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ABSTRACT: The stability versus unfolding to the molten globule intermediate of bovine carbonic anhydrase
II (BCA II) in guanidine hydrochloride (GuHCl) was found to depend on the metal ion cofactor [Zn(II)
or Co(II)], and the apoenzyme was observed to be least stable. Therefore, it was possible to find a denaturant
concentration (1.2 M GuHCl) at which refolding from the molten globule to the native state could be
initiated merely by adding the metal ion to the apo molten globule. Thus, refolding could be performed
without changing the concentration of the denaturant. The molten globule intermediate of BCA II could
still bind the metal cofactor. Cofactor-effected refolding from the molten globule to the native state can
be summarized as follows: (1) initially, the metal ion binds to the molten globule; (2) compaction of the
metal-binding site region is then induced by the metal ion binding; (3) a functioning active center is
formed; and (4) finally, the native tertiary structure is generated in the outer parts of the protein.

The binding of metal ions to proteins has been studied
extensively. The carbonic anhydrase metal-binding motif,
with three His residues coordinating the metal ion [Zn(II)],
has often been used to engineer novel metal-binding proteins
(1). The aim of a metalloprotein-based design is to introduce
new functions into naturally existing proteins or to increase
the stability of an engineered or designed protein. The
stability of bovine carbonic anhydrase II (BCA II),1 for
example, depends on the metal ion cofactor. The native state
of Zn(II)-BCA II is more stable than that of Co(II)-BCA II,
and the removal of the metal ion further destabilizes the
native conformation (2, 3). The Co(II)-enzyme has been
observed in vitro to be almost as catalytically competent as
the Zn(II)-enzyme (4).

BCA II is a Zn(II) enzyme that catalyzes the reversible
hydration of CO2, and the metal ion cofactor is essential for
this function of the enzyme (4). The protein consists of a
single polypeptide chain with a molecular mass of 29 kDa
devoid of any sulfhydryl groups or disulfide bonds (5, 6).
The crystal structure of isoenzyme II has been determined
for human but not for bovine CA. Isoenzymes from three
different sources, namely, human CA I, human CA II, and
bovine CA III, have all been found to exhibit very similar
three-dimensional structures (7-10). It therefore is reason-

able to assume that the fold does not differ much between
BCA II and HCA II. Thus, the structure of BCA II should
mainly be aâ-sheet protein that is divided into two halves
by 10 â-strands that penetrate the entire protein. One-half
of the molecule should contain the N-terminal subdomain
and the active site crevice, while the other half should include
a large hydrophobic cluster. In HCA II, this hydrophobic
core has been shown to be very resistant to unfolding (11-
13). Furthermore, the metal ion in Co(II)-substituted HCA
II has a tetrahedral coordination very similar to that of Zn(II)
(14), and the coordinating histidines have been shown to
move very little in the apoenzyme (9).

It has recently been demonstrated that the folding of
several small proteins occurs via a two-stage process, while
the folding of larger proteins often involves intermediates
(15). The refolding of BCA II has been found to be
remarkably complex, including both fast and slow kinetic
stages, the slow stages being due to the isomerization of cis
prolines in the unfolded and molten globule states of the
protein (16-18). Furthermore, BCA II forms both equilib-
rium and kinetic molten globule intermediates (19). Because
the stability of the native state of BCA II depends on the
cofactor, lower concentrations of denaturant should be
required to induce the molten globule state from the
apoenzyme than from the Co(II)- and Zn(II)-enzymes. When
the varying stabilities of the native and molten globule states
of these protein forms are considered, perhaps a denaturant
“window” could be found from which it might be possible
to initiate formation of the native conformation from the
molten globule state simply by adding the metal ion to the
apoenzyme. By comparing the denaturation profiles of the
apoenzyme and the holoenzymes, we found what we believed
to be appropriate denaturing conditions (1.2 M GuHCl),
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under which such a refolding jump could be accomplished.
Indeed, we were able to initiate refolding of the molten
globule protein by adding equimolar concentrations of Zn-
(II) or Co(II).

Our aim with this work is also to shed light on the
structural dynamics of the folding process, proceeding from
the apo molten globule state to the native state of the
holoenzyme [Zn(II)- and Co(II)-BCA II]. We felt that this
approach would allow for the exploration of the role of the
metal ion as well as its effects on the folding reaction. The
refolding process was monitored by three methods, each
probing a different aspect of the folding process: near-UV
circular dichroism, intrinsic Trp fluorescence, and CO2

hydration activity measurements.

MATERIALS AND METHODS

Chemicals.Guanidine hydrochloride (GuHCl; ultrapure),
purchased from Chemicon, was determined to be metal-free
by extraction with dithizone (7 mg/L) in carbon tetrachloride.
The concentration of GuHCl was determined refractometri-
cally (20). 8-Anilino-1-naphthalenesulfonic acid (ANS) was
obtained from Sigma. All other chemicals were ultrapure or
pro analysis grade.

