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ABSTRACT: Cytosolic class pi glutathione transferase P1-1 (GSTP1-1) is associated with drug resistance and
proliferative pathways because of its catalytic detoxification properties and ability to bind and regulate protein
kinases. The native wild-type protein is homodimeric, and whereas the dimeric structure is required for
catalytic functionality, a monomeric and not dimeric form of class pi GST is reported tomediate its interaction
with and inhibit the activity of the pro-apoptotic enzyme c-Jun N-terminal kinase (JNK) [Adler, V., et al.
(1999) EMBO J. 18, 1321-1334]. Thus, the existence of a stable monomeric form of wild-type class pi GST
appears to have physiological relevance. However, there are conflicting accounts of the subunit’s intrinsic
stability since it has been reported to be either unstable [Dirr, H., and Reinemer, P. (1991) Biochem. Biophys.
Res. Commun. 180, 294-300] or stable [Aceto, A., et al. (1992) Biochem. J. 285, 241-245]. In this study, the
conformational stability of GSTP1-1 was re-examined by equilibrium folding and unfolding kinetics experi-
ments. The data do not demonstrate the existence of a stable monomer but that unfolding of hGSTP1-1
proceeds via an inactive, nativelike dimeric intermediate in which the highly dynamic helix 2 is unfolded.
Furthermore, molecular modeling results indicate that a dimeric GSTP1-1 can bind JNK. According to the
available evidence with regard to the stability of the monomeric and dimeric forms of GSTP1-1 and the
modality of the GST-JNK interaction, formation of a complex between GSTP1-1 and JNK most likely
involves the dimeric form of the GST and not its monomer as is commonly reported.

Glutathione S-transferases (GSTs,1 EC 2.5.1.18) make up a
large superfamily of multifunctional proteins involved in catalytic
detoxification reactions and in regulation of signaling pathways
via protein-protein interactions (reviewed in ref 1). All cytosolic
GSTs are dimeric and share a common fold, with each subunit
consisting of two distinct domains (for example, see Figure 1). A
dimeric structure and its conformational stability and dynamics
have important implications for function. Assembly of a GST
dimer is critical for catalysis since both subunits contribute to
binding the physiological substrate glutathione (GSH) at the active
site on each subunit (2). Quaternary interactions also contribute
substantially toward maintaining the functional conformation
of the active site (3-9), the cooperative behavior between sub-
units (7, 10, 11), and the conformational stability (12-22) and
dynamics (23, 24) of the individual subunits. Furthermore, a recent
study of the dimer-monomer equilibrium of wild-type GSTs
demonstrated that the dimeric structure is highly stable in solution,
displaying Kd values in or below the nanomolar range (11).

Class pi glutathione transferase P1-1 (GSTP1-1), which is over-
expressed in many tumors, is implicated in the development of
anticancer drug resistance and in tumorigenesis via the protein’s
catalytic detoxification and noncatalytic binding functionalities

FIGURE 1: Ribbon diagram of human GSTP1-1 in complex with
S-hexylglutathione viewed down the 2-fold axis [Protein Data Bank
entry 1GSS (38)]. Domain 1 and domain 2 are colored light and dark
gray, respectively. Stick models of the two tryptophan residues in
domain 1 are colored gray and the stick models for S-hexylglu-
tathione (SHG) black. The oval indicates the hexyl moiety of the
ligand. TheN- andC-termini are indicated. Themodel was generated
with PyMOL (http://pymol.sourceforge.net/).
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(reviewed in refs 25 and 26). Whereas the dimeric structure
(Figure 1) is essential for catalytic activity (see ref 11), a stable
monomeric form of the wild-type class pi GST is thought to exist
and is reported to interact with and inhibit the pro-apoptotic
enzyme c-Jun N-terminal kinase (JNK), thereby enhancing the
proliferative nature of cancer cells (27). Thus, the thermodynamic
stability of the wild-type class pi subunit in the absence of
quaternary interactions appears to have physiological relevance.
However, there are conflicting conclusions regarding the intrinsic
stability of the class pi subunit; it has been reported to be either
unstable (12) or stable (13).

