical criteria would find these positions. However,
SSBOND (16), Disulfide by Design (26), and MODIP (27)
did not select positions 23 and 203 as candidates for
substitution, supporting the notion that a disulfide bridge is
not easily built in this location because of structural
constraints.

Design of a Surface-Located Disulfide Bridge Mutant.For
comparative purposes we made an attempt to engineer a
disulfide mutant of HCA II that had the introduced Cys

residues in more favorable positions than in the A23C/L203C
mutant in order to facilitate formation of the disulfide bridge.
For guidance in the selection of suitable mutation sites, we
used the SSBOND program (16). Of the 59 possible disulfide
bridge positions suggested by the program SSBOND, only
the ones fulfilling certain criteria were of interest: (i) The
distance between the two residues in the primary sequence
should be long enough to ensure that the protein was
stabilized, if the disulfide bridge was formed. (ii) The volume
and polarity of the replaced side chains should be as similar
as possible to that of cysteine residues so that the introduction
of the new amino acids does not reduce the stability of the
protein. (iii) The locations should preferably be at or near
the surface, which will likely give the introduced Cys
residues the highest conformational freedom and might
facilitate disulfide bridge formation. Besides the above
criteria, certain structural features of HCA II need to be
considered. For example,â-sheets 3-5 are stable even at
very high denaturant concentrations (28), so it is less
interesting to introduce disulfide bridges within these struc-
tural elements, although it might be possible to anchor other
structures to this stable core of the protein. Furthermore, there
are twocis-prolines in the protein (Pro-30 and Pro-202) (25),
which most probably are best left undisturbed by point
mutations. After structural analysis of the suggested disulfide
bridge positions, the S99C/V242C variant was chosen (Figure
1A).

Expression and Purification of HCA II Mutants. Analysis
by SDS-PAGE verified that the expressed HCA II mutants
were pure after being chromatographed on an affinity gel.
Titration of thiols with NBD-Cl showed that A23C/L203C
was fully reduced after preparation and dialysis at pH 7.5.
Interestingly, the S99C/V242C variant was, on the other
hand, expressed to more than 90% in the oxidized form at
both pH 7.5 and 8.5. This shows that programs such as
SSBOND are able to select appropriate mutation sites for
disulfide bond formation. On the other hand, the remarkably
stable A23C/L203Cox variant was not identified by several
programs, since the location of the amino acid side chains
of A23 and L203 fall outside the defined stereochemical
constraints. This means that one runs a risk of overlooking
interesting positions to mutate into cysteines by solely relying
on programs that make selections after stereochemical
criteria. The cysteines in the S99C/V242C variant more
readily form disulfide bridges, as compared to the A23C/
L203C variant, probably because of the more peripheral
locations in the protein structure, which give them more
conformational freedom than in the more buried positions
of the A23C/L203C variant.

Table 1: Side-Chain Torsional Angles and Distances in Wild-Type HCA II, Modeled Reduced and Oxidized A23C/L203C, and Wild-Type
NGCA

protein variant distance CR (Å) distance Câ (Å) distance S-S (Å) ø1 (deg) ø2 (deg) ø3 (deg)

L203 -55 -73
A23/L203 6.3 5.2
C23/C203red 6.3 5.5 4.5 C23,-62;

C203,-63
C23,-61;
C203,-180

C23/C203ox 5.3 4.0 2.0 C23,-56;
C203,-67

C23,-71;
C203, 148

94

NGCA 5.1 3.9 2.0 C28,-63;
C181,-53

C28,-63;
C181, 110

94
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Structural and Functional Characterization.In the fol-
lowing, the S99C/V242C variant, that spontaneously forms
a disulfide bridge, was characterized regarding stability and
function and the A23C/L203C variant was used as a model
for studies of denaturant-assisted formation of disulfide
bridges. Near-UV CD spectra of the S99C/V242C variant
were, in both the reduced and oxidized states, identical to
those of HCA II, showing that the tertiary structure is intact
(data not shown). The esterase activity was determined for
the S99C/V242C mutant in both reduced and oxidized forms.
To obtain both reduced and oxidized proteins, either DTTred

or DTTox was added to the protein samples. Although the
esterase activity was decreased for all mutants, they are still
catalytically relatively powerful (Table 2).

Stability toward GuHCl Denaturation.All protein variants
of HCA II, except for A23C/L203Cox, that have so far been
engineered unfold via a stable molten globule intermediate
and thereby unfold with two separate transitions. The
unfolding reaction of A23C/L203Cox appears to be a two-
state process without the formation of the molten globule.
However, previous studies have shown that a small fraction
of an intermediate is formed also for A23C/L203Cox (13).
At a first glance, the S99C/V242Cox variant also appears to
unfold through a two-state process (Figure 2). However, this
is due to the existence of a very small intermediate plateau.
When the data are fitted to a three-state model, it is obvious
that there are two processes taking place in the overall
unfolding of this variant. The native state of S99C/V242Cox

