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ABSTRACT: The conformational stabilities of two homodimeric classµ glutathione transferases (GSTM1-1
and GSTM2-2) were studied by urea- and guanidinium chloride-induced denaturation. Unfolding is
reversible and structural changes were followed with far-ultraviolet circular dichroism, tryptophan
fluorescence, enzyme activity, chemical cross-linking, and size-exclusion chromatography. Disruption of
secondary structure occurs as a monophasic transition and is independent of protein concentration. Changes
in tertiary structure occur as two transitions; the first is protein concentration dependent, while the second
is weakly dependent (GSTM1-1) or independent (GSTM2-2). The second transition corresponds with the
secondary structure transition. Loss in catalytic activity occurs as two transitions for GSTM1-1 and as
one transition for GSTM2-2. These transitions are dependent upon protein concentration. The first
deactivation transition coincides with the first tertiary structure transition. Dimer dissociation occurs prior
to disruption of secondary structure. The data suggest that the equilibrium unfolding/refolding of the
classµ glutathione transferases M1-1 and M2-2 proceed via a three-state process: N2 T 2I T 2U. Although
GSTM1-1 and GSTM2-2 are homologous (78% identity/94% homology), their N2 tertiary structures are
not identical. Dissociation of the GSTM1-1 dimer to structured monomers (I) occurs at lower denaturant
concentrations than for GSTM2-2. The monomeric intermediate for GSTM1-1 is, however, more stable
than the intermediate for GSTM2-2. The intermediates are catalytically inactive and display nativelike
secondary structure. Guanidinium chloride-induced denaturation yields monomeric intermediates, which
have a more loosely packed tertiary structure displaying enhanced solvent exposure of its tryptophans
and enhanced ANS binding. The three-state model for the classµ enzymes is in contrast to the equilibrium
two-state models previously proposed for representatives of classesR/π/Sj26 GSTs. Classµ subunits
appear to be intrinsically more stable than those of the other GST classes.

Previous work on protein folding has concentrated on
small proteins that fold rapidly and avoid aggregation.
However, most protein chains are more than 100 residues
long and have been shown to fold via intermediate states
that are populated enough to be detectable. The folding of
multimeric proteins involves not only the intramolecular
interactions as a polypeptide chain associates with itself but
also the intermolecular interactions as it associates with other
monomers. Thus, issues of additional stability conferred to
oligomeric proteins by means of their intermolecular interac-
tions at the subunit interface can only be addressed in
oligomeric proteins. Studies revealing the properties impor-
tant for the formation and stabilization of these oligomeric

proteins include such systems as the Arc repressor (1), the
GCN4 leucine zipper peptide (2), legume lectins (3), BDNF
(4), CRP (5), and the Trp repressor (6).

A protein’s folding mechanism, three-dimensional struc-
ture, and conformational stability are determined by its
unique amino acid sequence (7). Defining the complete
folding pathway involves identifying and characterizing all
conformational states (stable and transient) that exist along
the folding and unfolding pathways.

To establish the thermodynamic requirements for and the
involvement of the quaternary structure in subunit stability/
folding/assembly of the cytosolic glutathione transferases (EC
2.5.1.18, GSTs),1 we studied the conformational stabilities
of two mammalian homodimeric classµ GST isozymes
(GSTM1-1 and GSTM2-2). They are members of a super-† This work was supported by the University of the Witwatersrand,
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glutathione transferase fromSchistosoma japonicum; ANS, anilino-
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gene family of multifunctional proteins that play a central
role in the detoxification of xenobiotics. Enzymes of this
family of dimeric proteins can be grouped into a variety of
species-independent gene classes (see ref8) and many high-
resolution crystal structures of representatives of all the
cytosolic GST classes have been elucidated, making this
superfamily an ideal model for the study of dimeric protein
folding, stability, and assembly. Dimerization is highly
specific and occurs only between subunits within the same
gene class, resulting in the formation of homo- and hetero-
dimers. Crystal structures for the family display a highly
conserved, archetypical fold (see review in ref9), as
illustrated in Figure 1 for GSTM1-1. The GSTM1/M2
polypeptide has 217 amino acids that fold into two structural
domains (a smallerR/â domain I and an all-R domain II)
with no disulfide bonds. The tertiary fold of domain I of
each GST monomer has been identified through X-ray
crystallography as the glutathione binding site in a number
of monomeric proteins such as thioredoxins (10), glutathione
peroxidases (11), glutathione reductases (12), and thiotrans-
ferases (13). The principal intersubunit interactions occur
between domain I of one subunit and domain II of the other
subunit. Structural features at the dimer interfaces of the
GSTs suggest two major groupings of subunit interfaces, the
R/µ/π/Sj26 subunit type and theσ/θ subunit type (8). The
interface for the former group is curved, hydrophobic, and
involves a prominent hydrophobic lock-and-key intersubunit
interaction motif (see Figure 1), whereas the interface for
the latter group is flatter, more hydrophilic, and lacks the
lock-and-key motif.