Protein Purification and Preparation.BCA II was purified
from cattle erythrocytes. Initial preparation and chromato-
graphic conditions for purification of BCA II were like those
of Lindskog (21), followed by affinity chromatography as
described by Khalifah et al. (22). The purity of the enzyme
was verified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Protein concentrations were measured spec-
trophotometrically (Hitachi U2000 spectrophotometer) at 280
nm using anA280

1% of 19.0 (5). The apoenzyme and the Zn-
(II)- and Co(II)-BCA II were prepared as described by
Lindskog and Malmstro¨m (23), or as described by Hunt et
al. (24). The proteins were prepared and stored in acid-
cleaned (2 M HNO3) plastic tubes. All utensils used during
the experiments were made metal-free by soaking in 2 M
HNO3 for 2 days, and then by extensively rinsing with
distilled water.

Equilibrium Unfolding.The stabilities of the enzyme forms
were determined after incubation for 24 h at 23°C in various
concentrations of GuHCl buffered with 0.1 M Tris-H2SO4

(pH 7.5). The equilibrium unfolding transitions were moni-
tored by near-UV CD spectroscopy [0.25 mg mL-1 (8.5µM)]
and intrinsic Trp fluorescence [0.025 mg mL-1 (0.85µM)].

Kinetic Measurements.The kinetics of the refolding
process were monitored by the following methods: near-
UV CD (spectra and change in ellipticity at 270 nm), Trp
fluorescence (change in intensity at 340 nm), and CO2

hydration activity. Apo-BCA II [0.25 mg mL-1 (8.5µM)-1]
was incubated for 1 h in 1.20 M GuHCl buffered with 0.1
M Tris-H2SO4 (pH 7.5) at 23°C. Refolding was initiated by
manually mixing an equimolar amount of cofactor [Zn(II)
or Co(II)] in a small volume (1.9µL) to the apoenzyme (1.90
mL) to avoid dilution of the protein and denaturant. Each
kinetic experiment was repeated at least three times. Refer-
ence samples containing Zn(II)- or Co(II)-BCA II instead
of apo-BCA II were incubated under identical conditions (0
and 1.20 M GuHCl) so that the increase in activity (CO2

hydration) and spectroscopic properties (near-UV CD and
intrinsic fluorescence) could be monitored during the refold-
ing process.

Enzymatic ActiVity Measurements.CO2 hydration activity
was determined according to the method of Rickli et al. (25).
Ethylenediaminetetraacetic acid (EDTA, 5 mM) was added
to the assay solution in the reactivation experiments to avoid
further binding of the cofactor during the time of the
measurement. To be able to acquire reliable kinetic data
during the first 10 min of the reactivation process, aliquots
from the refolding sample were withdrawn and incubated in
the assay solution. In a control experiment, incubated and
nonincubated refolding samples, withdrawn at the same time
points during the first 10 min of refolding, exhibited identical
activity. Reference samples that were identical in protein and
GuHCl concentration and buffer solution to the refolding
samples were used to correct for possible inhibition by
GuHCl.

CD Measurements.Circular dichroism spectra and kinetic
traces were recorded on a CD6 spectrodichrograph (Jobin-
Yvon Instruments SA). The instrument was calibrated with
an aqueous solution ofd-10-(+)-camphorsulfonic acid. For
equilibrium measurements of the protein variants, the near-
UV CD spectra were recorded between 240 and 320 nm by
collecting data at 0.5 nm intervals with an integration time
of 2 s. In the equilibrium unfolding experiments, near-UV
CD spectra were recorded to ensure that the spectral bands
vanished uniformly during the unfolding process. From the
spectra, the change in ellipticity at 270 nm ([θ]270) was
observed; each spectrum (and data at 270 nm) represents
the average of three scans and is subject to a mutual
comparison before summation to detect possible alterations
of the sample during the scanning period. In the refolding
experiments, both near-UV CD spectra and kinetic CD traces
were recorded. The kinetic CD traces were measured at 270
nm ([θ]270) by collecting data with an interval of 5 s and an
integration time of 4.99 s. In addition, refolding experiments
were also performed by recording near-UV CD spectra
(260-310 nm, integration time of 2 s) during the refolding
process at 4 min intervals from the onset of the data
recording. Data collection, for both spectra and kinetic traces,
was started 20 s after the onset of the refolding reaction and
continued for at least 3 h. The kinetic experiments were
recorded three times for each sample to ensure that the results
were reproducible, and replicate refolding gave almost
identical results. Measurements were performed using a 10
mm quartz cell while the temperature was maintained at 23.0
°C during all CD measurements by a temperature-controlled
cell holder. The CD signals from the cuvette and sample
lacking the protein were subtracted from all recorded spectra
and kinetic traces. The CD spectra were smoothed using the
minimal filter included in the CD6 software (Savinsky-
Golay).

The ellipticity is reported as the mean residue molar
ellipticity ([θ], deg cm2 dmol-1) calculated from

where [θ]obs is the ellipticity measured in degrees, mrw is
the mean residue molecular weight (molecular weight of
29 000 and 260 amino acid residues),c is the protein
concentration (in grams per milliliter), andl is the optical
path length of the cell (in centimeters).

Fluorescence Measurements.All fluorescence data were
recorded on a Hitachi F-4500 spectrofluorophotometer using

[θ] ) [θ]obs(mrw)/10cl (1)
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a 10 mm quartz cuvette. The sample temperature was kept
at 23.0°C with a circulating water bath. In all experiments,
the samples were excited at 295 nm. For the equilibrium
unfolding measurements, the bandwidths for excitation and
emission were both set to 5 nm, and the emission spectra
were collected between 310 and 450 nm. Each spectrum is
the average of three consecutively acquired spectra. All
spectra were corrected by subtracting the spectrum of the
blank, lacking the enzyme but otherwise identical to the
sample, and smoothed using the filter included in the Hitachi
F-4500 software.

