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ABSTRACT: To study the communication between the two active sites of dimeric glutathione S-transferase
A1-1, we used heterodimers containing one wild-type (WT) active site and one active site with a single
mutation at either Tyr9, Arg15, or Arg131. Tyr9 and Arg15 are part of the active site of the same subunit,
while Arg131 contributes to the active site of the opposite subunit. TheVmax values of Tyr9 and Arg15
mutant enzymes were less than 2% that of WT, indicating their importance in catalysis. In contrast,Vmax

values of Arg131 mutant enzymes were about 50-90% of that of WT enzyme whileKm
GSH values were

approximately 3-8 times that of WT, suggesting that Arg131 plays a role in glutathione binding. The
mutant enzyme (with a His6 tag) and the WT enzyme (without a His6 tag) were used to construct
heterodimers (WT-Y9F, WT-Y9T, WT-R15Q, WT-R131M, WT-R131Q, and WT-R131E) by
incubation of a mixture of wild-type and mutant enzyme at pH 7.5 in buffer containing 1,6-hexanediol,
followed by dialysis against buffer lacking the organic solvent. The resultantheterodimerswere separated
from the wild-type and mutanthomodimersusing chromatography on nickel-nitrilotriacetic acid agarose.
TheVmax values of all heterodimers were lower than expected for independent active sites. Our experiments
demonstrate that mutation of an amino acid residue in one active site affects the activity in the other
active site. Modeling studies show that key amino acid residues and water molecules connect the two
active sites. This connectivity is responsible for the cross-talk between the active sites.

Glutathione S-transferases (EC 2.5.1.18) (GSTs)1 are a
group of enzymes involved in detoxification mechanisms.
They conjugate glutathione to several types of toxic com-
pounds and thus facilitate their removal by degradation within
the cell and/or secretion outside the cell. They are also
involved in the transport of biological molecules and
synthesis of steroid hormones (1). GSTs are highly expressed
in tumor cells and have been implicated in the development
of resistance to anticancer drugs (2, 3). They are also known
to modulate the activity of proteins such as Jun N-terminal
kinase and apoptosis signal-regulating kinase (4, 5). GSTs
therefore play an important role not only in protection of
cells but also in other functions as well.

GSTs are grouped into different classes based on their
primary structure and substrate specificity (3). The GSTs
belonging to the alpha class are mainly found in the liver
and comprise 2% of the total cystolic protein in this organ
(6). GSTA1-1 is a homodimer containing two identical active
sites per dimer. Each subunit has a glutathione binding site
(G-site) and at least one hydrophobic binding site (H-site).
The binding sites are located on either side of a V-shaped

cleft (Figure 1). Whether the activity in one subunit influ-
ences the active site of the other subunit is a question that
has been the subject of recent study.

Glutathione conjugates are known to bind to GSTA3-3 in
a stoichiometric ratio of either 1 or 2 mol/dimer depending
on the size of the conjugate (7). In the former case, binding
of one mole of the conjugate in one active site inhibits
binding in the other active site, suggesting that one subunit
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FIGURE 1: Crystal structure of human GSTA1-1 (PDB: 1GUH).
The V-shaped cleft between the subunits is clearly visible in this
view. The backbone of subunit A is purple, and that of subunit B
is orange. The inhibitor, S-benzyl glutathione (SBG), is shown in
green, bound in both subunits. Tyr9 (yellow) and Arg15 (red) of
subunit A and Arg131 (cyan) of subunit B are residues that were
mutated in this study.
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affects the function of the other subunit under certain
conditions. Affinity labeling of GSTA1-1 at the steroid site
resulted in reagent incorporation of only 0.5 mol of reagent/
mol of monomer (8); and photoaffinity labeling of only one
subunit in GSTM2-22 and GSTA1-1 caused complete
inactivation of the enzyme (9, 10). However, other studies
indicate that the two subunits act independently of each other
(11). Few studies have used mutant enzymes to examine the
possibility of subunit-subunit interaction. One such study
showed that mutation of Asp101 in one subunit had no effect
on the nucleophilic aromatic substitution reaction in the other
wild-type subunit (12). However, in another study, mutation
of residues located at the dimer interface of GSTA1-1
revealed that communication across the interface occurs if
unfavorable interactions exist over a short distance (13).

In the present study, we evaluate the interaction between
the two subunits of GSTA1-1 by mutating amino acid
residues that contribute to the active site in the same subunit
and compare the results with those involving mutation of a
residue contributed to the active site from the other subunit.
We considered three residues that have been identified in
the crystal structure of GSTA1-1 as active site participants
(14). Tyr9 and Arg15 are two residues that interact with the
substrate in the active site of the same subunit (Figure 1).
Tyr9 has been shown to be critical for catalysis (15, 16, 17)
while Arg15 is important for the binding and activation of
GSH (18, 19). In contrast, Arg131 is a residue of subunit B
which interacts with glutathione bound to the active site of
subunit A (Figure 1). We have constructed heterodimers
containing one subunit with a wild-type active site and one
subunit with a single mutation in the active site; and then
investigated the influence of the mutant subunit on the
activity of the wild-type subunit. Our experiments indicate
that, in all cases, mutation and subsequent loss of activity in
one subunit affects the activity in the other wild-type subunit,
pointing to communication between the two active sites of
the dimer.

EXPERIMENTAL PROCEDURES

Materials. Glutathione, 1-chloro-2,4-dinitrobenzene, S-
hexylglutathione Sepharose, S-hexylglutathione, imidazole,
and chemicals for the preparation of buffers were obtained
from Sigma Chemical Co. Nickel-nitrilotriacetic acid agarose
(Ni-NTA) was purchased from Qiagen Inc. 1,6-Hexanediol
was supplied by ACROS Organics. Primers for mutations
were obtained from Biosynthesis Inc. Reagents used for
mutagenesis were from Stratagene. The kit used for plasmid
extraction was from Qiagen Inc. The Bio-Rad dye reagent
for protein estimation was provided by Bio-Rad Laboratories.
Amicon Ultra-15 concentrators were from Millipore. All
chemicals were of reagent grade.

