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ABSTRACT: Cytosolic glutathione (GSH) transferases (GSTs) exist as stable homo- and heterodimers.
Interactions at the subunit interface serve an important role in stabilizing the subunit tertiary structures of
all GSH transferases. In addition, the dimer is required to maintain functional conformations at the active
site on each subunit and the nonsubstrate ligand binding site at the dimer interface [Dirr, H. W. (2001)
Chem.-Biol. Interact. 133, 19-23]. In this study, we report on the contribution of a specific intersubunit
hydrophobic motif in rGSTM1-1 to dimer stability and protein function. The motif consists of the side
chain of F56 from one subunit intercalated between helices 4 and 5 of the second subunit. Replacement
of F56 with the hydrophilic side chains of serine, arginine, and glutamate results in a change in the structure
of the active site, a marked diminution in catalytic efficiency, and alterations in the ability to bind
nonsubstrate ligands. The mutations also affect the ability of the enzyme to bind GSH and the substrate
analogue glutathione sulfonate. The functionality of rGSTM1-1 was disrupted to the greatest extent for
the F56E mutant. Though mutations at this position do not alter the three-state equilibrium folding process
for rGSTM1-1 (i.e., N2 T 2I T 2U), destabilizing mutations at position 56 shift the equilibrium between
the folded dimer (N2) and the monomeric intermediate (I) toward the latter conformational state. The
transition to the unfolded state (U) is not significantly affected. The folded monomeric intermediate is
also observed by electrospray ionization mass spectrometry. The amount of the intermediate is dependent
on protein concentration and the residue at position 56. Mutations at position 56 have little impact on the
secondary structure and stability of the monomeric folding intermediate. The dimerization process is
proposed to induce a conformational change in the loop containing F56, resulting in improved stability
and increased affinity between the M1 subunits.

Protein-protein interactions are of fundamental impor-
tance to molecular biology because they determine a wide
array of protein structures and functions. In addition to
protein-protein complexes (e.g., antibody-antigen and
protease-protein inhibitor complexes), many proteins are
oligomeric due to the association of protein subunits. These
protein-protein interactions are highly specific, displaying
good geometric and chemical complementarity at the inter-
acting surfaces. Hydrophobic and electrostatic interactions
are the major forces stabilizing protein assemblies. These
and other features of protein-protein interfaces are reviewed
in refs 1-4. The benefits for the existence of oligomeric
proteins include reduced solvent-exposed surface areas and

increased stability of the individual subunit structures, and
the formation of novel functions at the interface (5).
Interactions at the subunit interface of oligomeric proteins
can assist in their folding to functional conformations.
Studying engineered monomers that are stable but display
compromised subunit-subunit associations can yield insight
into the mechanisms by which a monomer obtains its final
conformation in the oligomer. Such studies have been done
with cro repressor (6), TIM (7), Rop (8), CRP (9), trp
aporepressor (10), malate dehydrogenase (11), and ascorbate
oxidase (12).

The cytosolic glutathione transferases (GSTs,1 EC 2.5.1.18)
have also been used to investigate the contribution of
intersubunit interactions to protein stability and folding within
a family of homologous dimeric proteins (13, 14). Gluta-
thione transferases exist as stable homo- and heterodimers
(15) with a conserved archetypal fold (16-18). They
constitute a superfamily of multifunctional proteins that can
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be grouped into various species-independent gene classes (16,
18). Although their dimer interfaces are not perfectly packed,
they display good geometric complementarity which is
essential for specific molecular recognition. Only subunits
within a given GST gene class will associate to form dimers.
Features at dimer interfaces are variable, but they suggest
two major interface types: one that is jagged due to a specific
hydrophobic intersubunit motif and another that is flat and
more hydrophilic. Interactions at the subunit interface
contribute to the stabilization of the subunit tertiary structures
of GSTs, and the dimer is required to maintain functional
conformations at the active site on each subunit and the
nonsubstrate ligand binding (or ligandin) site at the dimer
interface (13, 14, 19).

Dimeric proteins often tend to utilize large hydrophobic
residues, e.g., Phe, Trp, and Tyr, that protrude from one
subunit into the other to physically anchor the two subunits
together (20). The glutathione transferases are an excellent
example of this tendency. The structural features of the
homodimeric rGSTM1-1 are shown in Figure 1. Each subunit

consists of an N-terminalâRâRââR domain (domain I) and
a C-terminal all-helical domain (domain II). Intersubunit
contacts occur between domain I of one subunit and domain
II of the other. Contacts at either end of the interface are
predominantly hydrophobic, whereas polar contacts form
near the dimer 2-fold axis. The major hydrophobic contact
between the subunits is that formed by the insertion of the
phenyl ring of F56 from domain I of one subunit into a
hydrophobic pocket in domain II of the second subunit. This
particular interaction, sometimes termed the “lock-and-key
motif”, appears to have evolved relatively recently and is
highly conserved in the class alpha, mu, and pi subfamilies
(21).

