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ABSTRACT: Glutaredoxin 2 (Grx2) from Escherichia coli is monomeric and an atypical glutaredoxin that
takes part in the monothiol deglutathionylation of proteins. Unlike its orthologs, Grx2 is a larger molecule
with a canonical glutathione transferase (GST) fold that consists of two structurally distinct domains, an
N-terminal glutaredoxin domain and a C-terminal R-helical domain. While GSTs are dimeric proteins,
the conformational stability and unfolding kinetics of Grx2 were investigated to establish the contribution
made by the domain interface to the stability of the tertiary structure of GST-like proteins without any
influence from quaternary interactions. Equilibrium unfolding transitions for Grx2, using urea as a
denaturant, are monophasic and exhibit coincidence of the fluorescence and CD data indicative of a
concerted loss or formation of tertiary and secondary structure. The data fit well to a two-state N T U
model with no evidence that an intermediate is being formed. The experimental m value [2.7 kcal mol-1

(M urea)-1] is in excellent agreement with a predicted value of 2.5 kcal mol-1 (M urea)-1 based on the
amount of surface area expected to become exposed during unfolding. These findings provide evidence
that the two structurally distinct domains of Grx2 behave as a single cooperative folding unit. The unfolding
kinetics are complex which, as a result of native-state heterogeneity, are characterized by two observable
unfolding reactions that occur in parallel. A major population representing one distinct nativelike form
unfolds on a fast track to denatured Grx2 with cis-Pro49. This is followed by a spectroscopically silent
cis-trans proline isomerization reaction as determined by interrupted unfolding experiments. A minor
population representing the other distinct nativelike form unfolds slowly with its rate being limited by an
undetermined structural isomerization reaction. Further, there is no evidence indicating that unfolding
proceeds via a high-energy intermediate that might suggest independent unfolding of the two nonidentical
domains in Grx2. The kinetics data are, therefore, consistent with the existence of cooperativity between
the domains, in agreement with the equilibrium data.

The glutathione transferase (GST)1 fold represents a large
family of monomeric and dimeric intracellular proteins
(http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.b.fh.b.A.
html) that perform a wide range of catalytic and noncatalytic
functions (for reviews, see refs 1 and 2). The canonical GST
fold possesses two structural domains: a thioredoxin/glu-
taredoxin-like N-terminal domain (domain 1) and a larger,
unique all-R-helical C-terminal domain (domain 2) (3), as
illustrated in Figure 1. The active sites of these multidomain
proteins are located along the interface between the two

domains with each domain contributing to overall protein
function. The dynamic behavior of the domain interface also
determines functional selectivity (4). Domain 1 is thought
to have been recruited from a thioredoxin-like ancestral
protein (3, 5), which, following the addition of all-R-helical
domain 2, gave rise to a monomeric intermediate in the
evolutionary pathway of the canonical dimeric GSTs (6, 7).
Conformational stability data for dimeric GSTs together with
their proposed evolutionary pathways suggest that the
subunits of the “older” GSTs are more stable than those of
the “newer” GSTs (8). As the dimer interface evolved,
intersubunit interactions contribute increasingly to the stabil-
ity of the individual subunits (8, 9). Although the structures
and functions of the GST family have been studied exten-
sively, little is known about the contribution made by the
domain interface to the stability and folding of individual
GST subunits. GSTs being two-domain, dimeric proteins
have four components that contribute to their overall stability:
the intrinsic stabilities of the two nonidentical domains, the
interactions at the domain-domain interface, and the interac-
tions across the dimer interface. Complicating the determi-
nation of how domain interactions contribute to the stability
of GST subunits is the presence of quaternary interactions
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which include residues involved in interdomain contacts (10).
Further, the conventional default hypothesis is that protein
domains are autonomous folding-unfolding units (11).
Recently, hydrogen exchange mass spectrometry has revealed
that domain 1 is conformationally more flexible than domain
2 in class mu GST (12).