Mutagenesis and Expression of Protein.The full-length
cDNA for rat GSTA1-1 was encoded in a pKK2.7 plasmid
and was a generous gift from W. M. Atkins (University of
Washington, Seattle) (20). This plasmid was previously
modified so that the expressed protein contained a His6 tag
after the methionine at the N-terminus (21). In the current
study, mutations were made to the plasmid containing the
sequence for a His tag so that all mutant enzymes could be

expressed as His-tagged proteins. The “QuikChange” kit
from Stratagene was used for mutagenesis. The forward
primers used for the mutants are as follows (codon that is
used to mutate the amino acid is underlined): Y9F, 5′-CCA
GTG CTT CAC TTC TTC AAT GCC CGG-3′; Y9T, 5′-
CCA GTG CTT CAC ACC TTC AAT GCC CGG-3′; R15Q,
5′-GCC CGG GGC CAA ATG GAG TGC ATC CGG-3′;
R131Q, 5′-GAC AGG ACC AAA AAC CAG TAC TTG
CCT GCC-3′; R131M, 5′-GAC AGG ACC AAA AAC ATG
TAC TTG CCT GCC-3′; R131E, 5′-GAC AGG ACC AAA
AAC GAG TAC TTG-3′. Mutations were confirmed by the
BigDye terminator cycle sequencing method performed on
an ABI Prism model 377 DNA sequencer (PE Systems) at
the Center for Agricultural Biotechnology, University of
Delaware.

The wild-type enzyme was expressed without the His tag.
All mutant enzymes were expressed with a His6 tag at the
N-terminus. However, it has previously been shown that the
His tag does not affect the enzyme (21). Both wild-type and
mutant enzymes were expressed inEscherichia colistrain
JM105 as described by Vargo and Colman (21). In each case,
4 L of cell culture was grown at 37°C and induced with 1
mM IPTG at 25°C for 24 h. The cell culture was then
centrifuged to obtain a pellet, which was resuspended in 10
mM Tris chloride buffer, pH 7.8 and then sonicated. The
resulting supernatant was used to purify the enzyme.

Purification of Wild-Type GST and Mutant Enzymes.The
supernatant was applied to an S-hexylglutathione column (for
enzymes without a His tag) or a Ni-NTA column (for
enzymes with a His tag), as described below. Purification
using either column was conducted at 4°C.

Wild-type GSTA1-1 without the His tag was purified by
affinity chromatography using S-hexylglutathione Sepharose
(17). In this method, the supernatant from 4 L of culture
was applied to the column equilibrated with 10 mM Tris
chloride buffer, pH 7.8. It was then washed with the same
buffer, followed by elution of loosely bound proteins using
10 mM Tris chloride buffer, containing 0.2 M NaCl, pH 7.8.
Finally, GSTA1-1 was eluted using 2.5 mM S-hexylglu-
tathione in 10 mM Tris chloride buffer, pH 7.8, containing
0.2 M NaCl, concentrated, and dialyzed against 0.1 M
potassium phosphate buffer containing 1 mM EDTA, pH 6.5.

The His-tagged enzymes were purified using Ni-NTA (21).
In this method, the supernatant from 4 L of E. coli culture
was applied to a Ni-NTA column (8 mL) equilibrated in 10
mM Tris chloride buffer, pH 7.8. It was washed with 10
mM Tris chloride, pH 7.8 containing 0.2 M NaCl to remove
non-GST proteins. The enzyme was then eluted in 3 mL
fractions, using a gradient of imidazole from 0 to 0.5 M in
10 mM Tris chloride, containing 0.2 M NaCl, pH 7.8 (100
mL of each buffer). The purity of fractions was determined
by SDS-PAGE (12% polyacrylamide and 0.1% sodium
dodecyl sulfate) using the method of Laemmli (22). Only
those fractions containing pure enzyme were pooled, con-
centrated, and dialyzed against 0.1 M potassium phosphate
buffer containing 1 mM EDTA, pH 6.5. All purified enzymes
were stored in aliquots at-80 °C.

The concentration of purified enzymes was determined
usingε270nm) 22 000 M-1 cm-1 (23), and a molecular weight
for each subunit of 25 500 Da. The purity of the protein was
determined by SDS-PAGE (12% acrylamide, 0.1% sodium
dodecyl sulfate). Finally, enzyme purity was confirmed by2 Formerly called GST4-4.
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gas-phase N-terminal sequencing using an Applied Biosys-
tems Procise peptide sequence analyzer.

Standard Spectrophotometric Assay for GST ActiVity. The
activity was determined by measuring the rate of increase
in absorbance of the GSH-CDNB conjugate at 340 nm (∆ε

) 9.6 mM-1 cm-1) formed at 25°C when 1 mM CDNB
and 2.5 mM GSH are reacted with the enzyme in 0.1 M
potassium phosphate buffer, pH 6.5 containing 1 mM EDTA
(24). The enzyme activity was corrected for the nonenzymatic
reaction between GSH and CDNB.

Generation of Heterodimers.Heterodimers were generated
in which one subunit was wild-type (and without a His tag)
and the other subunit had a single mutation (and a His tag).
We have previously used acetonitrile in place of 1,6-
hexanediol to form heterodimers. However, for some of the
mutant enzymes, there was loss in activity in the presence
of acetonitrile resulting in a lower yield of heterodimer. The
yield improved when 1,6-hexanediol was used. The general
scheme for formation of heterodimers is given in Figure 2.
To dissociate the enzymes into subunits, wild-type enzyme

(without a His tag) and mutant enzyme (with a His tag) were
incubated separately in 25% and 15% (or 20%), respectively,
in 1,6-hexanediol in 0.1 M potassium phosphate buffer, pH
7.5, containing 1 mM EDTA, for 2 h at 25°C in a water
bath. One milligram of each enzyme in 1 mL of buffer was
used. The WT homodimer solution was diluted with buffer
to give 15% of 1,6-hexanediol, and then mixed immediately
with the mutant homodimer solution. This mixture was then
dialyzed overnight against 10 mM Tris chloride buffer
containing 0.2 M NaCl, pH 7.8 at 4°C to remove 1,6-
hexanediol and allow the re-formation of dimers (Figure 2).
The mixture of two homodimers and one heterodimer was
then loaded onto a Ni-NTA column (1.5 mL) equilibrated
in 10 mM Tris chloride buffer, pH 7.8 containing 0.2 M
NaCl, at 4°C. The column was washed with the same buffer
to remove unbound wild-type homodimer. The heterodimer
and mutant homodimer were separated using a linear gradient
from 10 mM Tris chloride, pH 7.8, containing 0.2 M NaCl
to the same buffer containing 0.1 M imidazole (100 mL of
each buffer). Fractions of 1 mL were collected and the

FIGURE 2: Schematic diagram showing generation of heterodimers. WT homodimer (1 mg) and 1 mg of mutant homodimer (with a His
tag) were incubated separately in 25% and 15% 1,6-hexanediol, respectively, for 2 h, at 25°C in 0.1 M potassium phosphate buffer, pH
7.5, containing 1 mM EDTA. The WT homodimer solution was diluted to 15% 1,6-hexanediol before mixing with mutant homodimer. The
mixture was dialyzed overnight against 10 mM Tris chloride buffer, pH 7.8 containing 0.2 M NaCl, to generate the heterodimer.
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catalytic activity was determined under standard conditions.
The three peaks were each pooled separately and concen-
trated to approximately 1 mL using the Amicon Ultra-15
centrifugal filter device (molecular weight cutoff) 10 kDa).
In order to remove the imidazole and exchange the buffer,
9 mL of 0.1 M potassium phosphate buffer containing 1 mM
EDTA, pH 6.5 was added to 1 mL of the concentrated protein
sample, and the mixture was concentrated again to 1 mL in
the Amicon Ultra-15 device. This procedure was repeated
3-4 times until the final concentration of imidazole was
below 0.001 M. The activity of the recovered WT and mutant
homodimers as well as the purified heterodimer was deter-
mined under standard conditions. The Bio-Rad protein assay,
based on the Bradford method, was used to determine protein
concentration, using wild-type His-tagged enzyme as a
standard (25). All three enzymes were stored at-80 °C in
0.1 M potassium phosphate buffer, pH 6.5, containing 0.1
mM EDTA. The N-terminal sequences of the recovered
homodimers and purified heterodimers were determined to
confirm the purity of the enzymes.