For the refolding kinetic measurements, the sample was
continuously excited at 295 nm and the emission intensity
was collected at 340 nm with a response time of 8.0 s. The
slits for the excitation and emission light were set to 5 and
2.5 nm, respectively. The data collection during the refolding
process was initiated 20 s after the onset of the refolding
reaction and continued for at least 3 h. The kinetic experiment
was carried out three times to ensure that the results were
reproducible, and replicate refolding gave almost identical
results.

Fluorescence spectra of ANS were recorded from protein
samples containing 8.5µM protein and 410µM ANS in 1.2
M GuHCl and 0.1 M Tris-H2SO4 (pH 7.5). Excitation of
the sample was at 360 nm, and the fluorescence spectra were
recorded between 380 and 600 nm using 10 nm slits for
excitation and 5 nm slits for emission light.

Data Analysis.The reactivation data obtained from CD,
fluorescence, and CO2 hydration measurements were fitted
to the sum of one- or two-exponential terms using the least-
squares fitting option included in the program TableCurve
2D (Jandel Scientific).

The kinetic results (Table 1) represent the average of three
repeated experiments.

The data from the equilibrium unfolding experiments,
measured by intrinsic fluorescence and near-UV CD, were
fitted to a nonlinear least-squares analysis described previ-
ously by Santoro and Bolen (26) using the program Table-
Curve 2D. A linear dependence of the free energy of
unfolding on the GuHCl concentration was assumed in both
transitions (27):

The GuHCl concentration,Cm, in the midpoint of each of
the unfolding transitions was determined from the ratio
∆GH2O/m, when∆G ) 0 (eq 2).

RESULTS AND DISCUSSION

Choice of Enzyme.We chose to use bovine CA II (BCA
II) instead of human CA II (HCA II), even though the
refolding properties of the latter have been more thoroughly

studied (28). There were two main reasons for this choice,
both essential for this study: (1) the molten globule
intermediate of HCA II is very prone to aggregation (29),
this problem being less pronounced for the BCA II inter-
mediate, which facilitated our study involving this intermedi-
ate; and (2) cloned HCA II coordinates Co(II) not only to
the active site but also to other binding sites, according to
an analysis of the visible absorption spectrum (data not
shown). Since various N-terminally truncated variants of
HCA II do not seem to bind additional Co(II), the metal ion
probably binds to the N-terminus, which has several potential
His ligands. Moreover, erythrocyte HCA II appears to bind
Co(II) only to the active site (30), indicating that the
structural changes in the N-terminus of cloned HCA II
(nonacetylated Ala instead of acetylated Ser) (31) play a role
in this extra metal ion binding. Since our study focuses on
the binding of Co(II) as a means of initiating the refolding
reaction, the specific stoichiometric coordination of Co(II)
to the active site of BCA II (23, 32) represents yet another
advantage of using this enzyme.

Equilibrium Unfolding of the BCA II Variants. Via
measurement of the change in the stability of the protein
structure during exposure to increasing concentrations of a
denaturant, it is possible to observe cooperative transitions
between different thermodynamic states of the protein
structure. Monitoring this cooperative change in stability
using different techniques, each probing different structural
properties, provides a more detailed description of the
structural changes occurring between the thermodynamic
states.

Previous studies of denaturation profiles for apo-, Co(II)-,
and Zn(II)-BCA II obtained using different denaturants and
monitoring techniques have demonstrated the varying stabil-
ity of the different forms of BCA II (2, 3, 33). It has also
been demonstrated that the unfolding of apo-, Zn(II)-, and
Co(II)-BCA II in GuHCl at room temperature is a three-
state process, with the formation of a folding intermediate
(molten globule) (2, 33). Therefore, the aim of our stability
experiments of the various cofactor forms of BCA II was to
find denaturing conditions that might enable a refolding jump
from the intermediate state (molten globule) of the apoen-
zyme to the native holoenzyme simply by adding the cofactor
to initiate the process.

The stability of the BCA II variants against GuHCl
denaturation was monitored by measuring near-UV CD,
intrinsic tryptophan fluorescence, and CO2 hydration activity
to probe different structural aspects of the unfolding process.
Only the first unfolding transition of the protein variants of
BCA II, i.e., from the native to the molten globule state (N
T I), was analyzed in detail. The near-UV CD unfolding
could only detect the transition from the native to the molten
globule state (Figure 1A), since the tertiary interactions are

Table 1: Kinetic Parametersa from Refolding Experiments Monitored as the Change in Tryptophan Fluorescence Quenching, Circular
Dichroism, and CO2 Hydration Activity

tryptophan fluorescence quenching CD at 270 nm CO2 hydration activity

protein
k1

(×103 s-1)
k2

(×103 s-1) A1 (%) A2 (%)
k1

(×103 s-1)
k2

(×103 s-1) A1 (%) A2 (%)
k1

(×103 s-1)
k2

(×103 s-1) A1 (%) A2 (%)

Zn(II) - - - - 0.72( 0.04 0.17( 0.08 54( 2 46( 2 2.2( 1.7 0.34( 0.09 22( 13 72( 11
Co(II) 3.6( 0.48 0.38( 0.03 39( 3 61( 3 0.48( 0.04 0.23( 0.03 66( 11 34( 11 8.1( 2.5 0.37( 0.03 18( 3 82( 2

a The rate constants are mean values with standard deviations and are based on at least three refolding experiments.