To improve our understanding of the stability, folding, and
assembly of GST monomers in the absence of quaternary
interactions, we have studied the stability and unfolding of
glutaredoxin 2 (Grx2) from Escherichia coli, a monomeric
GST-like protein (6). Tryptophan fluorescence and far-UV
circular dichroism were employed to monitor urea-induced
structural changes at equilibrium, while unfolding kinetics
were determined by fluorescence stopped-flow single- and
double-jump experiments. The components that should
contribute to its stability are the intrinsic stabilities of the
two nonidentical domains and the interactions at the domain
interface. Grx2 is an atypical glutaredoxin that participates
mainly in monothiol reactions that remove glutathionylation
from proteins (6, 13). Structurally, Grx2 (see Figure 1)
displays the greatest similarity to the theta and omega class
GSTs, which are suggested to represent ancestral dimeric
precursors of other canonical GSTs (7, 14). Like all GST-
like proteins, Grx2 has a conserved cis-proline residue in
domain 1 (Figure 1). Grx2 is functionally related to the
omega GSTs in that both participate in redox chemistry (6, 7).
A monomeric Grx2-like protein may represent an intermedi-
ate in the evolutionary pathway of the canonical GSTs (6, 7).

MATERIALS AND METHODS

Materials. Ultrapure (99.5%) urea was purchased from
BDH laboratory supplies (Poole Dorset, U.K.). DEAE-
Sepharose and DCIP were purchased from Sigma (St. Louis,

MO). All other reagents were analytical-grade. Purified
hFKBP-12 was a generous gift from J.-U. Rahfeld (EMBL,
Heidelberg, Germany).

Plasmids and Mutagenesis. The pET24a plasmid encoding
the cDNA sequence for Grx2 was a generous gift from J.
Dyson (The Scripps Institute, La Jolla, CA) (6). The Y58W
mutant was generated using the QuikChange site-directed
mutagenesis kit from Stratagene (La Jolla, CA), where the
Y codon (TAT) was altered to the W codon (TGG).
Sequencing by Inqaba Biotechnical Industries (Pty) Ltd.
(Pretoria, South Africa) confirmed the incorporation of the
TGG codon without other mutations.

Protein Expression and Purification. Wild-type Grx2 was
overexpressed in BL21(DE3)pLysS cells containing the
pET24a plasmid (6, 13). Y58W Grx2 was expressed in
BL21(DE3) cells containing the pET24a plasmid encoding
the mutant protein. Both proteins were expressed and purified
using DEAE-Sepharose anion exchange chromatography as
previously described (6, 13). The purity of the proteins was
assessed using SDS-PAGE and SE-HPLC. Purified Grx2
forms were dialyzed and then either snap-frozen at -70 °C
or used within 1 week of dialysis. The dialysis buffer was
50 mM sodium phosphate (pH 7) containing 50 mM sodium
chloride, 1 mM DTT, and 0.02% sodium azide. Unless
otherwise stated, the dialysis buffer was used for all
experiments. The concentration of wild-type Grx2 or Y58W-
Grx2 was determined spectrophotometrically, using an
extinction coefficient of 21680 M-1 cm-1 (13) or 27670 M-1

cm-1 at 280 nm, respectively. The extinction coefficient for
Y58W-Grx2 was calculated using the method described by
Perkins (15).

Equilibrium Studies. Unfolding of Grx2 (5 µM) in 50 mM
sodium phosphate (pH 7) containing 50 mM sodium chloride,

FIGURE 1: Structure of Grx2 (PDB entry 1G7O) showing the two domains, cis-proline 49, tryptophan 89, tryptophan 190, and tyrosine 58.
The image was created using PyMOL (31).
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1 mM DTT, and 0.02% sodium azide was conducted at 20
°C over a range of urea concentrations (0-8 M). Structural
changes were monitored by far-UV CD and tryptophan
fluorescence (excitation at 295 nm). Buffer contributions
were subtracted from all data. Rayleigh scattering was used
to monitor aggregation (excitation and emission at 295 nm).