is considerably more stable than that of HCA IIpwt (midpoint
concentrations of unfolding at 1.4 and 1.0 M GuHCl,
respectively; Table 2). The native states of the oxidized forms
of A23C/L203C and S99C/V242C are the most stable
variants of HCA II that have been produced to date. As can
be seen from Figure 2 and Table 2, the native states of the

reduced forms are less stable than that of HCA IIpwt. The
fact that the reduced forms are less stable than the oxidized
forms demonstrates that the formed disulfide bond is the
stabilizing factor. The reduced S99C/V242C variant is less
destabilized than the reduced A23C/L203C variant, which
is likely due to the more flexible surface location of the
mutagenesis sites and similar sizes of the replaced amino
acid residues, minimizing imposed strain in the molecule.
The much higher stability of the oxidized A23C/L203C
mutant (3.7 and 6.6 kcal/mol stabilization of the native state
compared to that of HCA IIpwt and A23C/L203Cred, respec-
tively) might indicate that some perturbations in the reduced
state are compensated for or restored in the oxidized state.

GuHCl Assistance in Disulfide Bond Formation in A23C/
L203C.The contents of free SH groups were analyzed by
NBD-Cl titration in order to follow the formation of the
disulfide bond in the completely reduced A23C/L203C
variant in the presence of varying concentrations of the
denaturant GuHCl. The oxidation process was allowed to
proceed for 20 h, with and without oxidizing agent (DTTox),
at pH 7.5 and 8.5. The formation of disulfide bonds is shown
in Figure 3, together with the first unfolding transition (native
to molten globule state) of the reduced A23C/L203C as a
reference. The amount of disulfide bridges formed at different
GuHCl concentrations correlates rather well with the unfold-
ing of the native state. At the onset of the unfolding transition
(0.3-0.4 M GuHCl), low amounts of disulfide bridges are
obtained at both pH 7.5 and 8.5. Below this GuHCl
concentration no, or very low amounts of, disulfide bridges

Table 2: Enzyme Esterase Activity and Stability Data for
GuHCl-Induced Unfolding of HCA IIpwt and Cys Mutants as
Monitored by Intrinsic Tryptophan Fluorescence Measurements

protein activity (%) Cm,NI
a Cm,IU

a Cm,NU
a

HCA IIpwt 100 1.0 1.9
S99C/V242Cred 37 0.9 1.8
S99C/V242ox 50 1.4 2.1
A23C/L203Cred

b 32 0.7 1.8
A23C/L203Cox

b 42 1.8
a Cm,NI, Cm,IU, andCm,NU represent the transition midpoint concentra-

tions for the transitions from the native (N) to the intermediate state
(I), from the intermediate (I) to the unfolded state (U), and from the
native to the unfolded state, respectively.b Data taken from ref 13.

FIGURE 2: Protein stability curves of the S99C/V242C variant based
on Trp fluorescence measurements at various concentrations of
GuHCl: (0) reduced form; (9) oxidized form; (---) HCA IIpwt as
a reference.

FIGURE 3: Relative formation of disulfide bridges in A23C/L203C
in the presence of a denaturant. The measurements were performed
after 20 h of incubation at different concentrations of GuHCl: (0)
A23C/L203C at pH 7.5; (9) A23C/L203C, DTTox present at pH
7.5; (4) A23C/L203C at pH 8.5; (2) A23C/L203C, DTTox present
at pH 8.5. A normalized curve of the first unfolding transition (N
f I) of A23C/L203Cred, adapted from Figure 3A in ref 13, is
included for comparative purposes (---).

FIGURE 4: SDS-PAGE of reduced A23C/L203C after incubation
at different concentrations of GuHCl. The samples were incubated
for 20 h at pH 8.5 with a 100-fold molar excess of DTTox. The
arrow indicates the migration direction.
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are formed within the reaction time. Presence of DTTox

facilitates disulfide formation, since more disulfide bridges
are formed when a 100-fold molar excess of DTTox is
present. Noteworthy, at pH 8.5 in the presence of DTTox,
there appears to be an optimal GuHCl concentration for
disulfide bridge formation at approximately 0.6 M, just below
the midpoint concentration of the first unfolding transition
(Cm,NI ) 0.7 M GuHCl). This indicates that a certain increase
in the flexibility of the protein structure is required for
optimal conditions for disulfide formation induced by the
denaturing agent. Beyond this point the protein structure
probably will fluctuate too much for intramolecular bridge
formation. The induced increased flexibility of the protein
will, of course, also increase the accessibility of the buried
Cys residues to the oxidizing agent.

SDS-PAGE Analysis.SDS-PAGE was used to investi-
gate whether the disulfide bonds formed were intramolecular
or intermolecular in character. A new series of samples were
incubated for 20 h at various concentrations of GuHCl. As
can be seen from the SDS-PAGE gel in Figure 4, only a
minor fraction of the protein formed dimers at 0.6 M GuHCl,
whereas there is a large increase of dimer and oligomer
formation at 0.8 M and higher concentrations of GuHCl. In
addition, it is interesting to observe that practically only
dimers are formed at GuHCl concentrations inducing the
molten globule state. This indicates that only one of the two
cysteine residues is exposed in the molten globule intermedi-
ate.