Herein, the role of the hydrophobic motif at the dimer
interface of class mu rGSTM1-1 in determining dimer
stability and catalytic function is investigated. Disruption of
the hydrophobic interaction was accomplished by replacing
F56 with a series of hydrophilic side chains, including serine,
arginine, and glutamate. The mutations lead to a significant
disruption of the structure of the active site and a loss in
catalytic activity. The loss of catalytic function of the mutants
is not related to dissociation of the dimer but rather to a
diminution in the ability to productively bind glutathione.

EXPERIMENTAL PROCEDURES

Materials.Ultrapure urea and GdmCl were purchased from
ICN Biomedical Inc. (Irvine, CA) and Boehringer (Mann-
heim, Germany), respectively. All other chemical reagents
were purchased from Sigma Chemical Co. (St. Louis, MO),
and all the solutions were prepared and used on the same
day. GSH concentrations were confirmed by titration with
dithiobis(2-nitrobenzoic acid) (DTNB) (22). Stock solutions
of 1-chloro-2,4-dinitrobenzene (CDNB) were prepared in
ethanol (0.25 M). The final concentration of organic solvent
in enzyme assays was 2.5%. All other reagents were
analytical grade.

Generation of Expression Vectors.Site-directed mutagen-
esis was carried out by PCR using the single-stranded
template DNA method as described by Kunkel (23). The
pET20 expression vector (Novagen, Madison, WI) that
encodes the native enzyme between theNdeI and HindIII
restriction sites was used as a template for mutagenesis. DNA
fragments encoding the three mutant enzymes (F56E, F56R,
and F56S) were constructed by replacing the codon for
phenylalanine (TTC) with that for glutamate (GAG), arginine
(CGC), or serine (TCC). A newXbaI restriction site was
engineered to facilitate the identification of the correct clones.
The appropriate oligonucleotide primers were 39-48 bases
long, phosphorylated, and complementary to the sequence,
with the mismatched base in the middle. The resulting
plasmids were used to transform bacterial strain DH5R, and
colonies were selected for ampicillin resistance. The DNA
fragments encoding the mutant enzymes were screened by
DNA sequencing, to ensure that no secondary mutation
occurred.

Expression and Purification of Mutant Proteins.F56
mutant enzymes of rGSTM1-1 were overexpressed in the
BL21pLysS strain ofEscherichia coli, according to the
method of Parsons et al. (24) except that the cells were grown
in enriched medium. The enzymes were purified by cation-
exchange chromatography on a CM Sephadex column, using

FIGURE 1: (A) Ribbon representation of the homodimeric mu class
rGSTM1-1 viewed down the 2-fold axis (47). Domain I and domain
II are represented by orange and blue ribbons, respectively. The
side chains of F56 in the hydrophobic motif are indicated in stick
representation. Charged, hydrophilic residues R77, R81, E90, D97,
and E100 at the dimer interface are also shown in stick representa-
tion but not labeled. (B) Close-up of the hydrophobic interaction
motif in rGSTM1-1. The side chains of Y6, W7, W45, F56, and
P60 in domain I and I98, Q102, L136, Y137, and F140 in domain
II are shown in stick representation.
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10 mM sodium phosphate buffer (pH 7.0) as described by
Hornby et al. (25). The protein concentrations of the dimeric
mutants were determined spectrophotometrically using an
extinction coefficient of 81 480 M-1 cm-1 at 280 nm (25).

Enzyme Kinetics. Mutant enzyme activities were assayed
spectrophotometrically at 340 nm by monitoring the conju-
gation reaction between GSH and CDNB as previously
described (26). All kinetic experiments were carried out in
0.1 M KH2PO4 (pH 6.5) and 25°C. Kinetic constantskcat

andkcat/Km
CDNB were determined from initial velocity meas-

urements using a fixed high concentration of GSH (30 mM
for F56S, 60 mM for F56R, and 100 mM for F56E), while
the concentration of the electrophilic substrate was varied.
The values ofKm

GSH were determined using a fixed sub-
saturating concentration of CDNB (200µM for F56R and
F56S and 500µM for F56E) and variable GSH. The mutant
enzyme concentration was varied between 0.025 and 0.5µM
(monomer concentration). Each initial velocity was measured
at least in triplicate, and all the rates are corrected for the
background reaction. Each reaction mixture was incubated
at 25°C for 5 min prior to the addition of the electrophilic
substrate. Initial velocities were analyzed using the program
GraFit (Erithacus Software).