In this study, the equilibrium folding behavior and unfold-
ing kinetics of hGSTP1-1 were investigated to reassess the
question of the intrinsic stability of the individual subunits in
the absence of a dimer interface. Molecular docking was also
performed to establish the capability of dimeric GSTP1-1 to
bind JNK. Overall, the data demonstrate the thermodynamic
instability of the class pi monomer and that the dimer can
bind JNK. These findings have implications for the reported
existence and functional roles of a stable, folded monomeric
class pi GST.

EXPERIMENTAL PROCEDURES

Materials. Ultrapure urea and DTT were purchased from
ICN Biomedicals Inc. (Aurora, OH). Reduced glutathione and
glutathione sulfonate were obtained from Sigma. All other
reagents were of analytical grade.
Expression and Purification of hGSTP1-1. The plasmid

encoding the cDNA for hGSTP1-1 was a gift from R. T. Baker
(The Australian National University, Canberra, Australia).
hGSTP1-1 was overexpressed in TG1 Escherichia coli cells
containing the pRB307-pBR173 plasmids (28). In this ubiquitin
fusion/cotranslational cleavage system, hGSTP1-1 is expressed in
high yields as a fusion proteinwith ubiquitin. The latter is cleaved
from the N-terminus of the GST by a protease expressed by
the pBR173 plasmid. hGSTP1-1 was purified using S-hexylglu-
tathione affinity chromatography and eluted using 50 mM
glycine-NaOH (pH 10.0) containing 2 mM DTT. The high pH
enables elution of the apo form of the protein without the use of
free S-hexylglutathione. Immediately following elution, the pH
of the protein-containing solution was adjusted to pH 6.5 using
0.5MNaH2PO4. The protein was buffer-exchanged by means of
dialysis into 20mMsodiumphosphate buffer (pH6.5) containing
0.1 M NaCl, 1 mM EDTA, and 2 mM DTT. The structural
homogeneity was assessed using SDS-PAGE and size exclusion
HPLC, and no uncleaved fusion protein was found to be present.
The activity of the protein was assessed using the standard
CDNB conjugating assay as described previously (29). The
concentration of the pure protein was determined using a molar
extinction coefficient of 55320 M-1 cm-1 at 280 nm.
Unfolding Studies. Equilibrium unfolding studies of

hGSTP1-1 [0.5-5 μM in 20 mM phosphate buffer (pH 6.5)
containing 100mMNaCl, 0.1mMEDTA, and 2mMDTT] were
performed at 20 �Cwith 0-8Murea as described previously (17).
Structural changes upon unfolding and refolding were assessed
by far-UV CD and tryptophan fluorescence (excitation at 295
nm). Rayleigh scattering (excitation and emission wavelengths
set at 295 nm) was monitored to ensure the absence of aggrega-
tion during unfolding and refolding. Values for the conforma-
tional stability parameters,ΔG(H2O) (free energy of unfolding in
the absence of urea) and m value (cooperativity factor), were

obtained by nonlinear least-squares regression analysis of the
equilibrium unfolding data using a two-state model (17, 30).

Unfolding kinetics were measured at 20 �C by fluorescence

using a stopped-flowmixing device with a dead time of 2 ms (SX-

18MV,Applied Photophysics). The excitation and emission path

lengths were 10 and 2mm, respectively. Excitation was at 290 nm

and the emission monitored using a 320 nm cutoff filter.

hGSTP1-1, initially at 6 μM in buffer, was diluted 6-fold (1:5)

with urea in buffer to give a final protein concentration of 1 μMin

5-7.5 M urea. Kinetic traces were analyzed and fitted by the

nonlinear least-squares method using the Applied Photophysics

software version 4.47. Residual plots were used to assess the

quality of the fits.
Size Exclusion HPLC. The retention times of 1 μM

hGSTP1-1 in the absence and presence of urea (0, 4.2, or 5.2 M)
were measured by analytical size exclusion HPLC at 20 �C in
20 mM sodium phosphate buffer (pH 6.5), 0.1 M NaCl, 1 mM
EDTA, 0.5 mM TCEP, and 0.02% sodium azide using a Tosoh
Bioscience 2000swxl SEC-HPLC column (Tosoh Bioscience).
The column was pre-equilibrated with buffer with or without
urea and the protein eluted with the same buffer. Elution profiles
were recorded by fluorescence with excitation and emission
wavelengths set at 280 and 335 nm, respectively.
Isothermal Titration Calorimetry. Calorimetric studies

were conducted at 20 �C using a VP-ITC MicroCalorimeter
from MicroCal Inc. Purified hGSTP1-1 was passed through a
Sephadex-G25 column and dialyzed extensively against 20 mM
sodium phosphate buffer (pH 6.5) containing 0.1MNaCl, 1 mM
EDTA, 0.5 mM TCEP, and 0.02% sodium azide. The ligand,
GSO3