GSTs are stable homo- or heterodimers (Mr ∼ 50 000)
with no spontaneous exchange of subunits occurring between
enzyme molecules. Why are GSTs dimeric? Answers lie in
both protein function and stability. The dimeric structure is
important for the formation of fully functional catalytic sites
near the subunit interface in classesR/µ/π/Sj26/σ [but not
in class θ (14)], as well as in the formation of a non-
substrate-ligand binding region in the amphipathic cleft at
the dimer interface (15-17). To date, equilibrium unfolding
studies with representatives of theR/π/Sj26 subunit grouping
[i.e., hGSTA1-1 (18), pGSTP1-1 (19, 20), and Sj26GST (21)]
indicate that there exists a tight coupling in these proteins
between dissociation/association and unfolding/refolding. No
stable intermediates were detected and the size of the protein
was found to be the major structural determinant for

conformational stability. These findings suggest that the
dimeric quaternary structure is essential for stabilizing the
tertiary structures of the individual subunits within this
grouping of GSTs. The nature of the dimer interface can,
however, impact on GST conformational stability and folding
as shown in a study with classσ GSTS1-1 (22) that exhibits
stable dimeric and monomeric folding intermediates.

In the present study, solvent-induced unfolding of classµ
GSTs was followed under equilibrium conditions by moni-
toring enzyme activity and ANS binding (functional probes),
and far-ultraviolet circular dichroism, tryptophan fluores-
cence, chemical cross-linking, and size-exclusion chroma-
tography (secondary, tertiary and quaternary structure probes).
The unfolding transitions, their protein concentration de-
pendent behavior, and the cross-linking and size-exclusion
chromatography data support a three-state equilibrium folding
model for classµ GSTs involving a stable monomeric
intermediate. This is clearly in contrast to the two-state
models reported for their homologues in classesR/π/Sj26
GSTs.

EXPERIMENTAL PROCEDURES

Materials. Rat GSTM1-1 and GSTM2-2 were overex-
pressed inEscherichia coliM5219 strain transformed with
the plasmids pGT33MX and pGT44, respectively, according
to ref 23. The ligand-free enzymes were purified by cation-
exchange chromatography on CM-Sephadex in 20 mM
sodium phosphate buffer, pH 7.0, during which the protein
eluted at 150 mM NaCl. Protein was stored in 20 mM sodium
phosphate buffer, pH 6.5, with 0.1 M NaCl and 0.02%
sodium azide. The concentration of the protein dimers was
determined at 280 nm using an extinction coefficient of
81 480 M-1 cm-1 (24). Ultrapure urea and GdmCl were
purchased from ICN and Boehringer, respectively. All other
chemicals were of analytical grade.

Unfolding Studies.Equilibrium unfolding and reversibility
experiments were carried out at 25°C in 20 mM sodium
phosphate, 100 mM NaCl, and 1 mM EDTA buffer, pH 6.5,
according to the methods described for other GSTs (18-
22). Conditions for enzyme assays yielded linear progress
curves with less than 10% reactivation for the unfolded
enzyme occurring during the assays. Tryptophan fluorescence
(excitation at 295 nm) was measured at 335 and 355 nm for
folded and unfolded protein, respectively. Rayleigh scattering
measurements at 295 nm (emission and excitation) indicated
the absence of aggregation during the unfolding/refolding
processes. Far-ultraviolet (200-250 nm) circular dichroism
data were obtained in a Jasco J-710 spectropolarimeter with
a 1 mm path length as described (22). Protein cross-linking
experiments with glutaraldehyde were performed as de-
scribed (29) and run on SDS-15% PAGE. Tryptophan
fluorescence quenching with acrylamide was performed as
described (19).