Kinetics Measurements. Unfolding kinetics experiments
were conducted in an Applied Photophysics (Leatherhead,
U.K.) BioSequential SX-18MV stopped-flow fluorimeter
(dead time of 2 ms) with a Peltier temperature control unit.
Excitation was at 280 nm, and the emission intensity was
monitored using a 320 nm cutoff filter. The buffer was 50
mM sodium phosphate (pH 7) containing 50 mM sodium
chloride, 1 mM DTT, and 0.02% sodium azide.

Data Analysis. Equilibrium unfolding data were fitted to
a two-state model (N / U) (16). The free energy of
unfolding in the absence of denaturant, ∆G(H2O), and the
susceptibility of the protein to denaturant (the m value) were
calculated using the linear extrapolation method (16). Kinetic
traces were analyzed and fitted by a nonlinear least-squares
method using the Applied Photophysics software version
4.47. Residual plots were used to assess the accuracy and
quality of the fits.

RESULTS

Probes for Monitoring Structural Changes during Unfold-
ing. The Grx2 structure consists of two nonidentical domains
(Figure 1). Domain 1 (residues 1-71) has no tryptophan
residues and contains 21% of the total secondary structure
(29 residues in R-helices and 17 residues in �-strands).
Domain 2 (residues 84-215) has two tryptophans (Trp89
and Trp190) and contains 79% of the total secondary
structure (85 residues in R-helices and three residues in
�-strands). Grx2 displays a far-UV CD spectrum with
ellipticity minima at 208 and 222 nm that is typical of a
predominantly helical protein (Figure 2A). Since most of the
protein’s secondary structure is found in domain 2, the signal
measured at 222 nm will report primarily on structural
changes in this domain. Fluorescence measurements of wild-
type Grx2 will follow the tertiary structure around the two
tryptophan residues in domain 2. A maximum emission
wavelength of 340 nm (Figure 2B) is consistent with the
partial burial of both tryptophans in the structure of folded
Grx2. Should the two domains unfold independently of one
another, the unfolding of domain 1 will be invisible to
fluorescence measurements. Therefore, the Y58W mutant of
Grx2 was generated to introduce a tryptophan into domain
1 so that tertiary structural changes in this domain can be
followed by fluorescence. The location of Tyr58 is shown
in Figure 1. The nondisruptive nature of the Y58W mutation
is demonstrated by far-UV CD data (Figure 2A). Trp58
contributes approximately one-fifth of the total fluorescence
of the native mutant, which also displays a maximum
emission wavelength of 340 nm. Unfolding of Grx2 is
accompanied by a decrease in fluorescence intensity and a
red shift in the maximum emission wavelength to 355 nm
(Figure 2B).

Equilibrium Unfolding of Grx2. Urea-induced unfolding
of Grx2 was monitored with far-UV CD (secondary structure
probe) and tryptophan fluorescence (tertiary structure probe).
The unfolding transitions for wild-type Grx2 are sigmoidal

and monophasic and display coincidence of the fluorescence
and CD data (Figure 3A,B). The absence of unfolding and
refolding hysteresis was demonstrated by refolding urea-
denatured Grx2 to intermediate concentrations of urea. This
yielded refolding transitions that superimposed with the
unfolding curves (Figure S1 of the Supporting Information).
The recoveries of fluorescence and CD signals were greater
than 95 and 97%, respectively (Figure S2 of the Supporting
Information). Further, the unfolding transitions were insensi-
tive to protein concentration (1-100 µM), as expected for
the unfolding of a monomeric protein without the involve-
ment of higher-order states (not shown).