-, was prepared in the final dialysate buffer. The protein
concentration was determined at 280 nm as described above and
corrected for any light scattering effects. A solution of 2 mM
GSO3

- was injected into the ITC sample cell that contained
82 μM hGSTP1-1 (subunit concentration). GSO3

- was added
until saturationwas achieved. To correct for the heats of dilution,
control experiments were performed by making identical injec-
tions of ligand into a buffer solution without protein. The heat of
dilution was subtracted from the experimental raw data giving
the corrected heats of the binding reaction. The raw data
obtained from the calorimetric experiments were collected and
integrated using ORIGIN version 5 (MicroCal Inc.).
Molecular Docking of GSTP1-1 and JNK. JNK1 [PDB

entry 3ELJ (31)] was docked onto the structure of GSTP1-1
[PDB entry 16GS (32)] using ZDOCK (33), ZRANK (34), and
RDOCK (35) within the Accelrys Discovery Studio suite. The
N-terminal domain of JNK1 (residues 1-206) was not defined
for docking on the basis of the findings of Wang et al. indicating
the involvement of the C-terminal domain in binding the
GST (36). The proteins were first docked using ZDOCK on
the basis of shape complementarity and then reranked using
ZRANK on the basis of more detailed electrostatics, van der
Waals, and desolvation energy calculations. The top 30 scoring
poses obtained fromZRANKwere refined using RDOCKbased
on CHARMM-based energy minimization criteria (37). All the
top scoring clusters displayed a similar orientation, with the GST
dimer interface uninvolved in the protein-protein interaction.
The top scoring pose from this procedure is reported here.

RESULTS

Probes for Monitoring Structural Changes during Un-
folding. Each subunit in hGSTP1-1 consists of two nonidentical
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domains (Figure 1). Domain 1 (residues 1-76) contains the two
tryptophan residues (Trp28 in strand 2 and Trp38 in helix 2) and
has 37% of the total secondary structure (31 residues in R helices
and 18 residues in β strands). Domain 2 (residues 83-209) has
no tryptophans but has 63% of the total secondary structure
(83 residues in R helices and none in β strands). hGSTP1-1
displays a far-UVCDspectrumwith ellipticityminima at 208 and
222 nm that is typical of a predominantly R-helical protein (data
not shown). Since most of the protein’s helical structure is found
in domain 2, the signal measured at 222 nm during unfolding will
report primarily on structural changes in this domain. Fluores-
cence measurements, on the other hand, will follow structural
changes around the two tryptophan residues in domain 1. Should
the two domains unfold independently of one another, the
unfolding of domain 2 will be invisible to fluorescence measure-
ments. The maximum emission wavelength of folded hGSTP1-1
is 335 nm, consistent with the partial burial of both trypto-
phans (38), shifts to 355 nm, and is accompanied by an increase in
fluorescence intensity when hGSTP1-1 unfolds (data not shown).

Enzyme activity and 8-anilinonaphthalene-1-sulfonate (ANS)
bindingwere also used to followunfolding by detecting structural
changes at or near the active site. The active site on each sub-
unit consists of two adjacent subsites: a G-site on domain 1 for
GSH and an H-site along the domain interface for electrophilic
substrates (Figure 1). While native GSTs have been shown to
bind the amphipathic dye ANS at or near the active site (39, 40),
the dye has also been used to detect the presence of hydrophobic
patches that become exposed during unfolding (16, 19, 21, 41).
The emission spectrum of ANS shifts from 530 nm in water to
480 nm when ANS is bound to hGSTP1-1 which is accompanied
by a large increase in emission intensity. The dye does not bind
unfolded GST, and binding does not affect the stability of
GSTs (42, 43).
Equilibrium Unfolding of Apo and GSO3

--Complexed
hGSTP1-1. The urea-induced unfolding reaction of homodi-
meric hGSTP1-1 was studied at pH 6.5 and 20 �C andmonitored
with a variety of structural and functional probes (see above).
The coincidence of the unfolding and refolding curves for a
specific spectroscopic probe (Figure S1 of the Supporting In-
formation) indicates thermodynamic reversibility (>95%) and
the absence of unfolding-refolding hysteresis, a prerequisite for
establishing the thermodynamics of the unfolding process.