Determination of Kinetic Parameters.The Km
GSH was

determined at a constant CDNB concentration of 2.5 mM,
and theKm

CDNB was determined at a constant GSH concen-
tration of 2.5 mM or 10-12 mM, as indicated in Results.
The CDNB was dissolved in ethanol, and 2.5% ethanol was
maintained constant in all assays. The higher concentration
of GSH was used for R131 mutant enzymes that exhibited
high Km values for GSH. The data were fit to a Michaelis-
Menten plot ofV versus [S], and theKm and Vmax were
determined using “Sigma Plot”.

Circular Dichroism Spectra.The CD spectra of enzyme
samples were measured at room temperature in a cylindrical
quartz cuvette of 0.1 cm path length using a Jasco model
J-710 spectropolarimeter (Jasco, Inc., Easton, MD). Protein
samples were in 0.1 M potassium phosphate buffer, pH 6.5,
containing 1 mM EDTA. Concentrations of wild-type and
mutant homodimers were 0.15 mg/mL. For heterodimers,
the concentration ranged from 0.1 to 0.15 mg/mL. CD spectra
were obtained in the wavelength range 200-250 nm. The
resulting spectrum for each enzyme represents the average
of five scans and has been corrected for any background
due to buffer.

The CD spectrum for wild-type enzyme was compared in
the absence and presence of 1,6-hexanediol. Wild-type
enzyme in 0.1 M potassium phosphate buffer, pH 6.5,
containing 1 mM EDTA was diluted with 1,6-hexanediol to
give a final concentration of 25 vol %. The protein
concentration was 0.15 mg/mL. As a control, the CD
spectrum was determined using the same protein concentra-
tion and buffer conditions, except that 1,6-hexanediol was
excluded from the solution.

Molecular Modeling.Insight II molecular modeling soft-
ware (Molecular Simulations, Inc.) was used on an Indigo 2
work station (Silicon Graphics). The homology model of rat
GSTA1-1 was constructed on the basis of the known crystal
structure of human GSTA1-1. The rat GSTA1-1 and human
GSTA1-1 share 76% identity plus 11% similarity in amino
acid sequence, so the two are comparable in structure. Two
crystal structures were considered, PDB 1GUH, the crystal
structure complexed with the ligand, S-benzylglutathione,
and PDB 1GSD, the crystal structure of the apo-enzyme (14,
26). The ligand from 1GUH was overlaid with the structure

of 1GSD, and this was subjected to energy minimization
using the Discover program from Biosym. Steepest descent
and conjugate gradient methods were used to reduce residual
van der Waals overlaps. For modeling of the heterodimers,
a single residue of one subunit was replaced by another
residue and this was also subjected to energy minimization
as described above.

RESULTS

Mutagenesis and Expression.Tyr9, Arg15, and Arg131
residues were chosen as targets of mutagenesis, since these
are some of the amino acid residues identified as active site
residues in the crystal structure of GSTA1-1 (14). Tyr9 was
replaced by phenylalanine and threonine. Arg15 was changed
to glutamine. Three mutants of Arg131 were constructed:
R131M, R131Q, and R131E. All mutations were confirmed
by DNA sequencing, which also demonstrated that no
mutations were introduced at positions other than the desired
target.

Purification of Enzymes.Wild-type GSTA1-1 was purified
by affinity chromatography using an S-hexylglutathione
agarose column. The mutant enzymes contained a His6 tag
and hence were purified on the nickel-nitrilotriacetic acid
(Ni-NTA) column. For all enzymes, SDS-PAGE showed a
single band at 25 kDa indicating that the enzymes were
purified to homogeneity (Figure 3). The wild-type enzyme
migrated slightly lower than the mutant enzymes because
of the absence of a His6 tag. N-terminal sequencing
confirmed the identity and purity of all enzymes. For the
wild-type GSTA1-1, 10 mg of protein was obtained per liter
of culture grown, while for the mutant enzymes (His-tagged),
the yield was 50-60 mg per liter of culture grown.

Specific ActiVity of Wild-Type and Mutant Enzymes under
Standard Conditions.The specific activities of all enzymes
were determined (under standard conditions) at 2.5 mM GSH
and 1 mM CDNB at 25°C and pH 6.5 and are shown in
Table 1. That of the wild-type enzyme is comparable to
earlier reported values (21). Of the mutant enzymes studied
here, the most drastic decreases in activity were observed
for the Y9F, Y9T, and R15Q mutant enzymes (Table 1).
The specific activity of Y9F was less than 1% that of wild-
type, similar to previously reported values (15). Y9T and
R15Q mutant enzymes were 14- to 50-fold less active than

FIGURE 3: SDS-PAGE for purified wild-type and mutant enzymes
of GSTA1-1. Purified protein (7µg of each sample) was loaded in
each lane. Lane 1: WT. Lane 2: Y9F. Lane 3: Y9T. Lane 4:
R15Q. Lane 5: R131M. Lane 6: R131Q. Lane 7: R131E. Lane
8: Protein standards (with molecular weights given in kDa).
Molecular weights of purified GSTs were about 25 kDa.
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Y9F. In contrast, the R131 mutant enzymes exhibited specific
activities closer to that of the WT enzyme: 60%, 50%, and
24% of that of the wild-type for R131M, R131Q, and R131E
respectively,

CD Spectra of Mutant Enzymes.Wild-type enzyme and
the mutant enzymes all exhibited minima at 220 and 210
nm, characteristic of a predominantlyR-helical secondary
structure. Representative spectra are shown in Figure 4. The
CD spectra for all mutant enzymes were comparable to that
of the wild-type enzyme, indicating that the mutations did
not cause any marked change in secondary structure.