Measurement of Inhibition Kinetics. The effect of gluta-
thionesulfonic acid (GSO3-) on mutant enzyme activities was
determined by monitoring the initial velocity of the reaction
described above as a function of inhibitor concentration at
two fixed concentrations of GSH (27). For all three mutant
enzymes, the concentration of the electrophilic substrate was
fixed at 200µM. The GSH concentrations were 50 and 100
mM for the F56E mutant enzyme, 30 and 60 mM for the
F56R mutant enzyme, and 5 and 10 mM for the F56S mutant
enzyme. The inhibitor concentration was varied between 0
and 80 mM for the F56E and F56R mutant enzymes and
between 0 and 15 mM for the F56S mutant. The data are
plotted as 1/V as a function of inhibitor concentration for
each GSH concentration, and the value of the inhibition
constant (-Ki) is determined from thex-axis value at which
the lines intersect. All inhibition data were analyzed using
the program GraFit (Erithacus Software).

Size Exclusion Chromatography. The hydrodynamic be-
havior of the native enzyme and all three mutant enzymes
was characterized by size exclusion chromatography through
a Varian HPLC system, used along with a Tosohaas TSK-
GEL G3000SWXL column (7.8 mm× 300 mm). Before
chromatography was carried out, the proteins were dialyzed
against the elution buffer and filtered through a 0.2µm filter
to remove particulate matter and any insoluble protein.
Samples (20µL) of the protein at concentrations ranging
between 200 and 0.02µM were injected and eluted at ca.
22 °C with 0.1 M KH2PO4, 0.1 M Na2SO4, 0.05% NaN3

(pH 6.7) buffer at a flow rate of 0.5 mL/min in the absence
or presence of 2 mM GSO3-. The elution of the protein was
monitored continuously by the intrinsic protein fluorescence
with excitation and emission wavelengths of 284 and 336
nm, respectively.

To determine the multimeric state of the eluted proteins,
a standard calibration curve was generated by using a set of
low-molecular mass proteins, which were run through the
column under the same buffer conditions. The correlation
coefficient (r) was 0.9993. The apparent molecular mass for
each of the protein samples was obtained from the calibration

curve by using linear regression analysis. The peak area,
determined by HPLC Dynamax software, was used to
calculate the percentage of dimeric and monomeric species
for each sample. A plot of the percentage of dimer as a
function of the total protein concentration was used to
determine the dimer dissociation constant (KD) for the F56R
and F56S mutant enzymes. The experimentally determined
KD values were divided by a dilution factor of 12.5( 0.5.
The dilution factor was employed since dilution of the protein
sample occurs as the protein is eluted through the column.
The dilution factor equals the peak width at half-height
divided by the sample load volume (28, 29).

Spectroscopic Measurements. Fluorescence measurements
were taken with a Hitachi 850 fluorescence spectrophotom-
eter (25). Steady state far- and near-UV CD spectra of the
native enzyme and all three mutant enzymes were recorded
on a JASCO J-720 spectropolarimeter equipped with a data
processor. The protein concentration was 30µM for both
near- and far-UV CD measurements, prepared in 10 mM
KH2PO4 (pH 7.0), which also contains 1 mM EDTA, 1 mM
DTT, and 0.1 M KCl. Measurements were taken at 25° C in
the presence or absence of GSO3

- (5 mM). A quartz cell
with a path length of 10 mm was used for near-UV CD
(255-350 nm) measurements, while a cell with a path length
of 1 mm was used for far-UV CD (180-255 nm) measure-
ments. A total of 15 scans were recorded and averaged for
each sample. All resultant spectra were corrected by sub-
tracting the baseline.

Electrospray Ionization Mass Spectrometry. Noncovalent
interactions from the dimer interface of the native and mutant
enzymes were probed by a combination of electrospray
ionization and time-of-flight mass spectrometry (ESI-TOF).
ESI-TOF was performed using a Mariner mass spectrometer
(PE Biosystems, Framingham, MA) equipped with a nano-
spray source. Protein samples were dialyzed against 4 mM
ammonium acetate buffer that contains 5% methanol, at pH
6.7. Solutions were sprayed at room temperature, and the
multiply charged positive ion spectra were recorded. Voltage
dependence and temperature dependence experiments were
performed to optimize the conditions for further spectrum
acquisition. The final conditions consisted of an inlet
capillary temperature of 160°C and a capillary-skimmer
offset potential of 200 V.

A concentration dependence experiment was performed
to determine whether the intensities of the dimeric and
monomeric species in the mass spectra are consistent with a
monomer-dimer equilibrium in solution. The enzyme con-
centrations were varied from 2 to 100µM. The fraction of
dimer was calculated from the ESI spectra using the sum of
the ion signal intensity and was plotted as a function of
protein concentration.