Data Analysis.Analyses of the unfolding transitions and
determination of conformational stability parameters (i.e.,Cm,
transition midpoint; ∆G, free energy change;m value,
dependence of free energy on denaturant concentration) were
performed according to either a two-state model (25)

or a three-state model (26-28)

FIGURE 1: Ribbon representation of classµ rGSTM1-1 (20) viewed
down the 2-fold axis. The active-site ligand glutathione is repre-
sented in stick form and the Tyr6, Phe56, Trp7, Trp 45, Trp 146,
and Trp214 residues are shown as ball-and-stick models. Phe56
represents the location of the hydrophobic lock-and-key interaction.

N2 T 2U
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where N2 is the native dimer, I is a monomeric intermediate,
U is the unfolded polypeptide andK1 and K2 are the
equilibrium constants for the dissociation/association and
unfolding/refolding steps, respectively. Free energy changes
(∆G1 and∆G2) are derived from theK1 andK2 equilibrium
constants:

whereR is the gas constant andT is the absolute temperature.
The change in free energy is assumed to be a linear function
of denaturant concentration (see ref28):

and

where∆G(H2O) is the free energy change in the absence of
denaturant.

When using spectroscopy techniques to monitor the
unfolding of a protein via the three-state unfolding model
above, the global signal (Y) may be expressed as:

whereYn, Yi, Yu, andYd are the molar signals (M-1) for states
N2, I, U, and the denaturant, respectively.Yn and Yu are
assumed to be linear functions of denaturant concentration,
while Yi is a constant since the intermediate only exists over
a narrow range of denaturant concentration.C is the total
protein monomer concentration, andU andI are the fractions
of unfolded and intermediate protein at equilibrium, respec-
tively (O. Bilsel, personal communication). Equations for
solving for the U, I, and N2 species at equilibrium are

All equilibrium unfolding data were fitted by nonlinear least-
squares with the Jandel Scientific software SigmaPlot ver
5.00.

RESULTS

Structural and Functional Probes.In light of the structural
complexity of GSTM1-1 and GSTM2-2, a variety of
structural and functional probes were used to monitor
changes occurring at different structural levels during the
unfolding/refolding processes. Far-ultraviolet circular dichro-
ism monitored the disruption of secondary structure, while
perturbations in tertiary and quaternary structure were
monitored by enzymatic activity [which should be sensitive
to changes at or near the dimer interface due to the
contribution of Asp105 from a neighboring subunit toward
the active site (30)]. Tryptophan fluorescence (there are four
tryptophans per subunit, at positions 7 and 45 in domain I
and at 146 and 214 in domain II) and the binding of the

nonsubstrate ligand ANS to the amphipathic groove at the
dimer interface (15) were also used to monitor the tertiary
and quaternary structural changes in the proteins. Chemical
cross-linking/SDS-PAGE and SEC-HPLC monitored the
appearance of monomeric species and changes in the
hydrodynamic volume.

According to its crystal structure (30), about 74% of the
amino acids in GSTM1-1 are involved in secondary structure
(49% in R-helices, 10% asâ-strands, 15% asâ-turns). The
far-ultraviolet circular dichroism spectra obtained for GSTM1-1
and GSTM2-2 are similar [Figures 2A (inset) and 4A (inset),
respectively] with peaks of negative ellipticity at 210 and
220 nm consistent with its highR-helical content. Secondary
structure is completely disrupted as the proteins unfold; there
is no significant ellipticity at>220 nm in the presence of
8.4 M urea, indicating that the unfolded polypeptides assume
a random coil conformation. Although both have the same
number of tryptophan residues, there is spectroscopic evi-
dence that the tertiary environments of the tryptophans are
different. Fluorescence spectra of folded and unfolded class
µ GSTs [Figures 3A (inset) and 5A (inset)] indicate complete
exposure of the buried tryptophans to solvent during unfold-
ing (red shift in emission maximum from 335 to 355 nm).
This red shift was accompanied by enhanced emission
intensity (∼1.7-fold for GSTM1-1 and∼1.1-fold for GSTM2-
2). The fluorescence intensity at 335 nm of folded GSTM1-1
is about 42% lower than that observed for GSTM2-2,
suggesting differences in the microenvironments of the
tryptophan residues in the two proteins. According to the
crystal structure of rGSTM1-1 (30) and the homology model
built with Whatif (31) for GSTM2-2 (no crystal structure is
available for rGSTM2-2), the tryptophans of GSTM1-1
appear to be in a more quenching chemical environment than
those of GSTM2-2 (i.e., the side chains of several charged
residues in rGSTM1-1 are in close proximity to the four
tryptophans and are thus capable of quenching their fluo-
rescence in the folded protein). The environments in the
unfolded proteins are similar as indicated by the similar
fluorescence spectra for unfolded GSTM1 and GSTM2.