Time Study of Disulfide Bridge Formation. Since incuba-
tion at 0.6 M GuHCl with a 100-fold molar excess of DTTox

at pH 8.5 gave the optimal conditions for disulfide bridge
formation in A23C/L203Cred with only low amounts of dimer
formation, a time study was performed to follow the disulfide
bridge formation from initiation to completion under these
conditions. Figure 5 displays the large impact that a moderate
concentration of the denaturant has on the kinetics of
disulfide bridge formation in this protein variant. The
disulfide bridge formation at 0.6 M GuHCl was best fitted
to one exponential phase (t1/2 ) 5.4 h) followed by a small
linear phase and reaches complete oxidation of the protein
after approximately 4 days. At this point only about 25% of
the protein incubated in a buffer lacking GuHCl has been
oxidized, which clearly demonstrates that it is the denaturant
that facilitates the formation of the disulfide bridges. This
is, to our knowledge, the first example of acceleration of
disulfide bridge formation of an internal cysteine pair by
addition of moderate amounts of a denaturant. In an earlier
work by Low et al. (29), it was shown that anions could
accelerate oxidative folding of ribonuclease A by formation
and stabilization of nativelike intermediates. Interestingly,
by adding a moderate concentration of denaturant to a fully
folded protein, as in this case, the same result is obtained
by destabilization.

Unfolding Entropy Change of A23C/L203Cred. We have
interpreted the more efficient formation of the disulfide
bridge in the presence of GuHCl to be due to increased
flexibility of the native structure. To obtain some supportive
evidence of this, the entropy change of denaturation was
determined in 0 and 0.6 M GuHCl by measuring the degree
of unfolding for the A23C/L203Cred variant as a function of
temperature (Figure 6A). It should, however, be pointed out
that the denaturation process of HCA II is not completely
reversible due to some aggregation in the molten globule
state (30, 31). Because of the short exposure times at elevated
temperature in these experiments, a high degree of revers-
ibility was nevertheless obtained [84% and 87% recovery
of the fluorescence wavelength maximum in 0 and 0.6 M
GuHCl, respectively, upon heating and cooling to the
temperatures giving rise to the plateau values (0 M GuHCl,
29 °C T 69 °C; 0.6 M GuHCl, 6°C T 46 °C)]. Although
absolute∆S values cannot be accurately determined, it is
reasonable to believe that most of the error caused by
aggregation will be canceled out when, as in this case, the
entropy change of the same protein is compared and only
the trend in ∆S is of interest. From the temperature
dependence of∆G, the entropy changes were calculated to
1.1 and 0.8 kcal/mol in 0 and 0.6 M GuHCl, respectively

FIGURE 5: Time course of formation of disulfide bridges in A23C/
L203Cred in the presence and absence of GuHCl. The reaction was
performed in 10 mM Tris-H2SO4, pH 8.5, supplemented with a
100-fold molar excess of DTTox. The data were best fitted to a
single-exponential term (84%) followed by a small linear term.
Symbols: (b) 0.6 M GuHCl, data and (s) fitted function; (O) 0
M GuHCl, data.

FIGURE 6: Stability toward thermal denaturation of A23C/L203Cred. The unfolding process was studied in 0.1 M MOPS buffer, pH 7.5,
with (b) and without (O) 0.6 M GuHCl. (A) Degree of unfolding as measured by the shift in emission wavelength maximum of the
intrinsic tryptophan fluorescence. TheTm values from these curves are 49 and 26°C at 0 and 0.6 M GuHCl, respectively. (B)∆G of
unfolding calculated from the fraction of unfolded protein in the temperature transition zone.∆S was obtained as the slope of the fitted
linear function.
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(Figure 6B). Thus, the entropic difference between the native
and unfolded state is lower at 0.6 M GuHCl. If the unfolded
state primarily is affected by the action of GuHCl (0.6 M),
the entropic change of denaturation should be expected to
increase upon going from 0 to 0.6 M GuHCl. Therefore, the
observed decrease in∆S on the contrary indicates that the
protein is more flexible in the native state at 0.6 M GuHCl,
supporting the idea that it is the increased flexibility of the
protein in moderate concentration of GuHCl that enables the
cysteines to find each other and hence form the disulfide
bridge.

CONCLUDING REMARKS

In many applications it is valuable to find methods to speed
up the formation of disulfide bridges in a protein or make it
possible for them to form at all. This study shows that a
protein with cysteine residues in nonideal positions, in a
conformationally restrained environment, can be assisted to
form disulfide bonds by the action of moderate concentra-
tions of a denaturant. Both the yield of the disulfide bond
bridges and the kinetics of formation are favorably affected
by the denaturant. We suggest that this method of adding a
denaturant, at a concentration corresponding to the lower part
of the unfolding curve, can be generally used to facilitate
formation of disulfide bridges by engineered cysteines in the
interior of a protein, in particular when low or no yield of
S-S bonds is obtained.
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