Equilibrium SolVent-Induced Unfolding. All unfolding
experiments were performed at 25°C in 20 mM sodium
phosphate buffer containing 0.1 M NaCl, 1 mM EDTA, and
0.02% NaN3 (pH 6.5) as described previously (25). Protein,
urea, and GdmCl concentrations were 0.2-2 µM, 0-8 M,
and 0-6 M, respectively. Tryptophan fluorescence (excita-
tion at 295 nm; emission at 335 and 355 nm for the folded
and unfolded protein, respectively) and far- and near-UV CD
ellipticities were used to monitor structural changes. ANS
binding and enzyme activity were used as functional probes.
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Data Analysis. Analysis of the unfolding transitions and
determination of conformational stability parameters were
performed according to either a two-state model (30) (N2 T
2U) or a three-state model (31-33) (N2 T 2I T 2U), where
N2 is the native dimer, I is a stable monomeric intermediate,
and U is the unfolded polypeptide. Equilibrium unfolding
data were fitted by nonlinear least-squares regression as
described previously (25).

RESULTS

Functional Characterization of the F56S, F56R, and F56E
Variants. The three mutant enzymes in which F56 was
replaced with serine, arginine, or glutamate were expressed
and purified in yields similar to that of the native enzyme.
Although the mutants behave normally during the expression
and purification, their catalytic characteristics are signifi-
cantly compromised as indicated in Table 1. In initial kinetic
studies, it was observed that the turnover number of the F56S
and F56R mutants decreased with decreasing enzyme
concentration, suggesting that at low concentrations the
enzymes were dissociating to inactive monomers. However,
if the enzymes are preincubated with the high (>1 mM)
concentrations of GSH that are necessary for the assay, the
kinetic constants exhibit relatively small changes as the
enzyme concentration is decreased. The kinetic constants
recorded in Table 1 were obtained under conditions (high
enzyme concentration preincubated with GSH) where the
catalytic efficiency was optimal.

The catalytic efficiency of all of the mutants is lower than
that of the native enzyme with respect tokcat/KM

CDNB.
However, the effect of the mutations onkcat is quite variable,
ranging from an increase with F56S to a decrease with F56E.
The most pronounced effect of the mutations is seen in the
increased values forKM

GSH, suggesting that the mutations
disrupt the GSH binding site. This conclusion is buttressed
by the observation of a similar increase in theKi of the
competitive inhibitor, glutathione sulfonate (Table 1).

Spectroscopic Characterization of the Mutants. Fluores-
cence emission spectra for the folded and unfolded native
and mutant proteins (excitation at 295 nm) are shown in
Figure 2. The wavelength of maximum emission intensity
of the mutants was similar to that for the native protein (335
nm). The maximum fluorescence intensities for the folded
native enzyme and the F56S and F56R mutants are also
similar, suggesting minor differences between the micro-
environment of the tryptophan residues in these mutants and
that of the native protein. The fluoresence intensity for the
folded F56E mutant, on the other hand, is significantly
increased, which is indicative of a tertiary structural pertur-
bation at the tryptophan residues in this mutant. The unfolded
native and mutant proteins display similar fluorescence

spectra, indicating complete exposure of the tryptophan side
chains to solvent (emission maximum at 355 nm).

The secondary and tertiary structures of the variants were
monitored by far-UV CD (from 250 to 200 nm) and near-
UV CD, respectively. The far-UV CD spectra of the mutants
were similar to that observed for the native enzyme (25) and
display two troughs at 210 and 222 nm due to the high helical
content of the proteins (data not shown). The near-UV spectra
are quite different and are consistent with the fluorescence
data in indicating that the tertiary structure of the F56E
mutant is more compromised than that of the other mutants
(Figure 3A). The tertiary structure of F56E remains com-
promised even in the presence of GSO3

-, whereas this ligand
enables the other F56 mutants to regain a more nativelike
CD spectrum (Figure 3B).

The native enzyme binds the anionic dye ANS, a molecule
used to probe structural changes in the protein (25). The
emission spectra for ANS in the presence of the native
enzyme and F56 variants are shown in Figure 4. Unbound
ANS has an emission maximum at 530 nm that shifts to the
blue when the dye binds to the protein. The maximum
emission wavelengths are 497 nm for the native enzyme,
481 nm for F56S, and 492 nm for F56R. The fluorescence
of ANS bound to F56S and F56R is enhanced to a greater

Table 1: Steady State Kinetic Parameters for Native and Mutant Enzymes

enzymea kcat (s-1) KM
CDNB (µM) kcat/KM

CDNB (M-1 s-1) KM
GSH (mM) Ki

GSO3- (mM)

native 18( 2b 41 ( 4b (1.1( 0.1)× 106 b 0.16( 0.03 0.033( 0.004
F56S 90( 10 520( 90 (1.7( 0.2)× 105 20 ( 2 4.0( 0.5
F56R 24( 2 740( 160 (3.3( 0.2)× 104 54 ( 4 40( 2
F56E 7.8( 0.5 610( 100 (1.3( 0.2)× 104 74 ( 4 30( 2

a The concentrations of the enzyme used in the experiments were 0.025µM for the native enzyme, 0.2µM for F56S, and 0.5µM for F56R and
F56E.b Data from Parsons et al. (24).