Generation of Heterodimers Using 1,6-Hexanediol. Het-
erodimers were generated in which one subunit was wild-
type and the other was a mutant subunit with a single amino
acid substitution in the active site. Heterodimers were
generated with the following single mutations in the second
subunit: Y9F, Y9T, R15Q, R131M, R131Q, and R131E.
As outlined in Figure 2, 15-25% 1,6-hexanediol was used
to dissociate the enzyme into monomers. Subsequent dialysis
removed the 1,6-hexanediol and allowed random association
to form dimers from a pool of two types of monomers. Three
dimeric enzyme species were thus formed: WT homodimer,
WT-mutant heterodimer, and mutant homodimer. Theoreti-
cally, the ratio among them should be 1:2:1, if association
of the two types of monomers occurred randomly. Although
this is the case when His-tagged WT is mixed with WT
enzyme (13), when mutant and WT homodimers are mixed,
the amount of heterodimer is lower; this observation probably
reflects differences in affinity between the WT and the
mutant monomer.

The two homodimers and newly formed heterodimer
generated in each experiment were then separated using a
Ni-NTA column, as described under Experimental Proce-
dures. For each dimer mixture, separation on the Ni-NTA
column yielded three peaks, as illustrated in Figure 5, for
the separation of wild-type homodimer, WT-R131E het-
erodimer, and R131E homodimer. Since the wild-type
homodimer lacks a His tag, it does not bind to the Ni-NTA
column and was obtained as peak I, eluted in the starting
buffer. The heterodimer contains one His tag (from the
mutant subunit), and the mutant homodimer contains two
His tags (one linked to each subunit). Since the affinity of
protein for the Ni-NTA column depends on the number of
His tags, these two proteins were separated using an
imidazole gradient. The heterodimer eluted as peak II, while
the mutant homodimer eluted as peak III. (Only the first half

of the heterodimer peak was pooled in order to maximize
purity of the heterodimeric species.)

The purity of all three enzymes recovered from the Ni-
NTA column was determined by N-terminal sequencing as
illustrated in Table 2 for the WT-R15Q heterodimer. These
results are representative of those obtained for all het-
erodimers. The wild-type homodimer exhibited a single
sequence of SGKPVLHYFNARGR at the N-terminus, while
the mutant homodimer, containing a His tag, showed a single
sequence of MHHHHHHSGKPVLH at the N-terminus. The
heterodimer exhibited two PTH-amino acids at each cycle
indicative of two sequences (one lacking the His tag and
one with a His tag) present in a ratio of approximately 1:1.
These results confirm the presence and purity of the
heterodimer.

Stability of Heterodimers.It was important to ascertain
whether the heterodimer was stable under the conditions of

Table 1: Specific Activities of Wild-Type and Mutant Enzymes
under Standard Conditionsa

enzyme
specific activity

(µmol min-1 mg-1)

WT 61.5( 3.4
Y9F 0.5( 0.05
Y9T 0.035( 0.002
R15Q 0.01( 0.001
R131M 37.1( 2.5
R131Q 30.9( 1.4
R131E 14.8( 0.6

a Enzyme activity was measured spectrophotometrically from the
rate of increase atA340nm, the λmax of the GSH-CDNB conjugate
formed, using 2.5 mM GSH and 1 mM CDNB at 25°C, in 0.1 M
potassium phosphate buffer, pH 6.5 containing 1 mM EDTA. Specific
activity is given with standard errors.

FIGURE 4: CD spectra of WT, mutant enzymes, and heterodimers.
CD spectra of WT (dashed line), mutant (dotted line), and WT-
mutant heterodimer (solid line) in 0.1 potassium phosphate buffer,
pH 6.5, containing 1 mM EDTA. Protein concentrations used ranged
from 0.1 to 0.15 mg/mL. (A) WT, R131M, and WT-R131M
heterodimer. (B) WT, R131Q, and WT-R131Q heterodimer. (C)
WT, R131E, and WT-R131E heterodimer.
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purification and storage. To evaluate this issue, a sample of
heterodimer from peak II (Figure 5) which had been stored
at -80 °C in 0.1 M potassium phosphate buffer, pH 6.5,
containing 1 mM EDTA was thawed and then reapplied to
the Ni-NTA column under the same conditions as in Figure
5. Any dissociation of the heterodimer into its monomeric
subunits would have resulted in new peaks, peak I and peak
III, corresponding to the wild-type and mutant homodimers,
respectively. However, the only peak of activity obtained
was peak II, corresponding to the heterodimer. No GST
activity was obtained in the wash fractions or in the second
part of the gradient corresponding to the mutant homodimer.
This result indicates that the heterodimer is stable in both
the Tris chloride and phosphate buffers used for purification
and storage, respectively. Furthermore, the specific activities
did not change upon storage over a period of at least four
months.

ActiVity of RecoVered Enzymes.The proteins recovered
from the Ni-NTA column were evaluated for activity. The
specific activities of the wild-type and mutant homodimers
under standard conditions were the same as the initial specific
activities of these enzymes before mixing in 1,6-hexanediol.
In a control experiment, a WT-WTHis dimer was generated
with one subunit lacking a His tag and the other subunit
having a His tag. The activity of this isolated WT-WTHis

dimer was the same as that of the WT-WT or WTHis-WTHis

homodimers. In contrast, the specific activities of all WT-
mutant heterodimers were found to belower than the average
of the specific activities of the two corresponding homo-
dimers. An average value would be expected if the activity
of each subunit was independent of the other. This suggests
that the two active sites must interact with each other.

Kinetic Parameters of Wild-Type and Mutant Enzymes.
The Km

GSH, Km
CDNB, and Vmax for wild-type and mutant

enzymes are given in Tables 3 and 4. Kinetic parameters
for the wild-type enzyme are comparable to previously
reported values (21). Y9F exhibited aVmax of 1.3µmol min-1

mg-1, less than 2% of that of the WT enzyme (Table 3),
comparable to theVmax reported earlier (15, 16). Y9F has a
Km

GSH which is four times that of wild-type enzyme. Y9T
and R15Q mutant enzymes exhibited extremely low activi-
ties, precluding the determination ofKm values for these
mutants. These results indicate that Tyr9 and Arg15 have
catalytic roles and are critical for the activity of the enzyme.