∆G ) ∆GH2O - m[GuHCl] (2)
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broken in the molten globule state (34, 35). However, the
existence of a second unfolding transition, i.e., from the
molten globule to the unfolded state (IT U), was detected
by intrinsic fluorescence measurements (Figure 1B).

CD Measurements. The near-UV CD bands of proteins
mainly originate from the tertiary structure asymmetrically
formed around aromatics, especially Trp side chains (36).
This has clearly been demonstrated for carbonic anhydrase
(37, 38). The changes in ellipticity at 270 nm for the protein
variants incubated in various concentrations of GuHCl were
used to construct the stability profiles (Figure 1A). The near-
UV CD ellipticity at 270 nm corresponds to the spectral
minimum in the near-UV CD spectrum of the native form
of the protein variants (Figure 2A,B). Thus, any spectral
changes at this wavelength will mainly reflect a loss of local
asymmetric tertiary structure surrounding the aromatic
residues, especially the Trp residues. BCA II contains seven
Trp residues, all of which are conserved in the bovine and
human forms of the enzyme (6, 39). When the arrangement
in HCA II is considered, these seven Trp residues should be
rather evenly distributed in the structure (9). Therefore,
measurements of the change in ellipticity should reflect
overall conformational changes rather well. According to the
recorded CD spectra and associated unfolding curve (Figure
1A), tertiary structural interactions do not appear to remain
in the molten globule state. During unfolding, the change in
ellipticity of the positive CD band (at 245 nm) coincided

with that of the 270 nm band (data not shown), indicating
that there is a uniform spectral change within the entire
spectral region. That is, the observed spectral change during
equilibrium unfolding can be regarded as a two-state process
with no detectable intermediates between the native and the
molten globule states.

The transition profiles (Figure 1A) from the unfolding
transitions (NT I) clearly show the influence of the cofactors
on the stability of the native conformation. Calculated
transition midpoint concentrations (Cm) from fitted (two-
state) stablity curves gave the following results: Zn(II) was
the most stabilizing cofactor, with aCm of ∼1.7 M for Zn-
(II)-BCA II compared to∼1.4 and∼1.0 M for Co(II)- and
apo-BCA II, respectively. These values are very similar to
those previously reported by Henkens et al. (2), who obtained
the followingCm values for the first transition: 1.1, 1.5, and
1.8 M GuHCl for apo-BCA II, Co(II)-BCA II, and Zn(II)-
BCA II, respectively.

It is obvious from Figure 1A that at 1.2 M GuHCl, it might
be possible to perform a refolding jump from the molten
globule state of the apoenzyme to the native state of either
the Zn(II)- or Co(II)-enzyme. Such a transition could be
monitored by CD measurements. The possibility exists
because at that GuHCl concentration (1) the apoenzyme is
in the intermediate (molten globule) state and not involved
in the transition region and (2) both the Zn(II)- and Co(II)-
enzymes are in the native state and are not involved in the
transition region.

FIGURE 1: Stability curves of apo- and metalloenzyme forms of
BCA II. (A) Change in near-UV CD ellipticity at 270 nm. (B)
Fractional change in intrinsic Trp fluorescence, presented as ratios
of the intensities at 332 and 352 nm. (C) Change in emission
intensity at the fluorescence peak. Symbols: (O) apo-BCA II, (2)
Co(II)-BCA II, and (9) Zn(II)-BCA II.

FIGURE 2: Development of near-UV CD spectra during refolding
from the molten globule to the native state. Refolding was initiated
by adding an equimolar amount of the metal cofactor to the
apoenzyme in 1.2 M GuHCl. (A) Zn(II)-BCA II. References:
apoenzyme in 1.2 M GuHCl (uppermost dashed curve) and the Zn-
(II)-enzyme in 1.2 M GuHCl (lowest solid curve). (B) Co(II)-BCA
II. References: apoenzyme in 1.2 M GuHCl (uppermost dashed
curve) and the Co(II)-enzyme in 1.2 M GuHCl (lowest solid curve).
Refolding times for both panels were 1 min, 20 min, 1 h, 2 h, and
3 h; the corresponding spectra were drawn with alternating solid
and dashed lines in descending order. Identification of the curves
applies to the wavelength region of 260-320 nm.
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Tryptophan Fluorescence Measurements. The equilibrium
unfolding was also monitored by measuring the intrinsic Trp
fluorescence spectra of the three BCA II variants that were
studied (Figure 1B). Like the near-UV CD changes, the
changes observed in the emission spectra, when exciting the
seven Trp residues of the protein at 295 nm, can be assumed
to reflect global unfolding of the structure. The calculated
ratios of the fluorescence intensities at 332 and 352 nm (F332/
F352) indicate the exposure of buried Trp residues to a polar
environment (40, 41).

The equilibrium unfolding profiles (Nf I and I f U)
are illustrated in Figure 1B, in which the fractional change
F332/F352 is plotted versus GuHCl concentration. The solid
lines in Figure 1B represent a nonlinear least-squares fit to
two consecutive two-state transitions (three-state model),
calculated by using a modification of the two-state model
equation described by Santoro and Bolen (26), with the
assumption that the free energy of folding is linearly
dependent on the GuHCl concentration (27).