FIGURE 2: Fluorescence emission spectra of 1µM native and mutant
enzymes with excitation at 295 nm. The wavelengths of maximum
emission intensity of the native, F56S, F56R, and F56E enzymes
are 335, 338, 339, and 336 nm, respectively. Spectra of the proteins
(- - -) in buffer and the unfolded proteins in 8 M urea (-‚‚-)
are shown.
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extent than when bound to the native enzyme. No ANS
binding is observed for the F56E mutant.

Gel Filtration Chromatography. Gel filtration chroma-
tography was performed to assess the quaternary structure
of the mutant enzymes under a range of protein concentra-
tions. Both the native enzyme and the F56E mutant (Figure
5A) had elution volumes that corresponded to a molecular
mass of 50 kDa, as expected for the dimeric protein. At a
very low protein concentration, small amounts of the
monomer were observed for both of these proteins as
illustrated for the F56E mutant in Figure 5A. In contrast,
the F56S and F56R mutants exhibited substantial amounts
of monomer (molecular mass of 30 kDa) even at relatively
high protein concentrations (10µM) as illustrated for the
F56R mutant in Figure 5B. If it is assumed that the monomer
and dimer are at equilibrium during chromatography, then
the integrated peak areas and chromatographic dilution
factors can be used to estimate dissociation constants for the
dimers of 0.9( 0.3 µM for F56R and 0.5( 0.2 µM for

F56S. In the presence of the substrate analogue GSO3
-, the

monomer-dimer equilibria for F56R and F56S are shifted
toward the dimer at low protein concentrations. This behavior
is illustrated for F56R in Figure 5C.

Direct ObserVation of a Folded Monomer in the Gas
Phase. The folding pathway of rGSTM1-1 has been proposed
to involve a folded monomeric intermediate (I). Using gentle
nanoelectrospray ionization conditions, it is possible to
observe all three species postulated to exist along the equi-
librium folding pathway. A folded monomer of rGSTM1-1
is readily observed as a minor species by electrospray
ionization mass spectrometry performed at neutral pH as
shown in Figure 6. The charge envelope of the folded
monomer is centered at+10 and is distinctly different from
that of the unfolded monomer centered at+26 and the folded
dimer centered at+15 which is the major species at high
protein concentrations. Small amounts of a trimer are also

FIGURE 3: Near-UV CD spectra of the native enzyme and the F56S,
F56R, and F56E mutants (A) in the absence and (B) in the presence
of GSO3

-.

FIGURE 4: Fluorescence emission spectra of ANS bound to the
native (b), F56S (O), F56R (0), and F56E (4) enzymes. Protein
concentrations were 3.5µM. Excitation was at 400 nm.

FIGURE 5: Protein concentration dependence of gel filtration profiles
of (A) F56E, (B) F56R, and (C) F56R in the presence of 2 mM
GSO3

-. The protein concentration reported is that of the injected
sample. The fluorescence signals were normalized to produce a
uniform overall peak height.
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observed due to nonspecific association of the dimer and
monomer under the electrospray conditions. Notably, the
amount of folded monomer detected by ESI-MS was
significantly greater for the F56S and F56R mutants.

Under ideal conditions, ESI-MS should provide a snapshot
of the species present in solution at equilibrium. The
sensitivity of the instruments and complexities of the
ionization and desolvation processes prevent the accurate
determination of equilibrium constants. However, it is
possible to examine the relative stability of noncovalent
species (34-36). The protein concentration-dependent changes
in the populations of monomer and dimer species indicate
that the mutations have quite different effects on dimer
stability. The fractions of dimer detected for the native
enzyme and three mutants are compared under identical
ionization conditions in Figure 7. The intensity of dimer ions
present increases over the measured concentration range,
consistent with the hypothesis that the dimers are in
equilibrium with the free folded monomers in solution. The
F56R and F56S mutants show a stronger tendency to form

monomers at low concentrations. In contrast, the F56E
mutant is the only protein that shows a constant fraction of
dimer (ca. 0.95) across the entire concentration range, an
observation consistent with a more stable mutant dimer.
Inclusion of GSO3

- in the solution substantially increases
the amount of dimer observed in the ESI-TOF mass spectra
of the native, F56R, and F56S proteins (data not shown).
Even though solution equilibrium constants cannot be
determined from these experiments, the results are in accord
with and support the relative stability of the dimers observed
in other experiments described herein.

Equilibrium Unfolding. As for the native enzyme, the
recovery of structure and function of the mutant proteins from
their unfolded states was in excess of 90%, as determined
by fluorescence and enzyme activity, demonstrating the
reversibility of the unfolding process. GdmCl-induced un-
folding of the native and F56 mutant proteins is shown in
Figure 8. The 222 nm CD transitions are monophasic for all
the proteins, as shown in Figure 8B, indicative of a two-
state unfolding process. This sigmoidal transition reports on
the unfolding of the monomeric form of the enzyme (i.e., I
T U) and not on the dissociation event of the dimer (25).
The coincidence of the CD transitions for the native and
mutant proteins indicates that the monomeric states display
similar conformational stability and∆G(H2O) values (see
Table 2). Them values for the CD transitions (Table 2)
compare well with that predicted for the monomeric native
enzyme [4.8 kcal mol-1 (M GdmCl)-1].