Coincidence of unfolding transitions for wild-type Grx2
obtained from fluorescence and CD data is evidence of a
concerted loss or formation of tertiary and secondary
structure. As the spectroscopic signals originate only (fluo-
rescence) or primarily (CD) from domain 2 (see above), it
is possible that should the two domains behave indepen-
dently, the transitions are reporting only on structural changes
in domain 2. However, the unfolding transitions of Y58W
Grx2 that has a tryptophan residue engineered into domain
1 are also monophasic and display coincidence of fluores-
cence and CD data (Figure 3C,D). There is no indication
that an intermediate is being formed as this would give rise
to nonsuperimposable transitions for the two spectroscopic
probes. These findings together with the data fitting param-
eters (e.g., m value) and the kinetic data described below

FIGURE 2: Far-UV CD spectra (A) and tryptophan fluorescence
emission spectra (B) with excitation at 295 nm and for 5 µM wild-
type (b) and Y58W Grx2 (gray circles). Fluorescence emission
spectra were also obtained for denatured (7 M urea) wild-type Grx2
(O) and Y58W Grx2 (dotted circles).
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provide evidence of cooperativity between the two domains
and evidence that Grx2 behaves as a single cooperative unit.

Data fitting indicates that the unfolding of wild-type Grx2
is described well by a two-state (N T U) model (solid line,
Figure 3B) and not a three-state (N T I T U) model. The
fit yields a Cm of 4.4 ( 0.1 M urea, a ∆G(H2O) of 12.0 (
1.0 kcal/mol, and an m value of 2.7 ( 0.2 kcal mol-1 (M
urea)-1. The experimental m value is in agreement with a
predicted value of 2.5 kcal mol-1 (M urea)-1 based on the
size of Grx2 (215 residues) and the change in its solvent
accessible surface area (∆SASA ) 19100 Å2) upon unfolding
(17). Should the two domains unfold as separate noncoop-
erative units, the unfolding transition for each domain would
have an m value determined by its ∆SASA of unfolding.
For domains 1 and 2, the predicted m values are 1 kcal mol-1

(M urea)-1 (∆SASA ) 5700 Å2) and 1.6 kcal mol-1 (M
urea)-1 (∆SASA ) 11400 Å2), respectively, which are
significantly lower than that determined experimentally.
Therefore, the agreement between the experimental and
predicted m values is indicative of cooperative folding of
Grx2 without the presence of intermediates (18). The
unfolding data for the Y58W mutant were also described
well by a two-state model yielding a Cm of 4.2 ( 0.1 M
urea, a ∆G(H2O) of 8.7 ( 0.8 kcal/mol, and an m value of
2.1 ( 0.2 kcal mol-1 (M urea)-1, indicating that the
substitution was slightly destabilizing.

Single-Jump Unfolding Kinetics. The unfolding of Grx2
under strong denaturing conditions (5-7.5 M urea), moni-
tored by tryptophan fluorescence, follows biexponential
kinetics irrespective of whether tryptophan residues are
present only in domain 2 (wild-type) or in both domains
(Y58W mutant) (panel A or B of Figure 4, respectively).

The initial and final amplitudes are as predicted by equilib-
rium experiments, indicating that no burst phase occurs
within the dead time. The time constants for the fast and
slow unfolding phases for wild-type Grx2 in 6 M urea are
11.7 and 108 s, respectively, with 81% of the amplitude
change occurring during the fast phase. The fast and slow
phases of the Y58W mutant in 6 M urea display unfolding
time constants of 1.73 and 147 s, respectively, with 92% of
the total amplitude occurring during the fast phase. The
logarithm of the rate constant of the major, fast phase
increases linearly with urea concentration, while that of the
minor, slow phase appears to be independent of urea
(Figure 5). The fast unfolding data fit well to the linear
equation log ku ) log ku(H2O) + (mu

q/2.303RT)[urea], where
ku is the rate constant for unfolding at a urea concentration
([urea]) and ku(H2O) is the rate constant of unfolding in water.
mu
q is the m value for the activation process from N to the

transition state. The fits to the fast unfolding data in Figure
5 yield ku,f(H2O) and mu,f

q values of 0.009 ms-1 and 0.89
kcal mol-1 (M urea)-1 for wild-type Grx2 and 0.044 ms-1

and 0.91 kcal mol-1 (M urea)-1 for its Y58W mutant,
respectively. The corresponding fractional changes in solvent
exposure between the native state and the rate-determining
transition state for unfolding are 0.33 and 0.44 for the wild-
type and Y58W mutant, respectively. These values were
calculated from the ratio mu

q/mequil, where mequil is the m value
obtained from equilibrium studies.