The accessibility of the tryptophans in native GSTM1-1
and GSTM2-2 to solvent was determined by the ability of
acrylamide to quench tryptophan fluorescence. Stern-
Volmer plots were linear with no upward curvature, indicat-
ing that quenching occurs predominantly via a dynamic
collisional mechanism. Stern-Volmer quenching constants
(KSV) of 4.7 M-1 and 9.3 M-1 for GSTM1-1 and GSTM2-2,
respectively, are indicative of a greater solvent exposure for
the tryptophans in GSTM2-2. Fluorescence anisotropy data
obtained for folded and unfolded GSTM1-1 (0.073 and 0.03,
respectively) and for GSTM2-2 (0.070 and 0.039, respec-
tively) suggest that the hydrodynamic volumes for the folded
and unfolded states are similar to those observed for other
GSTs (20, 22).

Equilibrium Unfolding of GSTM1-1 and GSTM2-2.The
reversibility of urea- and GdmCl-induced unfolding of class
µ GSTs was estimated to be 100% and>70% for fluores-
cence and enzyme activity, respectively, indicating that the
refolded enzymes were structurally and functionally similar
to the native proteins. Unfolding curves for GSTM1-1 are
shown in Figures 2 and 3 for urea and GdmCl, respectively,
while the curves for GSTM2-2 are shown in Figures 4 and
5 for urea and GdmCl, respectively. The protein concentra-

N2 798
K1

2I 798
K2

2U

∆G1 ) -RT ln K1 and ∆G2 ) -RT ln K2

∆G1 ) ∆G1(H2O) - m1[denaturant]

∆G2 ) ∆G2(H2O) - m2[denaturant]

Y ) Yn + {([(YI - Yn)/(Yu - Yn)]I + U)/2C}(Yu - Yn)

U ) 0.25K1K2{(1 + K2) + x[(1 + K2)
2 + 16C/K1]}

I ) U/K2

N2 ) I2/K1
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tion dependent behavior of the unfolding transitions was
determined at 0.2µM (O) and 2 µM (b) in order to
differentiate between unimolecular (concentration-indepen-
dent) and bimolecular (concentration-dependent) steps. Dis-
ruption of secondary structure, as measured by ellipticity at
222 nm (Figures 2-4), occurs as a monophasic sigmoidal
transition and was independent of protein concentration
between 0.5 and 2µM (lower concentrations yielded poor
signals). Changes in tertiary structure, as monitored by
tryptophan fluorescence, are biphasic, indicating that the
unfolding mechanisms for the classµ isoenzymes are not
simple two-state processes. The first phase occurs at lower
denaturant and is dependent on protein concentration, while
the second phase at higher denaturant activity is weakly
dependent (GSTM1-1) or independent (GSTM2-2). The
second phase corresponds with the second structure transi-
tion. At low denaturant concentrations, the fluorescence

properties of GSTM1-1 display a greater dependence on
denaturant than those observed for GSTM2-2. At low
concentrations, GdmCl has a greater impact on the emission
maximum wavelength of tryptophan fluorescence than does
urea. A larger red shift of 8-9 nm occurs during the first
fluorescence phase (0-1.8 M GdmCl) of both proteins,
indicating that the tryptophans become more exposed to
solvent with GdmCl than with urea during this phase. Loss
in catalytic activity is biphasic for GSTM1-1 and is
monophasic for GSTM2-2. The first inactivation phase for
GSTM1-1 and the inactivation transition for GSTM2-2 are
dependent upon protein concentration. The first inactivation
phase corresponds with the first tertiary structure (fluores-
cence) phase. Table 1 summarizes the parameters for the
equilibrium unfolding of GSTM1-1 and GSTM2-2.