Denaturant-induced structural changes that occur prior to
the dissociation of the GSTM1-1 dimer are reported by
tryptophan fluorescence, enzyme activity, and ANS binding
(25). At a protein concentration of 2µM and in the absence
of denaturant, the native enzyme and F56E mutant are
expected to exist as dimers whereas F56S and F56R mutants
are a mixture of monomer and dimer. The tryptophan
fluorescence transitions, shown in Figure 8A, are not
monophasic, indicating that unfolding is not a two-state
process. The protein concentration dependence of the transi-
tions was determined at 0.2 and 2µM in an effort to
discriminate between bimolecular (concentration-dependent
dissociation, N2 T 2I) and unimolecular (concentration-
independent unfolding, IT U) events (25). Dissociation of
the native rGSTM1-1 dimer occurs at low GdmCl concentra-
tions (0-1.5 M, Figure 8B), and displays a dependence on
protein concentration and loss of enzyme activity [data not
shown; see Hornby et al. (25)]. The F56S and F56R mutants
display very little concentration dependence between 0 and
1.5 M GdmCl (data not shown), whereas the fluorescence

FIGURE 6: Detection of dimer, D, folded monomer, M, and unfolded
monomer, U, by electrospray ionization mass spectrometry. The
protein concentration in the sprayed samples was 20µM.

FIGURE 7: Concentration dependence of the fraction of dimeric
species of rGSTM1-1 (b) and the F56E (O), F56S (0), and F56R
(9) mutants observed by ESI-TOF mass spectrometry.
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transition for F56E is concentration-dependent (Figure 8A
inset). The shift in the fluorescence transitions to lower
GdmCl concentrations for F56S and F56R indicates that their
structures are more sensitive to denaturation than those of
native rGSTM1-1 and F56E. These structural changes
coincide with the loss of enzyme activity (Figure 8C). The
fluorescence transitions observed at>1.5 M GdmCl are
protein concentration-independent and correspond with the
unfolding of the GST monomers as reported by CD. The
loss of packing about the tryptophan residues is associated
with the loss of secondary and tertiary structure upon
unfolding.

The ANS binding behavior during the unfolding of the
native and mutant rGSTM1-1 proteins is shown in Figure
8D. As mentioned above, native rGSTM1-1 and the F56S
and F56R mutants bind ANS but F56E does not. Between 0

and 1.5 M GdmCl, the three former proteins display
enhanced ANS binding that coincides with their initial
tryptophan fluorescence changes. Enhanced ANS binding by
rGSTM1-1 has been ascribed to the formation of a mono-
meric intermediate with a loosely packed tertiary structure
(25). The unfolding of class sigma GSTS1-1, which does
not have the hydrophobic interaction motif, also yields a
monomeric intermediate, with enhanced ANS binding prop-
erties (37).

The urea-induced unfolding transitions for the native
rGSTM1-1 and its F56 mutants (data not shown) displayed
the same trends as those obtained with GdmCl with the
exception that the transitions occur, as expected, at higher
denaturant concentrations. Data fitting of the unfolding
transitions was not attempted for the F56S and F56R mutants
due to the uncertainty regarding the initial concentrations of
the dimer and monomer at 2µM. However, since the F56E
mutant exists predominantly as a dimer at this concentration,
its fluorescence transition was fitted to a three-state model
(N2 T 2I T 2U) (25), as shown in Figure 9A for
urea-induced unfolding. The relative populations of N2, I,
and U are shown in Figure 9B. Compared with the corre-
sponding data for native GSTM1-1 (see Figure 10 in ref25),
the F56E dimer is slightly less stable than the native dimer.
The dissociation constant (Kd) values for the native and F56E
proteins were calculated to be 0.012 and 0.055µM,
respectively. The low dissociation constants are consistent
with their hydrodynamic properties on gel filtration chro-
matography (Figure 5A).

FIGURE 8: GdmCl-induced equilibrium unfolding curves for the
native enzyme (b) and F56S (O), F56R (0), and F56E (4) in 20
mM sodium phosphate buffer (pH 6.5). The protein concentration
was 2µM: (A) fluorescence intensity at the emission wavelength
peak for the folded proteins, (B) ellipticity at 222 nm, (C) loss of
enzyme activity, and (D) change in the level of ANS binding. The
inset in panel A illustrates the concentration dependence of the F56E
mutant with respect to GdmCl-induced unfolding, monitored by
fluorescence. The filled symbols represent protein at 2µM and the
empty symbols protein at 0.2µM.