As both tryptophan residues in wild-type Grx2 are located
in domain 2, unfolding followed by fluorescence could reflect
changes in only this domain. However, two phases are also
observed for the Y58W mutant; the additional tryptophan
did not result in new “domain 1-only” unfolding phases. The

FIGURE 3: Urea-induced equilibrium unfolding of 5 µM wild-type Grx2 (A and B) and 5 µM Y58W Grx2 (C and D) as monitored by
far-ultraviolet circular dichroism (gray circles) ellipticity at 222 nm and tryptophan fluorescence (b) (excitation wavelength of 295 nm and
emission monitored at 345 nm). The solid lines represent fits to a two-state model. All measurements were taken at 20 °C, and the buffer
was 50 mM phosphate (pH 7.0) containing 50 mM NaCl and 2 mM DTT.
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increased amplitude of the major fast phase suggests that it
can be attributed to the unfolding of both domains. Further,
when compared with that of wild-type Grx2, the increased
rate of the faster unfolding phase of the Y58W mutant is
most likely due to the destabilization of domain 1 expected
upon the mutation of a tyrosine with a bulkier tryptophan
residue. The kinetics data are consistent with the highly
cooperative behavior between the domains observed in the
equilibrium studies.

Since two unfolding phases are observed for Grx2, the
possibility of them occurring either sequentially or in parallel
was investigated by performing initial conditions tests (19).
Different initial urea concentrations were used (0-6.5 M
urea) while the final urea concentration was held at 6.5 M.
The dependence of the rate constants and amplitudes of the
unfolding reaction on the initial urea concentrations was
determined by relying on the fact that rate constants depend
only on the final conditions while amplitudes depend on both
the initial and final conditions (19, 20). The amplitude data
shown in Figure 6 indicate that unfolding remains biphasic

at all initial urea concentrations while the rate constants were
independent of the initial concentration of urea (not shown).
Because the relative amplitudes of the unfolding phases
represent the fraction of molecules present at the beginning
of the reaction (21), the simultaneous presence of two
unfolding phases with midpoints near that of the equilibrium
unfolding transition indicates that the two unfolding reactions
occur independently and, thus, run in parallel.

Interrupted Unfolding Kinetics (Nf Uf N). When Grx2
is unfolded to equilibrium at 6 M urea, single-jump experi-
ments show that its refolding at 1 M urea is triphasic, with
time constants of 61 ms, 0.79 s, and 180 s for the fast,
medium, and slow reactions, respectively (Figure 7). In the
interrupted unfolding experiments, Grx2 was unfolded in 6
M urea for different delay times before it was allowed to
refold at 1 M urea. At short unfolding delay times (<10 s),
refolding is biphasic with the fast and medium phases
accounting for ∼80 and ∼20% of the total amplitude,
respectively (Figure 8). This confirms the presence of two
native-state species of Grx2, as discussed above. For longer
delay times, a slow refolding phase develops with its
amplitude increasing exponentially to 30% (time constant
of 86 s). In a reciprocal manner, the amplitude of the fast

FIGURE 4: Kinetic unfolding traces for (A) wild-type Grx2 and (B)
Y58W Grx2 monitored by tryptophan fluorescence at 20 °C. Both
proteins were at a final concentration of 5 µM in 6 M urea. Solid
lines represent fits to a biexponential equation, the bottom panel
showing residuals for the fit. The arrows represent the positions of
the native and unfolded baselines.

FIGURE 5: Urea dependence of the unfolding of wild-type Grx2
(black symbols) and Y58W Grx2 (white symbols). The depend-
encies of the (9 and 0) fast phase and the (O and b) slow phase
of unfolding were obtained from double-exponential fitting of the
traces obtained at each urea concentration. The solid lines represent
linear fits to the fast phase rate data with R2 values of 0.96 and
0.97 obtained for wild-type and Y58W Grx2, respectively.