The unfolding transitions of the Zn(II)- and Co(II)-enzyme
exhibited no marked plateau for the intermediate state. This
lack of an apparent stable intermediate state can be explained
by the narrowness of the midpoint GuHCl concentrations of
the two transitions (2, 42, 43). The estimatedCm values for
the first transition (NT I) of the three protein variants are,
despite the absence of an apparent intermediate, very similar
to the corresponding values measured by CD [∼1.0, ∼1.5,
and ∼1.8 M for apo-BCA II, Co(II)-BCA II, and Zn(II)-
BCA II, respectively]. The unfolding of the apoenzyme from
the native to the molten globule state at 1.2 M GuHCl was
accompanied by a∼2.5 nm (341.3f 343.7 nm) red shift
of the wavelength of the emission maximum. This minor
shift in wavelength, compared to∼13 nm for the “complete”
unfolding of the native conformation in 4.0 M GuHCl,
indicates that the Trp residues do not undergo any major
changes in their exposure to the solvent in the transition to
the molten globule state. This suggests a compact and only
partially disturbed structure around the Trp residues. At 1.2
M GuHCl, the Zn(II)- and Co(II)-enzyme did not show any
significant shifts in the wavelengths of the emission maxima
compared to those obtained at 0 M GuHCl (data not shown).
Accordingly, theF332/F352 ratio did not change at 1.2 M
GuHCl for the holoenzymes as demonstrated in Figure 1B.
All together, the fluorescence data clearly show that the
native structure of both the Zn(II)- and Co(II)-enzymes is
maintained when exposed to this GuHCl concentration.

Interestingly enough, the unfolding transitions from the
molten globule state to the unfolded state occurred at higher
GuHCl concentrations for the metalloenzymes than for the
apoenzyme, the molten globule of the Zn(II)-BCA II being
the most stable intermediate (Figure 1B). The fact that the
metal ion has an effect on the second unfolding transition
has also been noted by Henkens et al. (2). We can therefore
conclude that the metal ion not only stabilizes the native
state relative to the molten globule state but also increases
the stability of the molten globule state of BCA II as
compared to the unfolded state. This demonstrates that the
cofactor, Zn(II) or Co(II), is also bound to the molten globule
state of the protein. By applying a thermodynamic cycle
calculation, Hunt et al. (44) found indirect evidence that the
molten globule of human CA II also binds the metal cofactor
with considerable affinity [KD ∼ 100 pM and 0.25µM for

Zn(II) and Co(II), respectively]. However, the estimated
dissociation constants for the molten globule of human CA
II and the metal ions could differ significantly from the
corresponding dissociation constants for BCA II used in this
study.

Due to its paramagnetic character, Co(II) can efficiently
quench emitted light, if it is located close enough to the
emitter (45), Trp residues in this case. We measured the
change in emission intensity during equilibrium unfolding
of the Co(II)-enzyme (Figure 1C) to investigate the quench-
ing effect of Co(II). This was done to determine whether
the binding of Co(II) to the active site of the apoenzyme
could be used as a probe to monitor structural changes close
to the binding site of the metal ion during folding.

The following discussion of fluorescence quenching and
energy transfer in BCA II is based on the crystal structure
(9) and previous fluorescence studies (41) of HCA II, since
the structures of BCA II and HCA II are assumed to be
almost identical. Trp209 is located close to the active site
and is fully quenched in the native state of HCA II, and this
quenching is assumed to occur also in BCA II. This
quenching is attributed to the proximity of Trp209 to the
metal ligand His119 and also to His107. In addition, Trp209
quenches neighboring Trp192 by an energy transfer system.
The fluorescence quenching effect of the Co(II) ion in BCA
II was previously attributed to Trp209 (2). In light of our
results, this interpretation seems less likely, since the native
apoenzyme and the native Zn(II)-enzyme have identical
fluorescence intensities (at 0 M GuHCl; Figure 1C), and
therefore, Trp209 should already be fully quenched in the
apoenzyme. The native Co(II)-enzyme, on the other hand,
has only 50% of the fluorescence intensity of the native Zn-
(II)-enzyme and the apoenzyme (Figure 1C). Therefore, it
is evident that the observed additional quenching in Co-BCA
II, caused by the paramagnetic Co(II), must be attributed to
Trp residues other than Trp209. In HCA II, Trp97 has been
found to contribute 52% of the intrinsic fluorescence intensity
of the enzyme (41). It is interesting to note that Trp97 is
located next to one of the metal ligands, His96, in the active
site of the protein and 10 Å from the metal ion. Thus, it is
likely that the observed quenching of Co(II) in Co-BCA II
can be attributed to Trp97 and possibly also to Trp245. The
latter contributes 38% of the fluorescence intensity of HCA
II and is located 11 Å from the metal ion. This quenching
effect of Co(II), when bound to the active site of the protein,
can be used as a sensitive probe to monitor structural changes
in the residues directly or indirectly involved in the quench-
ing mechanism.