Table 2: Thermodynamic Parameters Obtained from both Urea and
Guanidinium Chloride Equilibrium Denaturation of Native
rGSTM1-1 and the F56S, F56R, and F56E Mutants Monitored by
Fluorescence and Circular Dichroisma

m1

(dissociation)
(kcal

mol-1 M-1)

m2

(unfolding)
(kcal

mol-1 M-1)

∆GH2O
1

(dissociation)
(kcal/mol)

∆GH2O
2

(unfolding)
(kcal/mol)

urea
fluorescenceb

M1-1 1.0 3.4 10.8 16.5
F56E 0.9 2.5 9.9 15.7

CD
M1-1 3.3 19.6
F56S 3.1 15.9
F56R 3.3 16.2
F56E 3.0 15.3

GdmCl
fluorescenceb

M1-1 2.2 5.2 9.2 16.3
F56E 1.9 4.6 7.5 12.8

CDc

M1-1 5.4 13.8
F56S 6.5 14.2
F56R 6.0 12.7
F56E 5.8 14.0

a Measurements were taken in 20 mM sodium phosphate buffer (pH
7.0) containing increasing concentrations of denaturants at 25° C, after
equilibrium for at least 1 h. Regression coefficients of the individual
fits were all greater than 0.967, and residuals show less than 5%
deviation.b Fitted according to the three-state model (N2 T 2I T 2U).
See Experimental Procedures.c Fitted according to the two-state model
[Pace et al. (30)]. Standard deviations for all values were calculated to
be <20%.
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DISCUSSION

Hydrophobic Interaction Motif and Dimer Stability. In-
teractions at the subunit interface of cytosolic GSH trans-
ferases serve an important role in stabilizing the subunit
tertiary structures and are required to maintain functional
conformations at the active site on each subunit as well as
the nonsubstrate ligand binding site at the dimer interface
(13). Although the hydrophobic interaction common to the
class alpha, mu, and pi enzymes is not essential for the
dimerization of GST subunits (it is not a conserved motif in
the canonical GST superfamily), mutations in this motif
indicate that it contributes significantly to dimer stability and
protein function (14, 19).

The structure-function properties of these mutants indicate
the disruptive nature of mutations at position 56 in the class
mu enzyme. The most interesting result from this study is
the fact that the nature of the disruption is highly dependent
on the type of mutation that is introduced. Replacement of
F56 with a serine or arginine residue significantly diminishes
the stability of the dimer, shifting the dimer-monomer
equilibrium toward the monomer at low protein concentra-
tions. In contrast, the dimer stability of F56E is equivalent
to that of the native enzyme. Unlike in rGSTM1-1, disruption
of the dimer interface at F51 in the class alpha enzyme
(hGSTA1-1) does not result in a stable monomeric interme-
diate (14). Instead, the folded dimer and unfolded monomers
are highly populated in the single monophasic unfolding
transition of the F51S mutant. Therefore, F56 in the class
mu enzyme appears to play a greater role in maintaining a
stable dimer than does the topologically equivalent F51 in

class alpha GST. The monomers of the rGSTM1-1 F56
mutants display secondary structures and conformational
stabilities similar to those of the native monomeric interme-
diate, indicating that the greatest impact of the mutations is
on the tertiary structure of the rGSTM1-1 dimer.

Dimerization of glutathione transferases occurs after the
formation of structured monomeric folding intermediates, as
shown for hGSTA1-1 (38). Unlike in hGSTA1-1, which
displays a highly concerted two-state folding and dimeriza-
tion process at equilibrium (39), the stability of the class
mu monomeric intermediate provides an opportunity to study
the dimerization of rGSTM1-1 under equilibrium conditions.
Although mutations at position 56 do not alter the three-
state equilibrium folding pathway for rGSTM1-1 (i.e., N2

T 2I T 2U), destabilizing mutations shift the equilibrium
between the dimer N2 and the folded monomeric intermediate
I toward the latter state. The tertiary structure of the
monomeric intermediate is not identical to that of the subunit
in the dimer. Since the native and mutant intermediates
appear to share a similar tertiary structure, the major
structural difference between the subunit and intermediate
most likely involves the loop region containing F56. Dimer-
ization of M1 monomeric intermediates apparently induces
the loop to assume a nativelike conformation, enabling the
side chain of F56 to properly dock into the neighboring
subunit, thus improving the complementarity and affinity
between the M1 subunits.