FIGURE 6: Unfolding initial conditions test conducted using different
initial urea concentrations (0-6.5 M urea) while the final urea
concentration was held at 6.5 M. The dependencies of the
amplitudes on the initial urea concentration for the fast (9) and
slow (b) phases were then plotted.
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phase decreases exponentially to 50% (time constant of 75 s).
The amplitude of the medium phase is, however, not affected
by the time of unfolding, and its relative amplitude remains
constant at ∼20%. The reciprocal variation of the amplitudes
for the fast and slow phases, together with their time
constants, is consistent with cis-trans proline isomerization
occurring in the denatured state during the longer unfolding
times (22). Native Grx2 has 12 X-Pro peptide bonds, one
of which, Val48-Pro49, is in the cis configuration (6). The
interrupted unfolding experiment suggests that unfolded Grx2
molecules with a cis-Pro49 fold along the fast direct track
while Grx2 molecules with a trans-Pro49 follow a slow
proline-limited folding track. The slow refolding reaction is
significantly accelerated by the presence of the peptidyl prolyl
isomerase hFKBP-12 (Figure 9), confirming that it is limited
by the rate of proline isomerization, most likely involving
Pro49. In the subsequent 500 s, most of the unfolded Grx2

molecules experience cis-trans isomerization, reaching an
equilibrium mixture in which ∼50% of the unfolded
molecules possess cis-Pro49 and 30% possess trans-Pro49
(Figure 8).

DISCUSSION

Conformational Stability of Grx2. E. coli Grx2 is a mono-
meric, two-domain protein implying that there are three
components that could contribute to its stability: the intrinsic
stabilities of the two nonidentical domains and the interac-
tions at the domain-domain interface. Previous studies with
GSTs have suggested that the smaller domain 1 is less stable
than domain 2 (12, 23), which could lead to noncooperative
unfolding. At equilibrium, unfolding of Grx2 is characterized
by a single transition with overlaying fluorescence and CD
data having an m value that is 1.6-2.5 times larger than
that predicted for the individual domains. The m value
correlates well with the amount of surface area that becomes
exposed to solvent when the entire Grx2 molecule unfolds.
These findings are consistent with an equilibrium two-state
process in which the two domains unfold and refold as a
single, cooperative unit. The stabilities of the individual
domains of Grx2 are, therefore, tightly coupled to domain-
domain interactions. The interface between the two domains
is extensive and predominantly hydrophobic, involving the
burial of a substantial amount of surface area. This could
explain the failed attempts to prepare folded domain 1 in a
manner independent of domain 2 (13). The entropic penalty
resulting from the folding of Grx2 would be offset, at least
in part, by a gain in enthalpy arising from extensive
interdomain contacts.

Contribution of Domains in GSTs. Because the structure
of Grx2 closely resembles that of the canonical subunit of
dimeric GSTs, intersubunit interactions may not be essential
for the association of the two domains in each GST subunit.
This is supported by the finding that a monomeric, mutant
form of a class mu GST displays a nativelike conformation
(12). Furthermore, a cooperative link was identified between
the domains of the GST by amide hydrogen-deuterium
exchange mass spectrometry involving helix 1 in domain 1
and helix 6 (corresponding to helix 8 in Grx2) in domain 2
(12). Although stability studies with dimeric GSTs suggest

FIGURE 7: Refolding trace for wild-type Grx2 monitored by
tryptophan fluorescence at 20 °C. Grx2 was unfolded in 6 M urea
and then refolded in 1 M urea. The final protein concentration was
5 µM. Solid lines represent biexponential (inset; fast and medium
phases) and single-exponential (slow phase) fits. Bottom panels
show the residuals of the fits. The arrows represent the positions
of the native and unfolded baselines.