The equilibrium unfolding data for apo hGSTP1-1 (Figure 2A)
show that the CD and fluorescence unfolding curves do not
coincide, suggesting that equilibrium unfolding and refolding are
not two-state processes. While the CD curve displays a mono-
phasic transition ranging between 3 and 5.2 M urea, changes in
tryptophan fluorescence begin to occur at lower urea concentra-
tions (∼1-1.5 M urea) and coincide with the CD curve only
at higher urea concentrations. Furthermore, enzyme activity
and the level of ANS binding begin to decrease simultaneously
from ∼1.5 M urea, and both appear to follow the change in
fluorescence during denaturation. It is noteworthy that there
is no increase in the level of ANS binding at low denatu-
rant concentrations as observed for certain GSTs and other
dimeric proteins which first dissociate to structured monomers
with exposed hydrophobic patches prior to complete unfold-
ing (16, 19, 21, 41). The ANS binding behavior of hGSTP1-1
reflects that of GSTs which have been shown to unfold from a
dimeric state to denaturedmonomers (14, 17). Together, the data
obtained from the various probes used to monitor unfolding
(see above) indicate that domain 1, or part thereof, is less stable

than domain 2. Domain 1 contains both tryptophan residues in
hGSTP1-1 (Figure 1), and ∼50% of the change in tryptophan
fluorescence observed during unfolding occurs at low urea
concentrations (1-3.8 M) where no significant change in sec-
ondary structure occurs (Figure 2A). However, at higher urea
concentrations, the remaining fluorescence change occurs with
the disruption of the secondary structure, suggesting that the
unfolding of domain 1 is not entirely independent of domain 2,
consistent with an extensive interface between the domains.

Helix 2, a highly dynamic structure in apo hGSTP1-1 (32, 44),
is located at the active site where it forms a major part of the
G-site (Figure 1), and Trp38 in helix 2 has been used to probe
the dynamics of the helix (45). Since helix 2 becomes stabilized by
the binding of G-site ligands (44), GSO3

- [Kd= 2.2 μMat 20 �C
as determined by ITC (see Figure S2 of the Supporting In-
formation)] was used to establish the involvement of helix 2 in the
unfolding of hGSTP1-1. While the binding of GSO3

- appears
to have a small stabilizing effect on the secondary structure, it
produces significant changes in the unfolding of the protein when
monitored by fluorescence and enzyme activity (Figure 2B).
The pretransition region of the CD curve for the apo enzyme
displays a slight increase between 1 and 4 M urea (Figure 2A)
that becomes flatter for the GST 3GSO3

- complex (Figure 2B),
suggesting that the ligand might be stabilizing some (∼7-10%
based on the observed signal changes) of the total helical
structure without affecting the major unfolding transition. This
value corresponds to that of helix 2 which makes up 8% of
the total helical content of hGSTP1-1. The initial increase in
tryptophan fluorescence observed with the apo enzyme at low
urea concentrations (Figure 2A) is now absent for the
GST 3GSO3

- complex, and the entire fluorescence unfolding

FIGURE 2: Urea-induced unfolding curves for hGSTP1-1 in its apo
form (A) and in a complexwithGSO3

- (B)monitored by far-UVCD
(2), tryptophan fluorescence (O), enzyme activity (b), and ANS
binding (0). The hGSTP1-1 concentration was 2 μM in 20 mM
phosphate buffer (pH6.5) containing 100mMNaCl, 0.1mMEDTA,
and 2 mM DTT. The concentrations of ANS and GSO3

- were 200
and 150 μM, respectively. F355/F335 is the ratio of the fluorescence
intensity at 355 nm (unfolded protein) to that at 335 nm (folded
protein) with excitation at 295 nm. The relative enzyme activity is the
activity relative to that in the absence of urea. ANS fluorescence was
measured at 480 nm with excitation at 390 nm.