ANS Binding.Although folded proteins in general do not
bind ANS, native cytosolic GSTs bind ANS. Binding of the
amphipathic dye occurs at the dimer interface (15, 22) and
has little impact on GST conformational stability (20). When
ANS binds the classµ enzymes (Kd of 77 µM), its emission
maximum decreases from 535 nm to 490-500 nm, ac-

FIGURE 2: Urea-induced unfolding transitions for 2µM rGSTM1-1
were monitored by (A) ellipticity at 222 nm, and far-UV CD spectra
in the presence of no urea (s), 4.2 M urea (- - -), and 8 M urea
(‚‚‚) (inset); (B) tryptophan fluorescence [excitation at 295 nm and
emission measured at 335 nm (folded protein)]; and (C) loss of
enzyme activity. The protein concentration dependence of the
tryptophan fluorescence [excitation at 295 nm and emission
measured at 335 nm (folded protein) and 355 nm (unfolded protein)
(inset to B)] and enzyme activity unfolding transitions were
determined at 0.2µM (O) and 2µM (b). The solid lines represent
fits to the data from which the thermodynamic parameters were
obtained (see Table 1). Conditions were 20 mM sodium phosphate,
0.1 M NaCl, and 1 mM EDTA, pH 6.5.

FIGURE 3: GdmCl-induced unfolding transitions for 2µM GSTM1-1
were monitored by (A) ellipticity at 222 nm; (B) tryptophan
fluorescence [excitation at 295 nm and emission measured at 335
nm (folded protein)]; and (C) loss of enzyme activity. The
fluorescence spectra of the representative states, native (s),
intermediate (- - -), and unfolded (‚‚‚) are presented in the inset.
The solid lines represent fits to the data from which thermodynamic
parameters were determined (see Table 1). Conditions were as
described for Figure 2.

Classµ Gst folding intermediate Biochemistry, Vol. 39, No. 40, 200012339



companied by enhanced fluorescence intensity. The spectral
blue shift demonstrates that the environment of the ANS
binding site is hydrophobic. However, the classµ site is not
as apolar as the site in hGSTA1-1, pGSTP1-1, GSTS1-1,
and Sj26GST, all of which display a much larger Stokes blue
shift for the bound dye’s emission maximum (15, 20, 22;
Sayed and Dirr, unpublished results). Unfolded GST does
not bind ANS. In addition to using ANS to probe the ligandin
site at the dimer interface, the dye can also be used to monitor
the extent of packing of hydrophobic cores in proteins
undergoing structural changes (32). The effect of denaturant
on the ability of GSTM1-1/GSTM2-2 to bind ANS is shown
in Figure 6. When urea is used as denaturant, ANS binding
follows a trend similar to that seen with tryptophan fluores-
cence and enzyme activity (see Figures 3 and 5), while with
GdmCl as denaturant, there is enhanced ANS binding
corresponding with the first tryptophan fluorescence phase

and enzyme activity transition observed at 0-1.8 M GdmCl
(see Figures 4 and 6). Global unfolding at higher denaturant
concentrations results in a complete loss of ANS binding.

Chemical Cross-Linking and SEC-HPLC.Chemical cross-
linking experiments with glutaraldehyde indicate that mono-
meric species begin to appear at about 2 M urea/0.5 M
GdmCl for GSTM1-1 (Figure 7A) and at about 3.5 M urea/1
M GdmCl for GSTM2-2 (Figure 7B). In SEC-HPLC
experiments under conditions similar to those used for
spectroscopic/function data collection, single physical states
corresponding to native dimeric, monomeric, and unfolded
monomeric protein were observed at low and high urea
concentrations, respectively (Figure 8). The elution volumes
for the folded and unfoldedµ GSTs are similar to those
obtained for other GSTs (see ref21).