The increase in intensity [i.e., the decrease in the level of
Co(II) quenching] of the Trp fluorescence of Co(II)-BCA II
accompanying the Nf I transition (Figure 1C) appears to
begin at∼0.7 M GuHCl and peaks at 1.5 M GuHCl. The
lower starting value of this transition compared to that
observed from the CD measurements is due to lower
concentrations of the protein and the metal ion in the
fluorescence emission measurements (0.85 vs 8.5µM). At
10-fold higher protein and metal ion concentrations, the
corresponding change in fluorescence intensity starts at∼1.2
M GuHCl and the transition has a midpoint at∼1.4 M
GuHCl (data not shown). Thus, the observed difference in
stability as monitored by fluorescence intensity is only
apparent and does not represent a conformational change
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prior to global unfolding. The peak value at∼1.5 M GuHCl
shows the end of further Co(II) quenching, reflecting a
disruption of the compact metal-binding region and the
molten globule intermediate indicated by the CD change
reached at this GuHCl concentration (Figure 1A). The
decrease observed in the fluorescence intensity for all the
protein variants at higher GuHCl concentrations (Figure 1C)
is probably due to an increased level of solvent exposure of
the Trp residues upon further unfolding with an accompany-
ing external quenching by water and solvent components.
The resulting curve probably shows the second unfolding
transition from the molten globule to the unfolded state.

ActiVity Measurements.We have previously reported
equilibrium GuHCl denaturations of Zn(II)- and Co(II)-BCA
II, measured as CO2 hydration activity (3). Our present
measurements show that the activity of the holoenzymes [Zn-
(II)-BCA II and Co(II)-BCA II] is not affected by incubation
for 24 h with 0 and 1.2 M GuHCl [buffered with 0.1 M
Tris-H2SO4 (pH 7.5)]. Thus, exposing the holoenzymes to
1.2 M GuHCl will probably have no significant effect on
the native conformation.

ANS Binding and Fluorescence.The hydrophobic dye
ANS is frequently used to identify the molten globule state
(46, 47). This state is compact and often has solvent-exposed
hydrophobic surfaces to which ANS can bind, leading to a
blue-shifted emission spectrum of ANS with increased
intensity (48). Addition of ANS to Co(II)- and Zn(II)-BCA
II in 1.2 M GuHCl did not lead to any change in the emission
spectrum compared to that of ANS dissolved in 1.2 M
GuHCl (Figure 4). However, ANS binding to the apoenzyme
incubated in 1.2 M GuHCl resulted in a pronounced increase
in the fluorescence intensity and a 40 nm blue shift of the
emission wavelength maximum to 478 nm (Figure 4). This
fluorescence spectrum is typical of ANS bound to the molten
globule state.

Properties of the Intermediate State of the Apoenzyme and
the Holoenzyme at 1.2 M GuHCl.The intermediate state of
the apoenzyme at 1.2 M GuHCl seems to fit the description
of the molten globule state of BCA II (43), showing the
following characteristics: (i) the lack of tertiary interactions,
at least locally around the Trp residues, as judged from the
near-UV CD spectra; (ii) maintenance of secondary structure
(far-UV CD, data not shown); (iii) the presence of a compact
dehydrated structure with only a minor increase in the level
of solvent exposure of the Trp residues, as suggested by the
intrinsic Trp fluorescence measurements; and (iv) exposure
of hydrophobic patches, as indicated by ANS binding.

The properties of the holoenzymes after incubation in 1.2
M GuHCl are as follows: (i) intact tertiary structure, at least
around the Trp residues, according to near-UV CD spectra
and the intrinsic fluorescence shift; (ii) intact secondary
structure according to far-UV CD spectra (data not shown);
(iii) full activity, indicating an intact active site region; and
(iv) no exposure of hydrophobic patches, based on ANS
fluorescence.

Cofactor-Induced Refolding of the Apo Molten Globule
to the NatiVe State.Both fluorescence (Figure 1B) and CD
(Figure 1A) measurements clearly show that cofactor-induced
folding jumps from the molten globule state of the apoen-
zyme to the native state of both the Zn(II)- and Co(II)-
enzymes should be possible at 1.2 M GuHCl. The measure-
ments also indicate that the refolding process can be

monitored by these parameters, which probe different aspects
of the folding process. The reason for applying the cofactor
strategy when refolding BCA II is that refolding from an
intermediate (molten globule) state to the native state can
be studied without changing the denaturing medium and,
more specifically, that effects induced by the cofactor can
be monitored.

FIGURE 3: Cofactor-induced refolding of BCA II from the molten
globule state. Refolding was initiated by adding an equimolar
amount of the metal cofactor to the apoenzyme in 1.2 M GuHCl.
(A) Co(II)-BCA II: ( b) quenching of Trp fluorescence at 340 nm,
(0) recovery of enzyme activity, and (1) change in ellipticity at
270 nm. (B) Zn(II)-BCA II: (0) recovery of enzyme activity and
(1) change in ellipticity at 270 nm. The curves in both panels were
obtained after fitting to the sum of two-exponential terms.