Article Biochemistry, Vol. 49, No. 24, 2010 5077

curve overlays well with the far-UV CD curve (Figure 2B). The
enzyme activity curve is also shifted to higher urea concentrations
where it coincides with both spectroscopic curves (Figure 2B).
AlthoughGSO3

- is a competitive inhibitor (IC50= 28 μM) (46),
its concentration was significantly reduced (0.4 μM) by dilution
during the enzyme assays. These results demonstrate the involve-
ment of helix 2 in the structural changes of the apo protein at low
urea concentrations.

Given the observed decrease in enzyme activity and changes
in tryptophan fluorescence of the apo enzyme at low urea
concentrations prior to the disruption of secondary structure
(Figure 2A), it is possible that the dimeric protein first dissociates
to two structured monomers before unfolding completely, as
observed for other GSTs (13, 16, 19, 21, 41). This possibility was
explored by determining the protein concentration dependence
of unfolding. Should the activity and fluorescence data at low
urea concentrations indicate dissociation to structured mono-
mers, then the CD data should report the unfolding of these
monomers, which, according to the law of mass action, should be
independent of protein concentration. The unfolding curves
shown in Figure 3, however, demonstrate that the entire unfold-
ing transition shifts to higher urea concentrations with an
increase in protein concentration due to a change in molecularity
upon equilibrium unfolding, as expected for a dimeric protein as
it unfolds to and refolds from two denaturedmonomers in a two-
state process (47, 48). Furthermore, the experimental m values
obtained from the data in Figure 3 compare favorably with the
expected change in solvent-accessible surface area between the
native dimer and denatured monomers of hGSTP1-1 (predicted
m value of 4.5 kcal mol-1 M-1) (49). The lower experimental
m values for the CD data in Figure 3 could be due to an already
unfolded helix 2 in the partially unfolded dimeric protein at the
beginning of the unfolding transition. On the basis of its size, a
fully folded helix 2 could contribute ∼0.5 kcal mol-1 M-1 to the
m value of dimeric hGSTP1-1.

Size exclusion HPLC has also been used to demonstrate the
absence or presence of stable monomeric intermediates in the
unfolding of GSTs (13-15, 19, 24). The elution profiles obtained
for hGSTP1-1 in the absence and presence of urea indicate that
only two species are present during unfolding: one corresponding

to dimeric protein and the other to denatured monomeric
hGSTP1, both of which are present at 4.2 M urea (Figure 4).
There is no indication of the presence of a folded, monomeric
form of the protein, consistent with the data described above.
Unfolding Kinetics. The unfolding of apo hGSTP1-1 in

5-7.5 M urea, measured by tryptophan fluorescence, follows
triphasic kinetics (Figure S3 of the Supporting Information). The
first (fast) and third (slow) phases exhibit positive amplitude
changes, whereas the second (medium) phase displays a negative
amplitude change. No burst phase occurs within the dead time,
and the initial and final amplitudes are as predicted by equilib-
rium experiments. The logarithms of the rate constants for the
medium and slow phases increase linearly with urea concentra-
tion, while those for the fast phase are independent of urea
(Figure 5; empty symbols for the apo form). The unfolding data
were fit to the linear equation

log ku ¼ log kuðH2OÞþ ðmu
q=2:303RTÞ½urea�

where ku is the rate constant for unfolding at a urea concentra-
tion, ku(H2O) is the rate constant of unfolding in the absence of

FIGURE 3: Protein concentration dependence of unfolding. Unfold-
ing transitions for 0.5 μM(empty symbols) and 5 μM(filled symbols)
hGSTP1-1 monitored by far-UV CD. The solid lines are the non-
linear regression fits to the data based on a two-stateN2T 2Umodel.
The parameters obtained for 0.5 μM hGSTP1-1 are as follows:
ΔG(H2O) = 24.6 ( 1.3 kcal/mol, and m = 3.7 ( 0.3 kcal mol-1

M-1. The parameters obtained for 5 μM hGSTP1-1 are as follows:
ΔG(H2O)=26.9( 1.1 kcal/mol, andm=4.2( 0.2 kcalmol-1M-1.