Thermal Denaturation.GSTM1-1 has a higher thermal
stability than GSTM2-2 as reflected in their melting tem-
peratures determined by circular dichroism at 222 nm;Tm

values are 60°C for M1-1 and 54°C for M2-2 (Figure 9).
Melting curve slopes were similar for both enzymes.
GSTM1-1’s higherTm values are consistent with its higher
∆G values obtained with urea and GdmCl (Table 1). Unlike
solvent-induced denaturation, thermal denaturation is ir-
reversible due to protein aggregation at high temperatures,
making the protein unsuitable for calorimetric studies.

DISCUSSION

The overall unfolding pathway for the homodimeric
proteins GSTM1-1 and GSTM2-2 must begin with folded

FIGURE 4: Urea-induced unfolding transitions for 2µM GSTM2-2
were monitored by (A) ellipticity at 222 nm and far UV CD spectra
in the presence of no urea (s), 4.0 M urea (- - -), and 8 M urea
(‚‚‚) (inset); (B) tryptophan fluorescence [excitation at 295 nm and
emission measured at 335 nm (folded protein)]; and (C) loss of
enzyme activity. The protein concentration dependence of the
tryptophan fluorescence [excitation at 295 nm and emission
measured at 335 nm (folded protein) and 355 nm (unfolded protein)
(inset to B)] and enzyme activity unfolding transitions were
determined at 0.2µM (O) and 2µM (b). The solid lines represent
fits to the data from which thermodynamic parameters were deter-
mined (see Table 1). Conditions were as described for Figure 2.

FIGURE 5: GdmCl-induced unfolding transitions for 2µM GSTM2-2
were monitored by (A) tryptophan fluorescence [excitation at 295
nm and emission measured at 335 nm (folded protein)] and (B)
loss of enzyme activity. The fluorescence spectra of the representa-
tive states, native (s), intermediate (- - -), and unfolded (‚‚‚), are
presented in the inset. The solid lines represent fits to the data from
which thermodynamic parameters were determined (see Table 1).
Conditions were as described for Figure 2.
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dimer (N2) and end with two unfolded monomers (2U). The
way in which this can be achieved depends on whether
intermediates are present along the pathway; e.g., N2 T 2U
for a two-state model and N2 T 2N (or 2I or I2) T 2U, for
a three-state model, where N is native monomer, I is a
monomeric intermediate, and I2 is a dimeric intermediate.
The two-state model is a concerted and bimolecular dis-
sociation/unfolding process for which one expects monopha-
sic unfolding curves, superimposable for all spectroscopic
probes used to monitor unfolding at a fixed denaturant
concentration. The transitions observed with this model
should be protein concentration dependent. For the three-

state models, biphasic curves and/or noncoincident unfolding
transitions are expected if the probes used can distinguish
between the different conformational states. Protein concen-
tration dependent behavior can also be used to differentiate
between the three-state models (i.e., 2N and 2I vs I2), in that
only the bimolecular steps should be protein concentration
dependent. If the first transition is bimolecular, subunit
dissociation is occurring and the intermediate is a monomer.
If however, it is the second transition that is protein
concentration dependent, then subunit dissociation occurs
after the formation of a dimeric intermediate.

The data from this study suggest an unfolding model
involving an initial protein concentration dependent (bimo-
lecular) step followed by a protein concentration independent
(unimolecular) step. Enzyme activity appeared to be most
sensitive toward the bimolecular step, whereas far-UV
circular dichroism was sensitive only toward the unimolecu-
lar step. ANS binding and tryptophan fluorescence were
sensitive to both. Therefore, dimer dissociation occurs prior
to the disruption of secondary structure and the equilibrium
unfolding/refolding of GSTM1-1 and GSTM2-2 most likely
proceeds via a three-state process: N2 T 2I T 2U. This
multistate unfolding/refolding model for the classµ GST
enzymes is in contrast to the highly cooperative and
concerted two-state models that have been proposed for class
R/π/Sj26 GSTs (18-21). The sum of them values (m1 and
m2) for certain probes listed in Table 1 is in reasonable
agreement with the surface area predicted to become exposed
upon unfolding; values calculated according to ref33 are
4.7 kcal-1 mol (M urea)-1 and 9.5 kcal-1 mol (M GdmCl)-1

for both classµ GSTs. The smaller values form1 are
consistent with the dissociation of the dimer to two structured
monomers, while the largerm2 values for the unfolding of
the monomers would be expected due to a greater exposure
of surface area. Inspection of the X-ray structure of the folded
native dimeric protein provides support for this observation.
The populational distribution of the native, intermediate, and
unfolded forms of the proteins is shown in Figure 10.
According to this model, the GSTM1-1 intermediate appears
at 0.1 M urea and predominates at 4.2 M urea, while the
GSTM2-2 intermediate only appears at 1.4 M urea. The
unfolded forms do not appear until 4.4 and 4.3 M urea for