Each active site has Arg131 contributed from the opposite
subunit; i.e., Arg131 belongs to subunit B but is part of the
active site of subunit A (Figure 1). To evaluate the
importance of a positive charge at this position, this residue
was replaced by methionine, glutamine, and glutamate, with
the results shown in Table 4. TheVmax values of R131M
and R131Q are not appreciably different from that of the
WT enzyme. However, R131E exhibits aVmax that is 50%
that of the wild-type. TheKm

CDNB for all mutant enzymes is
comparable to that for the wild-type enzyme, indicating that

FIGURE 5: Separation of WT and R131E homodimers and WT-
R131E heterodimer using a Ni-NTA column. The protein mixture
was loaded onto a Ni-NTA column equilibrated with 10 mM Tris
chloride buffer, pH 7.8, containing 0.2 M NaCl. The column was
first washed with the same buffer to remove unbound WT
homodimer. The heterodimer and R131E homodimer were separated
using a gradient of 0-0.1 M imidazole in 10 mM Tris chloride
buffer, pH 7.8, containing 0.2 M NaCl (100 mL of each buffer).
Fractions were 1 mL each. Protein absorbance (blue circles) was
measured at 280 nm. Activity (red circles) present in 30µL of
fraction was measured under standard conditions.

Table 2: N-Terminal Sequencing of WT-R15Q Heterodimera

cycle
residue

(non-His tag) pmol
residue

(His tag) pmol

1 Ser 67 Met 111
2 Gly 56 His 36
3 Lys 98 His 58
4 Pro 64 His 55
5 Val 60 His 67
6 Leu 63 His 59
7 His 44 His 44
8 Tyr 62 Ser 54
9 Phe 59 Gly 51
10 Asn 48 Lys 70
11 Ala 67 Pro 47
12 Arg 45 Val 48
13 Gly 30 Leu 64
14 Ala 50 His 20

average 51.6 average 50.6
molar ratio: 1.02

a An aliquot of purified heterodimer was subjected to N-terminal
sequencing. Cycles 8-14 were considered for calculation of the molar
ratio because the yield of PTH-His (cycles 2-7) is low and exhibits
carryover in subsequent cycles, and hence gives inaccurate estimates
of yields in these cycles.

Table 3: Kinetic Parameters of WT, Y9F, Y9T, R15Q, and
Heterodimers of Y9F, Y9T, and R15Qa

Vmax(µmol min-1 mg-1)

Enzyme
Km

GSH

(mM)
Km

CDNB

(mM) exptl
theor:b

heterodimers

WT 0.28( 0.04 0.79( 0.2 68.7( 5.7
Y9F 1.2( 0.12 0.63( 0.05 1.3( 0.05
WT-Y9F 0.14( 0.01 0.65( 0.06 22.2( 1.2 34.8
Y9T c c 0.13d ( 0.012
WT-Y9T 0.14( 0.01 0.72( 0.09 19.1( 0.3 34.4
R15Q c c 0.018d ( 0.005
WT-R15Q 0.15( 0.01 0.62( 0.06 27.1( 0.5 34.3

a All assays were performed at 25°C in 0.1 M potassium phosphate
buffer, pH 6.5, containing 1 mM EDTA. TheKm

GSH was determined
by maintaining the concentration of CDNB constant at 2.5 mM with
GSH concentrations varying from 0.05 to 10 mM, whileKm

CDNB was
determined at a constant GSH concentration of 2.5 mM and varying
concentrations of CDNB from 0.02 to 4 mM. All values are reported
with standard errors.b The theoretical values ofVmax represent the
expectedVmax of the heterodimer if the activity of each subunit is not
influenced by that of the other. It was calculated as follows: Theoretical
Vmax ) (1/2Vmax of wild-type homodimer+ 1/2Vmax of mutant ho-
modimer).c Extremely low activities for Y9T and R15Q, together with
significant background rates at high GSH and CDNB concentrations,
did not allow the determination ofKm for these mutant enzymes.d These
values were determined at 10 mM GSH and 4 mM CDNB.
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affinity of the enzyme for CDNB is not affected by mutations
at position 131. In contrast, the values ofKm

GSH for all three
position 131 mutant enzymes are increased as compared to
the wild-type: replacement of Arg131 by Met or Gln yields
enzymes withKm

GSH about three times that of wild-type,
while substitution by the negatively charged residue, glutamate,
results in an 8-fold increase inKm

GSH. This effect onKm
GSH

indicates that Arg131 participates in glutathione binding.
Kinetic Parameters of Heterodimers.The heterodimers

considered in this study contained one wild-type subunit and
one subunit with a single mutation in the active site, allowing
us to evaluate the effect of a mutation in one subunit on the
activity of the other subunit. Tyr9 and Arg15 contribute to
the active site of their own subunit. On the other hand,
Arg131 contributes to the active site of the other subunit.
For all heterodimers, the experimental maximum velocity
was compared to a theoretical value (Tables 3 and 4). The
theoretical value is the value expected if the activity of each
subunit is independent of the other, and is calculated as the
sum of maximum velocities of individual subunits. Figure 6
shows representative Michaelis-Menten plots for two het-
erodimers, WT-R131E and WT-R131M. TheVmax for both
heterodimers is much lower than the theoretical value. All
heterodimers give aVmax lower than the theoretical value,
ranging from 48% to 79% of the expected values (Tables 3
and 4). Since the specific activities of the heterodimers did
not change over several months of storage, these results do
not reflect a time-dependent instability of the heterodimers.
Although theKm

GSH values for the mutant homodimers of
R131 mutants are between 0.8 and 2.1 mM, theKm

GSH values
of the corresponding heterodimers were between 0.24 and
0.38 mM, comparable to that for the WT enzyme (Table 4).
TheKm

CDNB of these heterodimers was also not significantly
different from that of the WT enzyme (Table 4), an indication
that the affinity for CDNB is not affected in the heterodimers.

Circular Dichroism Spectra of Heterodimers.Since the
activity of heterodimers was lower than the expected
theoretical values, it was important to establish whether this

loss in activity resulted from a change in secondary structure
in the heterodimer. CD spectra were obtained for the
heterodimers and compared to those of the WT and mutant
homodimers. Figure 4 shows CD spectra of the three
heterodimers with a mutation at position 131. There was no
appreciable change in the spectra, indicating that formation
of heterodimers does not cause any alteration in the second-
ary structure of the enzyme. Furthermore, the CD spectra
did not change over a period of at least four months of
storage, indicating that the heterodimers are structurally
stable.