FIGURE 4: Size exclusion HPLC of hGSTP1-1 in the absence and
presence of urea. hGSTP1-1 (1 μM) was incubated with urea and
applied to and eluted from a 2000swxl SEC-HPLC column pre-
equilibrated with the same concentration of urea: 0 (0), 4.2 (O), and
5.2 M (4). N2 and D indicate the retention times for dimeric and
denatured hGSTP1-1, respectively. M indicates the expected reten-
tion time for a structured monomeric hGSTP1.

FIGURE 5: Urea dependence of the unfolding rate constants, ku, of
apo hGSTP1-1 (0) and the hGSTP1-1 3GSO3

- complex (1). All
phases were detected using tryptophan fluorescence and are desig-
nated as fast, medium, and slow on the basis of the time scale of the
events. The hGSTP1-1 concentration was 1 μM in 20mMphosphate
buffer (pH6.5) containing 100mMNaCl, 0.1mMEDTA, and 2mM
DTT. The concentration of GSO3

- was 150 μM. The solid lines are
linear regression fits to the data.
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urea, and mu
q is the m value for the activation process from the

native state to the transition state. The fits to the unfolding
data in Figure 5 yield ku(H2O) values of 40.7, 1.2 � 10-5, and
3.8 � 10-6 s-1 for the fast, medium, and slow phases, respec-
tively, and mu

q values of 0, 0.8, and 0.6 kcal mol-1 M-1 for the
fast, medium, and slow phases, respectively. The high ku(H2O)
value for and urea independence of the fast phase indicate the
involvement of a highly dynamic and unstable structural ele-
ment that undergoes a small change in the solvent-accessible
surface area during this unfolding event. Themu

q values aremuch
smaller than the m values obtained from the equilibrium studies
[3.7-4.2 kcal mol-1 M-1 (Figure 3)], suggesting that the rate-
limiting transition states for these unfolding events resemble
more closely the native state than the unfolded state. The absence
of “rollovers” (i.e., nonlinear dependencies of log ku on urea
concentration) in Figure 5 indicates that unfolding does not
proceed via a high-energy intermediate such as a monomeric
intermediate.

Because three kinetic unfolding phases are observed, an initial
conditions test was performed to establish whether they occur
sequentially or in parallel (50). Different initial urea concentra-
tions were used (0-6.5M), while the final urea concentrationwas
kept constant at 6.5M. The dependence of the rate constants and
amplitudes of unfolding reactions on the initial urea concentra-
tions were 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 (50). Unfolding kinetics is
triphasic at initial urea concentrations of <3.5 M but becomes
biphasic at higher concentrations, as indicated by the amplitudes
in Figure 6. From 1.5 to 3.5 M urea, the amplitude of the fast
phase diminishes to zero with a midpoint at ∼2.5 M urea, cor-
responding to the fluorescence changes observed during the
equilibrium unfolding of apo hGSTP1-1 (Figure 2A). The ampli-
tudes of the medium and slow phases simultaneously reduce to
zero at∼5.5M urea, displaying midpoints at∼4.3M urea which
is close to the midpoint observed for the major unfolding
transition in equilibrium studies (Figure 2A). The rate constants
resemble those for the corresponding phases when the initial
concentration of urea was 0 M and the final concentration was
6.5M (data not shown). The relative amplitudes at an initial urea
concentration of 0 M are 48.3, 34.4, and 17.3% for the fast,

medium, and slow phases, respectively. Since these amplitudes
represent the fraction of molecules present at the beginning of the
reaction (51), the simultaneous presence of three unfolding
phases indicates that the three unfolding reactions occur inde-
pendently and, thus, run in parallel (50).

Because unfolding of helix 2 was established in equilibrium
unfolding studies of hGSTP1-1 using GSO3

-, the G-site ligand
was also used to establish if any of the kinetics phases involve the
unfolding of the helix. While the rates of the medium and slow
unfolding phases were essentially unchanged by the binding of
GSO3

- to hGSTP1-1, the ligand reduced the rate of the fast
phase by ∼8-fold [Figure 5 (1)], yielding a ku(H2O) of 5.2 s-1.
These results together with those obtained from the initial
conditions test for the fast phase (Figure 6) provide compelling
evidence that the fast phase represents the unfolding kinetics of
helix 2. The occurrence of the two other independent unfolding
phases (i.e., medium and slow), as indicated by the initial
conditions test, suggests global unfolding of two native state
forms of hGSTP1-1. Native state heterogeneity has also been
reported for the monomeric GST homologue Grx-2 (52). The
origin of the heterogeneity in both proteins is, however, unclear
at present. Taken together, the kinetics data do not indicate a
sequential pathway in which dimeric hGSTP1-1 first dissociates
to folded monomers followed by their unfolding.