Table 1: Thermodynamic Parameters for Urea and GdmCl Equilibrium Denaturation of 2µM rGSTM1-1 and rGSTM2-2a

m1 [kcal/(mol‚M)] m2 [kcal/(mol‚M)] ∆G(H2O)1 (kcal/mol) ∆G(H2O)2 (kcal/mol) Cm1 (M) Cm2 (M)

Urea
M1-1

CDb 3.38( 0.02 19.60( 0.21 5.3
act.b 2.12( 0.26 14.04( 1.2 4.8
fl c 0.98( 0.2 3.45( 0.30 10.81( 1.8 16.50( 0.13 3.1 5.2

M2-2
CDb 3.67( 0.25 17.1( 1.0 4.8
act.b 2.31( 0.21 12.74( 0.7 4.1
fl c 1.82( 0.10 3.11( 1.09 12.40( 0.9 14.81( 0.75 3.2 5.0

GdmCl
M1-1

CDb 4.80( 0.30 17.0( 1.22 2.2
act.c 1.12( 0.21 6.32( 0.25 8.96( 0.52 11.80( 1.92 1.5 2.3
fl c 2.20( 0.2 5.11( 0.52 9.15( 0.85 16.31( 3.51 1.8 2.4

M2-2
act.b 3.82( 0.05 10.22( 0.78 1.3
fl c 3.33( 0.034 6.05( 0.58 9.80( 0.58 15.81( 1.084 1.1 2.4

a Measurements were made at 25°C, pH 7.0. Regression coefficients of the individual fits were all greater than 0.967 and the residuals show less
than 5% deviation.b Fitted according to the two-state model (15). c Fitted according to the three-state model (N2 T 2I T 2U) (16-18).

FIGURE 6: Effect of urea (b) and GdmCl (O) on the binding of
ANS to 2 µM GSTM1-1 (A) and GSTM2-2 (B). The binding of
the ligand ANS was monitored by direct excitation (400 nm) and
emission at 490 nm (arbitrary units) following the addition of 200
µM ANS to the protein samples at 25°C, pH 6.5.

Classµ Gst folding intermediate Biochemistry, Vol. 39, No. 40, 200012341



GSTM1-1 and GSTM2-2, respectively. The sum of the∆G
values (∆G1 and ∆G2) resembles the free energy values
obtained for other GST classes, i.e., 21.6 kcal/mol for

GSTP1-1 (19), 26.8 kcal/mol for GSTA1-1 (18), and 26.0
kcal/mol for Sj26GST (21), and falls within the range of
20-30 kcal/mol reported for dimeric proteins (34). The
conclusions drawn from many recent conformational dena-
turation studies on dimeric proteins have shown that these
dimeric proteins may show additional degrees of stability at
the quaternary level (34). Some examples includeλ repressor
(35), aspartate aminotransferase (36), and superoxide dis-
mutase (37). A prominent theme raised by these proteins is
the benefit of their overall conformations to reduced surface
area, increased stability, and novel functions through subunit
association.

Although GSTM1-1 and GSTM2-2 are highly homologous
proteins (78% identity/94% homology), they display non-

FIGURE 7: SDS-PAGE of glutaraldehyde-cross-linked GSTM1-1 (A) and GSTM2-2 (B) as a function of urea and GdmCl concentrations.
Both proteins were incubated for 1 h at 25°C in the denaturant concentrations shown (pH 6.5) prior to cross-linking.

FIGURE 8: SEC-HPLC elution profiles of GSTM2-2 incubated
with increasing conentrations of urea. Protein samples (3µM) were
incubated in increasing concentrations of urea for 1 h prior to being
injected onto a BioSep SEC-HPLC S3000 column preequilibrated
at the same urea concentration. The native protein is labeled (N),
folded monomer (M), and unfolded monomer (U).