Changes in the Nonsubstrate Binding Site.Disruption of
the hydrophobic motif at the dimer interface of rGSTM1-1
affects the binding of the nonsubstrate ligand ANS. Unbound
ANS has an emission maximum at∼530 nm that shifts to
the blue when the dye binds protein. The polarity of the ANS
binding site determines the extent of the shift; the lower the
polarity, the greater the blue shift. The ANS site in native
rGSTM1-1 is not strictly hydrophobic as indicated by the
fluorescence emission maximum of 495 nm for bound ANS
(ref 25 and this work). This is compared with the emission
maximum for ANS in water (530 nm) and a value of 454
nm for ANS bound to the highly hydrophobic site in
apomyoglobin (40). The ANS binding site in rGSTM1-1 is
more polar than that in hGSTA1-1 (14) and is apparently
exposed to solvent. Because ANS fluorescence is quenched
by water, the enhancement of the fluorescence intensity of
protein-bound ANS is highly dependent upon its accessibility
to water (41, 42). The fluorescence enhancement of ANS
when bound to native rGSTM1-1 is much lower in magnitude
than that observed for other ANS-binding proteins (41, 43,
44), indicating a greater degree of exposure of ANS to
solvent when bound to GSTM1-1. The polarity and degree
of solvent exposure of the ANS site in rGSTM1-1 are
reduced in the F56S and F56R mutants, whereas this binding
site is abolished in the F56E mutant (Figure 5). Although
the location of the ANS binding site(s) is unknown for class
mu GSTs, it is reasonable to assume that it binds at or near
the dimer interface. The anionic dye has been shown to bind
the solvent-exposed cleft at the subunit interface of class
alpha and pi enzymes (45, 46).

Changes in the ActiVe Site. The mutations at F56 can have
a significant effect on the tertiary structure of the subunit in
the dimer as evidenced by the substantial effect on the
catalytic properties. These effects do not necessarily have a
significant impact on dimer stability, depending on the type

FIGURE 9: (A) Urea-induced unfolding of the F56E mutant of
rGSTM1-1 monitored by fluorescence intensity at 336 nm. The
fitted line was calculated according to the three-state fitting
algorithm described in detail by Hornby et al. (24). Panel B
describes the fraction of the folded dimer (0), monomeric inter-
mediate (b), and unfolded (O) forms of the F56E mutant (2µM)
as a function of urea concentration at pH 6.5 and 25°C, calculated
for the tryptophan fluorescence data according to a three-state model
(N2 T 2I T 2U).
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of mutation. The diminished catalytic activity in the F56
mutants appears to be due to a defect in the ability of the
enzyme to bind GSH and is the result of an altered
conformation of the GSH binding site. The side chain of
F56 is located in a loop (residues 47-60) between helix 2
and strand 3 at the active site (Figure 1) that is directly
connected to the active site (Figure 1B). The loop itself plays
an important role in binding GSH (47). Residues K49, N58,
and L59 in the loop participate in hydrogen bonding
interactions with bound GSH. At the end of the loop is P60,
which is in the cis configuration and in van der Waals contact
with Y6, a key residue involved in catalysis. Although the
nature of the conformational changes induced by the F56
mutations is unknown, fluorescence and near-UV CD data
indicate that the F56S and F56R mutations induce similar
changes in the local environments of the tryptophan residues
(W7 and W45) at the active site (see Figure 1). Both of these
residues participate in hydrogen bonding interactions with
GSH. Moreover, the binding of GSO3- or GSH can, to a
certain extent, reverse these structural changes. Thus, the
binding energy of the substrate is expended in reordering
the active site and, as a consequence, can promote dimer-
ization in the mutants.

At high concentrations of GSH, the mutant enzymes
exhibit quite respectable turnover numbers. In fact, the F56S
mutant has a turnover number for CDNB that is at least
4-fold larger than the turnover number of the native enzyme.
It is known that the rate-limiting step in this reaction with
the native enzyme is release of the product 1-(S-glutathionyl)-
2,4-dinitrobenzene (48). Thus, the structural changes induced
by mutations at F56 appear also to lead to enhanced rates of
product release. The elevatedKM

CDNB for the mutants is
almost certainly a manifestation of the fact that product
release is no longer the rate-limiting step in catalysis.

The unique properties of the F56E mutant indicate that it
adopts an alternate conformation that is structured for
maintenance of the stability of the dimer at the expense of
catalytic activity and the ability to bind ANS. The relative
stability of the F56E dimer suggests that the side chain of
E56 may interact with other residues in the neighboring
subunit, resulting in a stable but non-nativelike conformation
at the active site. The hydrophobic crevice between helices
4 and 5 in the neighboring subunit is composed of I98, V99,
Q102, L136, Y137, and F140. The only side chain in this
environment that could form a hydrogen bonding interaction
with the carboxylate of E56 is the carboxamide of Q102. It
remains to be determined if this or some other specific
interaction is the source of the unique properties of the F56E
mutant.

Conclusions. Mutations at the dimer interface of
rGSTM1-1 have a pronounced effect on the stability of the
dimeric protein and the conformation of the active site some
15-20 Å away from the site of mutation. The exact nature
of the defects induced at the dimer interface and in the active
site is highly dependent on the type of mutation and clearly
indicates the importance of a properly configured interface
to the functional properties of the enzyme. The structural
consequences of these mutations are under investigation.
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