DISCUSSION

Unfolding Mechanism. Monomeric Class Pi GST Is
Thermodynamically Unstable. Protein-protein interfaces
can have a profound effect on the stability and unfolding
mechanism of proteins (48, 53). Dimeric GSTs possess a complex
canonical structure (Figure 1), its assembly involving interactions
at the subunit interface and at the domain interface. Interdomain
interactions are extensive and contribute substantially to the
stability of the individual GST subunits (54), and studies with
both dimeric and monomeric GSTs and GST-like proteins
indicate that the two domains do not unfold independently but
that they behave as a single cooperative unit (14-17, 19, 52, 55).
The effects of interactions across the GST dimer interface do,
however, give rise to complex unfolding processes ranging from
a two-state transition involving only native dimer and unfolded
monomers (15, 17, 19) to multistate transitions that include
thermodynamically stable monomeric and/or dimeric inter-
mediates (16, 18-20, 22, 41). There are, nevertheless, conflicting
reports regarding the intrinsic stability of the class pi subunit in
the absence of quaternary interactions. The porcine subunit is
reported to be unstable (12, 14), whereas the human subunit is
reported to be inactive but stable (13). Given the high degree of
sequence identity (84%) and conserved three-dimensional struc-
tures of these class pi orthologues (38, 56), it would be surprising
if they did not share a conserved unfolding-refolding reac-
tion (57). It was proposed that the loss of enzyme activity of
the human enzymewas due to the dissociation of the native dimer
to two structured but inactive monomers (13). However, the
unfolding transition monitored by activity exhibited little depen-
dence upon protein concentration, in contrast to what would be
expected for a dimer-monomer equilibrium (47, 48), and the
protein concentration dependence of the transitions monitored
by spectroscopic probes was not reported. What neither of the
studies with class pi GST considered were the dynamic nature
and potentially inherent instability of helix 2, a structural element
that forms an integral part of the active site (38, 56).

FIGURE 6: Initial conditions test for the unfolding kinetics of apo
hGSTP1-1. The protein was preincubated in urea at the concentra-
tions shown (0-6.5M) and the unfolding kineticsmeasuredwhen the
urea concentration was adjusted to 6.5 M. The final protein concen-
tration was 1 μM in 20 mM phosphate buffer (pH 6.5) containing
100 mM NaCl, 0.1 mM EDTA, and 2 mM DTT. The amplitude
changes for the three unfolding phases are as indicated, and the solid
lines are nonlinear regression fits to the data.
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In this study, we re-examined the unfolding of human
GSTP1-1 and present compelling evidence from equilibrium
and kinetics experiments that helix 2 unfolds at low concentra-
tions of urea prior to global unfolding resulting in an inactive,
dimeric intermediate with no evidence of a stable monomeric
intermediate. On the basis of our data (Figures 2-4), we propose
the following three-state model for the equilibrium unfolding of
apo class pi GST:

N2ðR2Þf,mTN2ðR2ÞuT2U

where N2 is the native dimer with helix 2 (R2) in a folded and
mobile conformation (subscripts f and m, respectively) or un-
folded (subscript u) andU is the unfoldedmonomer. At 20 �C, the
temperature at which the unfolding studies were performed, or at
lower temperatures, helix 2 is predominantly folded but mo-
bile (44). During the first unfolding reaction which occurs at low
urea concentrations, the native dimeric enzyme forms a partially
denatured dimeric intermediate in which helix 2 is unfolded. The
unfolding of helix 2 results in the disruption of the tertiary
environment of both Trp38 and the active site, consequently
leading to a loss of both catalytic and ligandin (ANS binding)
functions. The second reaction which is protein concentration-
dependent represents the global unfolding of the dimeric inter-
mediate at higher urea concentrations via a highly cooperative
two-state process in which dissociation of the dimer and its
unfolding are tightly coupled events. The concerted dissociation-
unfolding process of hGSTP1-1 is in accordwith that observed for
the porcine class pi orthologue (12, 14) andotherGSTs (15, 17, 19)
whose individual subunits are thermodynamically unstable in the
absence of quaternary interactions.