FIGURE 9: Thermal denaturation transition curves of GSTM1-1 (b)
and GSTM2-2 (O) measured by circular dichroism at 222 nm.

FIGURE 10: Fraction of native (b), intermediate (3), and unfolded
(O) forms of 2µM GSTM1-1 (A) and GSTM2-2 (B) as a function
of urea concentration at pH 6.5, 25°C, calculated for the tryptophan
fluorescence data according to the three-state model N2 T 2I T
2U (see ref16).
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identical conformational dynamics, the structural basis of
which is yet unknown. Their N2 tertiary structures are not
identical as reflected by their different tryptophan environ-
ments. Dissociation of the GSTM1-1 dimer to structured
monomers occurs at lower denaturant concentrations than
those for GSTM2-2. The monomeric intermediate for
GSTM1-1 is, however, more stable (i.e., higher∆G values
with urea) than the intermediate for GSTM2-2. The folding
intermediates are catalytically inactive and display a native-
like secondary structure. The monomeric intermediate formed
with GdmCl appears to have a more loosely packed tertiary
structure displaying enhanced solvent exposure for its
tryptophans and enhanced binding of ANS [these properties
have been reported for molten globule-like folding interme-
diates (32)]. An ANS binding monomeric intermediate has
been found to be present along the equilibrium unfolding
pathway of a classσ GSTS1-1 (22).

With respect to classπ GST, another group has suggested
a three-state equilibrium model based on noncoincident
enzyme activity and structural data (38). It should be noted
that their enzyme assays were performed with denaturant
present at the same concentrations used for the structural
probes. Because of the dimeric nature of GSTs, a transition
from active dimer to inactive unfolded monomer will be
protein concentration dependent, thus resulting in the moni-
tored transitions being shifted to lower denaturant concentra-
tions when less protein is used in the assays. A recent study
with the yeast dimeric Ure2 protein (39) has shown that the
dissociation and unfolding of this classθ GST homologue
are not closely coupled processes. Stable monomeric inter-
mediates have been observed for GSTs fromProteus
mirabilus (40) andBufo bufo(41), whereas stable dimeric
and monomeric intermediates have been observed for the
squid GSTS1-1 (22). The refolding kinetics pathway for class
R GSTA1-1 suggests the rapid formation of a monomeric
intermediate with nativelike secondary structure (42).

In 1991, it was shown with chymotrypsin inhibitor 2 that
stable intermediates were not prerequisites for protein folding
(43). Many other proteins have since been shown to fold
successfully without populating any intermediate states. Most
proteins greater than 100 residues in length, however, do
form populated intermediates when folding. These intermedi-
ates vary in conformation and stability; some are nativelike
(44) while others contain nativelike structure in regions
corresponding to a domain of the native protein (45).
Therefore, the role of intermediate states on the folding
pathway needs to be addressed in light of the protein under
investigation. Theory suggests that the population of inter-
mediates may slow or increase the rate of protein folding as
well as presenting misfolded or dead-end intermediates
unable to fold correctly. In some proteins, however, inter-
mediates fold correctly to the native state without undergoing
several unfolding steps. The presence of these monomeric
intermediates supports a hierarchical folding model (i.e.,
consecutive folding-association process) in which monomers
first fold [perhaps via a multinucleation/condensation process
(46)] followed by specific recognition of and association with
each other and subsequent structural consolidation and
reorganization leading to the final tertiary and quaternary
structure. In this context, the dimeric structure for classµ
GSTs is significant for the formation and stabilization of
functional molecules. However, intersubunit interactions do

not seem to contribute as significantly toward stabilizing the
tertiary structures of the GSTM1 and GSTM2 subunits as
reported for members of the classR/π/Sj26 GST group (18-
21) (i.e., classµ subunits appear to be intrinsically more
stable). Many homologous proteins with a similar fold also
share a similar folding/unfolding mechanism (47-49), while
others show very different folding characteristics (50, 51).
The molecular origin for the ability of dissociated classµ
subunits to exist as stable structured entities at equilibrium
is currently under investigation. It might involve interactions
peculiar to the GSTM1/M2 subunits and could be topology-
related (e.g., the presence of aµ loop in theµ class GSTs,
which increases interdomain contacts in each subunit).
Protein topology appears to be a major determinant of protein
folding (see ref52).
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