Effect of 1,6-Hexanediol on Enzyme Structure.The mech-
anism by which 1,6-hexanediol dissociates GST dimers and
promotes heterodimer formation is not known. It is not
evident whether 1,6-hexanediol caused dimers to dissociate
as a result of unfolding or if the solvent stabilizes GST
monomers allowing the dimers to dissociate easily. To
evaluate the effect of 1,6-hexanediol on the enzyme, CD
spectra of wild-type GSTA1-1 were compared in the absence
and presence of 1,6-hexanediol (Figure 7). The CD spectra
are distinguishable in buffer alone and in buffer containing
1,6-hexanediol. Both exhibit similar minima around 208 and

Table 4: Kinetic Parameters of WT, R131 Mutant Homodimers,
and Heterodimers of These Mutant Enzymesa

Vmax(µmol min-1 mg-1)

enzyme
Km

GSH

(mM)
Km

CDNB

(mM) exptl
theor:b

heterodimers

WT 0.28 (( 0.04) 0.79 (( 0.2) 68.7 (( 5.7)

R131M 1.0 (( 0.01) 0.64 (( 0.1) 64.3 (( 3.9)
WT-R131M 0.25 (( 0.1) 0.51 (( 0.1) 39.7(( 5.9) 66.5

R131Q 0.82 (( 0.1) 0.64 (( 0.1) 54.2 (( 5.0)
WT-R131Q 0.38 (( 0.05) 0.9 (( 0.2) 48.5(( 4.0) 61.5

R131E 2.1 (( 0.3) 0.8 (( 0.1)c 34.8 (( 1.1)
WT-R131E 0.24 (( 0.03) 0.42 (( 0.2) 24.9(( 2.9) 51.7

a Assays were conducted at 25°C in 0.1 M potassium phosphate
buffer, pH 6.5, containing 1 mM EDTA. All values are reported with
standard errors. TheKm

GSH was determined with GSH concentrations
varying from 0.05 to 10 mM and a constant [CDNB]) 2.5 mM. For
the determination ofKm

CDNB, the CDNB concentration was varied from
0.02 to 4 mM, while the concentration of GSH was kept constant at
10 mM. b The theoretical values ofVmax represent the expectedVmax of
the heterodimer if the mutation in one subunit had no effect on the
Vmax in the other subunit. It was calculated as follows: Theoretical
Vmax ) (1/2Vmax of wild-type homodimer+ 1/2Vmax of mutant ho-
modimer).c TheKm

CDNB andVmax were also determined at 25 mM GSH
and found to be the same as that at 10 mM GSH.

FIGURE 6: Michaelis-Menten plots for heterodimers WT-R131E
and WT-R131M. Two representative plots are shown here. The
velocities were determined at [CDNB]) 2.5 mM, in 0.1 M
potassium phosphate buffer, pH 6.5, containing 1 mM EDTA, at
25 °C. A plot of velocity versus GSH concentration is given for
WT-R131E heterodimer (A) and WT-R131M heterodimer (B).
In each panel, plots for wild-type enzyme (circles with dashed line),
mutant homodimer (triangles with dotted line), and heterodimer
(squares with solid line) are shown. The experimental plot for the
heterodimers is compared to a theoretical plot (solid line without
symbol). The theoretical plot for the heterodimer is generated by
determining the velocity at a given substrate concentration as
follows: V ) (1/2V of wild-type homodimer+ 1/2V of mutant
homodimer).
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220 nm; however, in 1,6-hexanediol, the magnitude of the
minimum at 208 nm is greater. Estimation of theR-helical
structure (27) gave values of 60% and 65% for CD spectra
in the absence and presence of 1,6-hexanediol, respectively.
The slight increase in helical structure suggests that 1,6-
hexanediol stabilizes the secondary structure in the monomer
subunits.

DISCUSSION

The alpha class glutathione S-transferase exists in solution
predominantly in dimeric form. Whether the two active sites
of the dimer function independently or communicate with
each other is an important unresolved issue. Ricci et al. (28)
had earlier pointed out that the two subunits of horse
erythrocyte GST are nonequivalent in their reaction with
sulfhydryl reagents, although others have said that the
subunits function independently.

Heterodimers, containing one wild-type subunit and a
subunit with a mutation in the active site, offer a means of
studying subunit interactions. In the current study, three
amino acid residues were mutated: Tyr9, Arg15, and
Arg131. The role of Tyr9 and Arg15, residues that contribute
to the activity in the same subunit, had already been
established (15, 16, 19). Our study establishes the effect of
these two residues on the activity of the opposite subunit,
and hence in the dimer as a whole. In contrast, Arg131 has
never been studied before. We investigated its role in the
active site to which it directly contributes, as well as its effect
on the activity of the second subunit.

Tyr9 is conserved among the cystolic GSTs and was the
first amino acid identified as important for catalysis (15).
Our study indicates thatVmax values of Y9F and Y9T mutant
enzymes are less than 2% of that of the wild-type. This is in
accordance with earlier reported values (15, 16). Tyr9 acts
as a H-bond donor and stabilizes the thiolate of GSH prior
to its attack on the electrophilic substrate. Replacement of
Tyr by Phe eliminates this stabilizing effect, resulting in very
low activity, and a 4-fold increase inKm

GSH for this mutant
enzyme. This result is in agreement with those obtained by
Stenberg et al. (15). In the Y9T mutant enzyme, the hydroxyl
group of Thr has the potential for H-bonding; nevertheless
its specific activity is still very low as compared to the WT
enzyme. This is because its hydroxyl group is positioned

further away from the sulfur of GSH (5 Å), eliminating the
possibility of H-bonding with the thiol group of GSH. The
specific activity of the Y9T mutant enzyme is 10-fold lower
than that of the Y9F mutant enzyme, indicating the impor-
tance of the aromatic ring. The aromatic ring of Tyr9 is
situated 3 Å away from that of Phe10. This distance is
sufficiently close for aπ-π stacking interaction (less than
5.6 Å) (29). In addition, the aromatic ring of Tyr9 and that
of the benzyl group (of S-benzylglutathione) in the crystal
structure are 5.2 Å apart. The position of the benzyl group
represents that of the electrophilic substrate (in this case,
CDNB) in the enzyme. Replacement of Tyr by Thr at
position 9 would therefore interfere with the interaction
between these aromatic rings around the active site leading
to local disturbance around the active site.

The role of Arg15 is unique to the alpha class GSTs (2).
The importance of a positive charge at position 15 has
already been established (19). The Nε of Arg15 and the
cysteinyl sulfur of GSH are 3.8 Å apart and are involved in
an electrostatic interaction. The peptidyl nitrogen of Arg15
also H-bonds to the hydroxyl group of Tyr9 (distance
between the two groups is 3 Å). Thus, together with Tyr9,
Arg15 stabilizes the thiolate ion. In a previous study,
mutation of Arg15 to Leu, Lys, and His resulted in mutant
enzymes that were less active than the wild-type, with the
lowest activity exhibited by the R15H mutant enzyme (19).
In our study we mutated Arg15 to Gln, resulting in a 40-
fold lower activity than that of the R15H mutant of the
previous study. Thus, although the side chain of Gln has the
ability to form a H-bond, it apparently does not do so,
perhaps because the shorter side chain of Gln is not
positioned to interact with the-SH of GSH or the-OH of
Tyr9.