FIGURE 4: Fluorescence of ANS upon binding to various forms of
BCA II: (s) ANS and apo-BCA II, (- - -) ANS and Co(II)-
BCA II, (- - - -) ANS and Zn(II)-BCA II, and (- - -) ANS. All
samples were incubated in 1.2 M GuHCl.
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Initially, we investigated the amount of time needed to
convert the apoenzyme to the molten globule intermediate
in the presence of 1.2 M GuHCl. We found that apo-BCA
II exhibited no change in the near-UV CD and intrinsic Trp
fluorescence spectra after 1 h atthis GuHCl concentration.
The apoenzyme was thereafter incubated in 1.2 M GuHCl
for 3 h with an equimolar amount of cofactor, and the state
of the protein was subsequently analyzed to see whether the
properties lost in the molten globule state could be regained
by adding the cofactor. The different analytical methods gave
the following recoveries of native protein when initiating
the refolding process with Zn(II) or Co(II): near-UV CD,
67% Zn(II) and 61% Co(II); enzymatic activity, 91% Zn(II)
and 82% Co(II); and quenching of the intrinsic Trp fluores-
cence, 81% Co(II). Thus, most of the native characteristics
can, indeed, be regained solely by adding the cofactor under
these experimental conditions. The differences in recoveries
registered with the methods that were used were probably
due to different interfering effects of a misfolded population,
because aggregation has been shown to occur to some extent
during the refolding of BCA II (49, 50). In the following
kinetic measurements, two reference samples were used to
define the intial and final values for the refolding process:
the apoenzyme incubated for 1 h in 1.2 M GuHCl (initial
value) and the holoenzymes incubated in 1.2 M GuHCl for
at least 2 h (final value).

Refolding Studied by CD Measurements.The near-UV CD
spectrum of a protein is a sensitive measure of the conforma-
tion, revealing changes in native tertiary structure, and can
therefore be used to “fingerprint” the native conformation
of the protein (51, 52). Thus, changes in the near-UV CD
spectrum of a protein can be used to monitor the re-
attainment of the native tertiary conformation during refold-
ing, as has been shown for HCA II (53). The refolding
process from the molten globule to the native state of the
protein was monitored by either the change in ellipticity at
270 nm or the change in the entire near-UV spectrum. Figure
2 shows that, at an early stage of the refolding process, the
CD spectra acquired structural features quite similar to those
of the native spectrum. An isodichroic point can be found
at∼258 nm, indicating that the native tertiary structure was
formed early and that no intermediate population was formed
during the refolding process. The Co(II)- and Zn(II)-refolded
apo molten globule appeared to have formed the native
tertiary structure, since the spectral bands of the final CD
spectra were very similar to those of the native holoenzymes.
However, the ellipticities were somewhat higher, probably
due to a minor population with misfolded structures.

Refolding Studied by Fluorescence Measurements. Mea-
surements of the Trp fluorescence quenching during the Co-
(II)-induced refolding of the molten globule also showed that
the structure of the Co(II)-enzyme was regained, indicated
as successive quenching by Co(II).

As previously discussed, Co(II) is still bound in the molten
globule intermediate of Co(II)-BCA II. The metal ion can,
of course, also bind to the molten globule of the apoenzyme,
since it can induce refolding. However, Co(II) binding to
the molten globule in itself does not lead to fluorescence
quenching, as revealed by the identical fluorescence intensi-
ties of the molten globules of the Co(II)- and Zn(II)-enzymes
(at 1.8-2.0 M GuHCl; Figure 1C). Therefore, the quenching
of Trp fluorescence by Co(II) reflects the formation of a

compact metal-binding region, including the neighboring
residues Trp97 and Trp245, which develops during refolding
rather than during the binding process.

Kinetics of Co(II)-Induced Refolding of the Apo Molten
Globule to the NatiVe State.To investigate whether the
kinetics of the structural rearrangements of the apoenzyme
induced by Co(II) are affected by the concentration of the
metal ion, the refolding kinetics were investigated after
addition of an equimolar or a 5-fold molar excess of Co(II).
The refolding kinetics were monitored by Trp fluorescence
at 340 nm and the change in CD ellipticity at 270 nm. All
these experiments were carried out five times with no
observed differences in the time courses of the reactions
when Co(II) and the apoprotein were present in a 1:1 or 5:1
ratio. This demonstrates that the processes that were inves-
tigated are first-order reactions, and it also suggests that the
metal ion is rapidly bound to the enzyme initially. Subse-
quently, the protein undergoes conformational rearrange-
ments, as observed in the structural and functional parameters
that were employed.

Representative kinetic traces, appearing when the metal
ion is added in an equimolar amount to the apoenzyme, are
shown in Figure 3A. The reaction was monitored by the
change in ellipticity at 270 nm, the quenching of tryptophan
fluorescence, and the recovery of enzyme activity. For all
the parameters that were studied, there were no further
changes observed after 3 h of refolding, indicating that the
refolding process is completed within this time. The kinetics
of Co(II)-induced refolding were best fitted to the sum of
two-exponential terms, suggesting a fast and a slow folding
population in the initial folding state (i.e., the molten globule
state of the apoenzyme). The rate constants and amplitudes
are summarized in Table 1.

Comparison of the different kinetics of the various
parameters gives a detailed picture of the pathway of the
metal-induced refolding of BCA II from the apo molten
globule to the native state. Considering the time courses
shown in Figure 3A and the rate constants given in Table 1,
we conclude that the quenching of tryptophan fluorescence
occurs at the fastest rate, despite the fact that the initial phase
of reactivation is the most rapid event. However, the low
amplitude of the initial phase compared to that of the
quenching of tryptophan fluorescence makes the total
quenching faster. It is obvious that the slowest steps in the
refolding reaction were recorded by near-UV CD.