Ligand binding to the class pi G-site occurs via an induced fit
binding mechanism during which helix 2 adopts a less dynamic
conformation (32, 58), with little effect on the stability of the
global dimeric structure (59). Our data (Figure 2) indicate that
unfolding of the hGSTP1-1 3GSO3

- complex is a highly coop-
erative two-state process in that the bound G-site inhibitor
stabilizes helix 2 by inducing its localization (immobilization)
at the active site, thus significantly reducing the population of
N2(R2)u:

N2ðR2Þf, l 3GSO3
-T2U

where helix 2 (R2) is in a folded and localized conformation
(subscripts f and l, respectively). Stabilization of the correspond-
ing helix 2 in class sigmaGSTS1-1 byG-site ligands has also been
reported (16).

The unfolding kinetics data (Figures 5 and 6) indicate a more
complex unfolding mechanism. Unfolding kinetics are character-
ized by three events: a fast phase, a medium phase, and a slow
phase, none of which appear to involve a monomeric intermedi-
ate. We propose the following parallel kinetics pathway for the
unfolding of apo class pi GST:

where N2
0(R2)f,m and N2

00(R2)f,m represent native state
heterogeneity in hGSTP1-1 in which helix 2 is folded and
mobile, the fast phase represents the unfolding of helix 2

in each native state yielding dimeric intermediates with
unfolded helix 2 [N2

0(R2)u and N2
00(R2)u], and the medi-

um and slow phases represent the global unfolding of
these dimeric intermediates to unfolded protein (U). The
values in parentheses are the relative populations for the
medium and slow phases. The relative population for the
fast phase (∼48%) is proposed to feed into the medium
and slow phases as shown.Whereas the level of unfolding
of helix 2 is reduced significantly (∼8-fold) by the binding
of GSO3

- to the G-site, the unfolding kinetics of the
dimeric intermediates are not affected, consistent with
helix 2 not impacting the global stability of GSTP1-1.
Functional Implications of an Unstable Class Pi Mono-

mer. Class pi GST is a prevalent cytosolic enzyme expressed at
high levels in cancer cells and contributes, through its catalytic
and noncatalytic functions, to the proliferative nature of tu-
mors (25, 26). GST is reported to suppress apoptosis and
promote proliferation by binding to and inhibiting the activity
of the pro-apoptotic protein c-JunN-terminal kinase (JNK), and
it is a structured monomeric and not dimeric form of the GST
that initiates and mediates this protein-protein interaction (27).
However, when considering the thermodynamic instability of the
monomer (this study) and a Kd of e20 pM for the class pi
homodimer (11), it is unclear from the study byAdler et al. how it
was possible to purify amonomeric form of the wild-type enzyme
and how its spontaneous dimerization was prevented. Further-
more, the concentrations of GSTP1-1 used to characterize the
GST-JNK interaction (36) would certainly favor a predomi-
nantly dimeric form of the GST given the Kd of the dimer. Our
molecular docking results demonstrate the capability of dimeric
GSTP1-1 to form a complex with JNK1, with a JNK bound
to each subunit of the GST (Figure S4 of the Supporting
Information). The interfaces between the two binding partners
are far removed from the GST dimer interface and involve
protein segments previously implicated in complex formation,
namely, the C-terminal region of domain 2 of GSTP1-1 and the
C-terminal domain of JNK1 (36, 60). Therefore, according to the
available evidence regarding the stability of the monomeric and
dimeric forms of GSTP1-1 and the modality of the GST-JNK
interaction, the interaction between GSTP1-1 and JNK most
likely involves the dimeric form of the GST and not its monomer
as is commonly reported.

Furthermore, class pi GST has been reported to form a
heterodimer with 1-cysteine peroxiredoxin (Prx) which involves
a monomer from each protein (61-63). In the proposed
GST-Prx complex, the quaternary interactions between the
monomers in the native homodimers are replaced by GST-Prx
interactions that could stabilize the individual monomeric struc-
tures.

SUPPORTING INFORMATION AVAILABLE

Four figures as described in the text. This material is available
free of charge via the Internet at http://pubs.acs.org.
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