The exact role of Arg131 has not been established,
although the crystal structure of human GSTA1-1 shows that
Arg131 is 2.5 Å away from the glycine carboxylate of GSH
bound in the opposite subunit (Figure 1) (14). We generated
three mutants, (R131Q, R131M, and R131E) to test the effect
of substituting the positively charged side chain of Arg with
the neutral Met (which lacks H-bonding potential), neutral
Gln (which has the ability to form H-bonds) and with the
negatively charged Glu. Met, Gln and Glu are all similar in
size. As compared to theKm

GSH for WT, the Km
GSH is

approximately 3-fold higher for the R131M and R131Q
mutant enzymes, and 10-fold higher for the R131E mutant
enzyme. In the WT enzyme, the positive charge of arginine
is neutralized by the negative charge of the carboxylate of
GSH. In R131M and R131Q, this electrostatic attraction is
lost, while in R131E, the favorable interaction is replaced
by a repulsive interaction between the negatively charged
carboxylate of Glu131 and the negative carboxylate (C-
terminus end) of GSH. As a result, binding of GSH in the
R131E mutant enzyme is weaker than in the R131M and
R131Q mutant enzymes. A distortion in GSH binding can
also account for the low activity for the R131E mutant
enzyme. TheKm

CDNB of all mutant enzymes were comparable
to that of the WT, indicating that the CDNB binding site
was not appreciably altered as a result of these mutations.

The Y9, R15, and R131 mutant homodimers were used
to form heterodimers, which were generated after incubation
of WT and mutant enzyme in 1,6-hexanediol. In solution,
GSTs exist in a monomer-dimer equilibrium with the dimer

FIGURE 7: Comparison of CD spectra in buffer and 1,6-hexanediol.
The CD spectra for wild-type in buffer (dashed line) and 25% 1,6-
hexanediol (solid line) were determined using a protein concentra-
tion of 0.15 mg/mL in 0.1 M potassium phosphate buffer, pH 6.5,
containing 1 mM EDTA, at room temperature.
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form predominating. Hydrophobic interactions exist at the
dimer interface, and these are important for maintaining the
structure of the dimer (21). 1,6-Hexanediol most likely binds
to the hydrophobic regions at the interface, inhibiting
dimerization of the subunits, and increasing the concentration
of monomeric species. Le Trong et al. recently identified a
network of water molecules connecting the two active sites
(30); this network of water molecules may play a role in
holding the subunits together. The hydroxyl groups of 1,6-
hexanediol may compete with the water molecules for
hydrogen bonding with the side chains of the protein’s amino
acids, resulting in the dimer-monomer equilibrium shifting
toward monomer.

The CD spectrum of GSTA1-1 in 25% 1,6-hexanediol
indicates that there is no decrease in the percentage of helical
structure, suggesting that monomers are formed without
unfolding of each subunit. Alcohols have previously been
shown to preserve the secondary structure of proteins while
altering the tertiary structure (31). In contrast to the observa-
tions for urea solutions (32), it appears, therefore, that the
monomeric form of alpha GST in 1,6-hexanediol is quite
stable structurally. Although a stable monomer can be
obtained, the dimer form is required for maximum activity
(21).

The study of subunit interactions is important for many
enzymes. Typically guanidinium chloride or urea is used to
dissociate dimers and form heterodimers. We initially used
acetonitrile to dissociate the dimer, but found that many
mutant enzymes were unstable in this solvent and precipitated
easily. All of these reagents cause unfolding of the enzyme
and, in some cases, loss of activity. As an alternative, 1,6-
hexanediol may offer a better means of promoting het-

erodimer formation not only for GSTs but for other enzymes
as well.

The heterodimers, with one mutant enzyme and one wild-
type subunit, allowed evaluation of the effect of one subunit
on the opposite subunit. In all of the heterodimers we tested,
the activity of the wild-type subunit was affected when either
Tyr9, Arg15, or Arg131 was mutated in the other subunit.
In GSTA1-1, several residues are in contact with the
substrate, of which Arg131 and Asp101 are contributed from
the opposite subunit. These two residues may play a role in
communication between the two active sites. On the basis
of the crystal structure of GSTA1-1 (14), Arg131 and Asp101
of the same subunit do not communicate directly with each
other (the minimum distance between them is 7 Å); however,
they do communicate via the glutathione of the other subunit.
As shown in Figure 8, the guanidino group of R131 (B) and
the C-terminus carboxylate of GSH (A) are involved in an
electrostatic interaction. The N-terminal amino group of GSH
(A) interacts with Asp101 (B) via a salt link. The peptide
oxygen of Asp101 (B) is within H-bonding distance (3.2 Å)
of the peptide nitrogen of Glu104 (B) situated three residues
away on the same helix. The carboxylate of Glu104 (B) is
involved in an electrostatic interaction with the amino group
of Arg15 (B). Arg15 (B) in turn interacts directly with the
GSH (B). This connectivity has also been pointed out by Le
Trong et al. (30). In addition, they have located a water
molecule interacting with Asp101 and Tyr132 in the same
subunit. This water molecule is 2.7 Å away from the
carboxylate of Asp101 and 2.6 Å from the hydroxyl of
Tyr132, which is adjacent to Arg131. We have also located
a second water molecule (shown in Figure 8) connecting
Tyr132 and Arg131, at a distance of 2.7 Å from the hydroxyl

FIGURE 8: Structure of GSTA1-1 as viewed from the bottom of the cleft. Subunits A and B are shown in purple and orange, respectively.
The inhibitor S-benzyl glutathione, SBG (green), is shown bound in both active sites. The residues (Tyr9, Arg15, and Arg131) mutated in
the heterodimers are shown in thick lines, while the residues (Tyr 132, Asp 101, and Glu104) that are part of the connectivity between the
two active sites are shown in thin lines. The water molecules are indicated by blue and white lines.
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of Tyr132 and 2.9 Å away from the guanidino group of
Arg131. Hence Arg131 and Asp101 are connected not only
via the GSH of the opposite subunit but also through Tyr132
and the two water molecules. Therefore mutation of Arg131
in subunit B will result in perturbation of the active site in
subunit A, which will then be transferred through Asp101
and Glu104 to Arg15 in subunit B. Similarly any perturbation
around the active site of subunit A as a result of mutation of
Tyr9 (A) or Arg15 (A) will be communicated via Asp101
(B), to the active site of B, thus accounting for our
observation that theVmax of all heterodimers was lower than
expected. Also, the network of water molecules may play a
role in communication between the two active sites. Most
of these solvent molecules connect to side chains of the
protein. Therefore, a perturbation occurring in one active site
may very well be communicated to the other active site
through this intricate network of water molecules. The
lowered maximum velocities in our heterodimers support this
theory.

Mutation of Tyr9 to either Phe or Thr in one subunit
affected catalysis in the wild-type subunit. WT-Y9F and
WT-Y9T both exhibited Vmax values 56-63% of the
expected values. Any perturbation of the substrate in subunit
A caused as a result of mutation of Tyr9 would be transferred
to the active site of subunit B, via Asp101(B) as described
earlier.