Refolding from the molten globule state of BCA II can
be outlined as follows. First, Co(II) binds to the molten
globule and thereby initiates a compaction of the metal-
binding region, detected as tryptophan quenching. Thereafter,
formation of a native active site occurs, recorded as the
recovery of enzyme activity. In a previous study of the
refolding of completely denatured Co(II)-BCA II (54), we
also found that Co(II)-binding intermediates were formed
before a functioning active site was completed. The second
of two Co(II) intermediates that were detected developed a
native Co(II) spectrum, indicating that the final tetrahedral
coordination of the metal ion had been established at this
stage. The final folding steps involve formation of the native
tertiary structure, seen as the reappearance of the near-UV
CD spectral bands.

Kinetics of Zn(II)-Induced Refolding of the Apo Molten
Globule to the NatiVe State.Only two of the methods we
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applied (near-UV CD and enzyme activity measurements)
could be used to monitor Zn(II)-initiated refolding. Similar
to the Co(II)-initiated refolding, the Zn(II)-induced refolding
kinetics were independent of the concentration of the metal
ion, since a stoichiometric amount of Zn(II) and a 5-fold
molar excess of Zn(II) over enzyme gave rise to the same
time courses when the reaction was assessed by CD. The
kinetic traces for the refolding induced by an equimolar
amount of Zn(II) registered by CD as well as by recovery
of enzyme activity are shown in Figure 3B. As with the Co-
(II)-initiated refolding, the Zn(II)-induced refolding could be
best fitted by the sum of two-exponential terms, suggesting
a fast and a slow folding population. However, the regain
of enzymatic activity seems to have a small burst phase. The
rate constants and amplitudes are summarized in Table 1.

As for Co(II)-initiated refolding, the regain of enzyme
activity when refolding was initiated by Zn(II) was somewhat
faster than the reappearance of the near-UV CD spectrum,
although the difference was not so marked with Zn(II).

Comparison of the Zn(II)- and Co(II)-Induced Refolding
Kinetics. The rate constants observed from the cofactor-
induced refolding are, in a strict sense, relaxation rate
constants (i.e.,ku + kf), because the measurements were
carried out in the vicinity of the unfolding transition zone
for the holoenzymes. On the other hand, in refolding
experiments conducted under strongly native conditions, the
observed rate constant became close tokf (27). The somewhat
slower refolding kinetics of the Co(II)-enzyme compared to
that of the Zn(II)-enzyme, measured as near-UV CD at 270
nm (Table 1), are therefore consistent with the lower stability
of the Co(II)-enzyme and also reflect the lower affinity of
the apoenzyme for Co(II). It is more difficult to judge
whether there is a difference in the kinetics of reactivation
between the Co(II)- and Zn(II)-enzymes (Table 1), because
the data are not as reliable as the CD data, due to difficulties
incurred with obtaining accurate data in the initial phase of
refolding. However, for both holoenzymes, formation of an
enzymatically active structure seems to occur somewhat
faster than formation of the final native tertiary conformation,
especially for the Co(II)-enzyme. This suggests that a
structure-possessing enzymatic activity is formed faster than
the final tertiary structure, involving the entire protein
molecule. A possible explanation for this could be that one
or several structural regions in the outer part of the protein,
which are not directly involved in the catalytic action of the
enzyme, attain their final native structure somewhat slower
than the active site core region does. Interestingly enough,
for HCA II it has been demonstrated that a hydrophobic
cluster close to metal ligands His94 and His96 is important
for the Co(II) and Zn(II) affinity and possibly for orienting
these His residues (44, 55). This cluster has also been shown
to be formed very rapidly in the refolding of HCA II (56).
Co(II)-BCA II exhibited a greater difference between the
kinetics of the regain of the near-UV CD and enzymatic
activity compared to that observed for Zn(II)-BCA II. This
might suggest that the lower global stability of the Co(II)-
enzyme has a greater influence on the formation of the
complete native tertiary structure than on the formation of a
functioning active site.

Previously published results regarding refolding of fully
GuHCl-unfolded BCA II have also shown that the Zn(II)-
and Co(II)-enzymes have reasonably similar reactivation

kinetics, with t1/2 values of 9 and 12 min, respectively (3,
18, 54). Furthermore, Henkens et al. (2) noted that the
kinetics of reactivation of the Zn(II)-enzyme either from the
intermediate (molten globule) state or from the completely
unfolded state had the same rate constants, suggesting that
both processes have the same rate-limiting step. Semisotnov
et al. (17) proposed that, when starting from either the fully
unfolded or the intermediate state, the slow refolding process
is due to slow isomerization of cis prolines. This was later
confirmed in experiments demonstrating that proline isomerase
catalyzes the reactivation of BCA II (18). Thus, the metal
ion-induced reactivation of most of the molecules in the
molten globule state, corresponding to the slow kinetic phase,
seems to be limited by proline isomerization.

CONCLUSIONS

It is possible to induce refolding of the molten globule
form of apo-BCA II merely by adding the metal ion cofactor
of the enzyme. The refolding reaction from the molten
globule to the native state can be summarized as follows:
(i) initial binding of the metal ion to the molten globule state,
(ii) compaction of the metal-binding region induced by the
metal ion binding, (iii) formation of a functioning active site,
and (iv) formation of the native tertiary structure. The final
slow steps include adjustments of the structure in the outer
part of the protein and cis-trans isomerization of proline
residues.
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