FIGURE 8: Double-jump refolding. Refolding amplitudes of 5 µM
wild-type Grx2 at 1 M urea after unfolding delay periods in 6 M
urea. Amplitudes for the (9) fast, (2) medium, and (b) slow phases
of refolding were obtained from the kinetic refolding data following
each unfolding delay time. Solid lines represent single-exponential
(fast and slow phase) and linear (medium phase) fits to the data.

FIGURE 9: Effect of hFKBP-12 (a peptidyl prolyl isomerase) on
the rates of the fast (9), medium (2), and slow (b) phases. The
k/ko ratio was calculated by taking the rate of the refolding phase
in the presence (k) of PPI divided by the rate of the same phase in
the absence (ko) of PPI. Final refolding conditions were 5 µM Grx2
in 1 M urea with 0-3 µM hFKBP-12.
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that domains 1 and 2 could behave cooperatively (24-27),
interdomain contacts are also involved in the assembly and
stability of the dimers (10). This study is the first with a
wild-type monomeric form of a GST-like protein to dem-
onstrate that the two structurally distinct domains behave as
a single cooperative folding unit without any influence from
quaternary interactions. Intersubunit interactions are, how-
ever, important determinants of the stability of the two-
domain subunits of dimeric GSTs. The construction of
dimeric GSTs from a stable, monomeric precursor could
allow for the intrinsic stability of individual subunits to
decrease as the stabilizing effects of quaternary interactions
become increasingly important. The finding that evolution-
arily newer subunits are intrinsically less stable than older
subunits suggests that the functionality of the GST dimer is
most likely the major evolutionary pressure rather than
enhanced subunit stability (8). The enhanced conformational
flexibility required by GSTs to achieve high levels of
functional promiscuity appears to involve greater conforma-
tional heterogeneity at the domain interface (4).

Unfolding Pathway of Grx2. Whereas Grx2 unfolds in a
cooperative two-state manner at equilibrium, kinetics data
indicate a more complex unfolding pathway. The unfolding
kinetics are characterized by two observable processes, a
major fast phase and a minor slow phase. According to the
data from this study, we propose the following model for
the unfolding of Grx2: major track, Nf (80%) f Ucis (50%)
T Utrans (30%); minor track, Ns (20%) f U (20%), where
Nf and Ns represent two native species that unfold, in parallel,
on a fast track (f subscript) and slow track (s subscript),
respectively. Ucis and Utrans are unfolded Grx2 with cis- and
trans-Pro49, respectively. The numbers in parentheses
represent the relative population of each state. The spectro-
scopically silent cis-trans proline isomerization reaction (Ucis

T Utrans) on the fast track is detected in interrupted unfolding
experiments. Further, there is no evidence indicating that
unfolding proceeds via a high-energy intermediate that might
suggest independent unfolding of the domains in Grx2. The
kinetics data are, therefore, consistent with the existence of
extensive cooperativity between the two domains, in agree-
ment with the equilibrium data. This study provides the first
evidence of native-state heterogeneity in the family of GST-
like proteins. However, the origin of the heterogeneity in
the native state of Grx2 is unclear. The weak denaturant
dependence of the minor slow unfolding phase points to a
small change in the exposure of surface area and is consistent
with the rate of Ns unfolding being limited by an undeter-
mined structural isomerization reaction. Distinct nativelike
forms of other proteins that differ mainly in the
cis-trans isomerism about a peptidyl-proline bond and that
give rise to kinetic heterogeneity have been observed
previously (28-30). NMR spectroscopy, however, does not
indicate any conformational heterogeneity at proline residues
in folded Grx2 (6).

SUPPORTING INFORMATION AVAILABLE

Unfolding and refolding transitions of Grx2 monitored by
fluorescence at 340 nm and CD ellipticity at 222 nm (Figure
S1) and recovery of fluorescence and far-UV CD spectra
following the refolding of urea-denatured Grx2 (Figure S2).

This material is available free of charge via the Internet at
http://pubs.acs.org.
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