The alpha class of GSTs is characterized by a C-terminal
helix which covers the active site when the GSH conjugate
is bound to the enzyme (30, 33). The C-terminus thus plays
a role in the binding and release of substrate and product,
respectively (34, 35, 36). In the alpha class of GSTs, the
rate-limiting step is product release, and the conformation
of the C-terminus is hence important for catalysis. Phe220,
a residue of the C-terminus helix, has its aromatic ring 4.3
Å from that of Phe10. Phe222, situated at the end of the
C-terminal helix, is 5.2 Å from the benzyl ring of the reaction
product, which in turn is 4.7 Å from the aromatic ring of
Phe10. Therefore Phe10 interacts directly and indirectly with
Phe220 and Phe222, respectively. Le Trong et al. postulated
that the orientations of Phe10 and Phe222 are interdependent
and play a role in determining the conformation of the
C-terminus during ligand binding (30), while Nilsson et al.
showed that Phe220 and Phe222 influence catalysis in
GSTA1-1 (34). It has been shown that the ionization of Tyr9
and the dynamics of the C-terminal are associated (35, 36).
Mutation of Tyr9 to Thr will interfere with theπ-π
interaction that exists between Tyr9 and Phe10. Construction
of an energy minimized model of the Y9T mutant enzyme
shows that the aromatic ring of Phe10 is oriented slightly
differently in the mutant enzyme as compared to the WT
enzyme. Moreover, the mutation increases the distance
between Phe10 and Phe222 (from 5.7 Å to 7.5 Å), as well
as the distance between Phe10 and the S-benzyl ring of
substrate. By affecting the orientations of Phe10, Phe220,
and Phe222, the replacement of Tyr9 by Thr may alter the
dynamics of the C-terminal region, and hence the rate-
limiting step in the reaction. Structural perturbations around
this region are likely to be transmitted to the other active
site as well. Similar perturbations may account for the
previous report that modification of Met208 of one subunit
of GSTA1-1 by the photoaffinity label glutathionyl S-[4-
succinimidyl]benzophenone causes inactivation of both

subunits (10). Met208 is located at the start of the C-terminal
helix, and the effect of its modification may be com-
municated to the active site of the same subunit by the change
in the Phe220, Phe222, and Phe10 interaction, while the
effect is transmitted to the second subunit through interaction
of the reagent’s glutathionyl moiety with Asp101 and Arg131
of the second subunit.

Mutation of Arg15 to Gln removes the electrostatic
interaction between Arg15 and Glu 104. In the crystal
structure, the distance between the amino group of Arg15
and carboxyl of Glu104 in the WT enzyme is 2.9 Å. In
contrast, in the energy-minimized model of the R15Q mutant
enzyme, the distance between the amino acids at position
15 and 104 increases to 5.8 Å, due to the loss of electrostatic
attraction between the two groups. The methylene groups
of Arg15 are also involved in the binding of the hydrophobic
substrate. Replacement of Arg by Gln shortens the side chain
length, which may cause adjustments of the position of Gln
in order to interact with the sulfur of GSH and the tyrosyl
hydroxyl group. Thus, mutation of Arg15 to Gln decreases
the communication to the opposite subunit. This may explain
why the effect on the other subunit is the least in the WT-
R15Q heterodimer, among all the heterodimers studied here.

In the heterodimers in which Arg131 of one subunit is
mutated, theVmax values of all three heterodimers were lower
than the expected values. The most drastic effect was seen
in the WT-R131E heterodimer, which exhibited aVmax that
is 48% of the expected value for the heterodimer. Although
R131 of subunit B is far away from active site B, it does
communicate with it via the active site of subunit A.
Modeling studies indicate that the guanidino group of Arg131
is 3.5 Å from the glycyl carboxyl of GSH, but when replaced
by Glu, the carboxyl groups of Glu131 and GSH mutually
repel one another, resulting in the increased distance of 7.4
Å between the two. Moreover, Glu131 becomes close (3.2
Å) to Lys127 for charge neutralization. Thus, replacement
of a positive charge by a negative charge at 131 results in
disruption of important interactions, and formation of new
ones, leading to perturbation around the active site of one
subunit, which can then be transmitted through Asp101 and
Glu104, to Arg15 in subunit B.

Surprisingly, theKm
GSH of the heterodimers are comparable

to that of the WT homodimer. It appears that binding of GSH
in the WT subunit of the heterodimer actually facilitates the
binding of GSH in the other subunit. In the heterodimer, the
presence of one Arg131 is apparently sufficient to position
the subunits in a favorable orientation so that GSH binding
is not affected even in the other mutated active site. However,
if Arg131 is mutated in both subunits (as in the mutant
homodimer), the positioning of GSH in both subunits is
disrupted, resulting in a decreased affinity for GSH in both
active sites, as indicated by the highKm

GSH in the Arg131
mutant homodimers.

Our results with heterodimers of R131 mutant enzymes
are in contrast with those obtained by Lien et al. for
heterodimers of Asp101 mutant enzymes (12). In their study,
replacement of Asp101 by Lys in one subunit had no effect
on the CDNB conjugating activity of the other wild-type
active site. In that case, the positive charge of Lys (in the
WT-D101K heterodimer) would be repelled by the posi-
tively charged N-terminal of GSH, probably leading to an
altered position of Lys101. According to the wild-type model
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structure, the carboxylate of Asp101 is 3.1 Å away from the
N-terminal amino group of GSH. We modeled the WT-
D101K heterodimer by replacing Asp101 by Lys in one
subunit. In this model, Lys moves away from GSH, placing
the amino group of Lys 5.6 Å away from the amino group
of GSH, and closer to Glu97 (3.5 Å). This movement results
in the positive charge of Lys being stabilized by the
negatively charged Glu97; the connectivity between Lys101
(B) and GSH (A) is thereby disrupted. This scenario may
account for the failure of Lien et al. (12) to observe
communication between the active sites in the reaction
between GSH and CDNB.

In the present study, we have generated heterodimers
containing a WT subunit and a subunit with a single mutation
in the active site. The use of heterodimers in the investigation
of subunit interaction has been undertaken previously (12,
13); however, this is the first study investigating the activity
of heterodimers, in which residues contributing to the active
site in the same subunit were mutated. All the heterodimers
we examined exhibited lower than expected activity, indicat-
ing that a mutation in one active site perturbs the structure
in such a way that the other active site is also affected. Thus,
any change in the local environment of the active site can
cause a structural perturbation in parts of the enzyme that
are situated far from that active site. This communication is
of a complex nature and not only takes place through the
side chains of various amino acids but also may involve the
network of water molecules that connect the two active sites.
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