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ABSTRACT: We have probed the electrophilic binding site (H-site) of human glutathione transferase P1-1
through mutagenesis of two valines, Val 10 and Val 35, into glycine and alanine, respectively. These two
residues were previously shown to be the only conformationally variable residues in the H-site and hence
may play important roles in cosubstrate recognition and/or product dissociation. Both of these mutant
enzymes have been expressed inEscherichia coliand purified and their kinetic properties characterized.
The results demonstrate that Val35Ala behaves similarly to wild-type, whereas Val10Gly exhibits a strong
decrease ofkcat and kcat/Km

cosub toward two selected cosubstrates: ethacrynic acid and 1-chloro-2,4-
dinitrobenzene. Pre-steady-state kinetic analysis of the GSH conjugation with ethacrynic acid shows that
both wild-type and Val10Gly mutant enzymes exhibit the same rate-limiting step: the dissociation of
product. However, in the Val10Gly mutant there is an increased energetic barrier which renders the
dissociation of product more difficult. Similar results are found for the Val10Gly mutant with 1-chloro-
2,4-dinitrobenzene as cosubstrate. With this latter cosubstrate, Val 10 also exerts a positive role in the
conformational transitions of the ternary complex before the chemical event. Crystallographic analysis of
the Val10Gly mutant in complex with the inhibitorS-hexyl-GSH suggests that Val 10 optimally orientates
products, thus promoting their exit from the active site.

Glutathione transferases (EC 2.5.1.18) (GSTs)1 are a
family of enzymes involved in cellular detoxification by
catalyzing the nucleophilic attack of GSH on the electrophilic

center of a number of toxic compounds and xenobiotics (1).
These cytosolic enzymes have been grouped into at least nine
species-independent classes (Alpha, Beta, Delta, Kappa, Mu,
Pi, Sigma, Theta and Zeta) on the basis of their amino acid
sequence, substrate specificity, and immunological properties
(2-8). For a more detailed review on the molecular
properties of GSTs, see ref9.

Human placental glutathione transferase (class Pi) (GST
P1-1) (10), a homodimeric protein of about 46 kDa, has been
extensively studied in different laboratories because of its
potential use as a marker during chemical carcinogenesis (11,
12) and its possible role in the mechanism of cellular
multidrug resistance against a number of anti-neoplastic
agents (13-15). Recent advances suggest a role for GST
P1-1 in the regulation of Jun kinase protein (a stress-activated
protein which phosphorylates c-Jun) (16) and as a “tissue”
transglutaminase-specific substrate in neural cells committed
to apoptosis (17). Crystallographic and site-directed mu-
tagenesis studies have indicated that a number of residues
are involved in GSH recognition and binding (18-22). The
high-resolution structures of human GST P1-1, complexed
with GSH analogues or inhibitors (20, 22-26), also help to
define the xenobiotic substrate binding site (H-site). The
H-site walls are lined by residues Phe 8, Val 35, Ile 104,
and Tyr 108, and the base is formed by Val 10 and Gly
205. Although these residues are hydrophobic, the H-site is
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quite open and subdivided into two distinct portions: one
more hydrophobic, formed by a cluster of Tyr 7, Phe 8, and
Val 10 residues, and one more hydrophilic, contributed by
Ile 104, Tyr 108, Asn 204, and Gly 205 residues (23, 25).
In fact, this latter portion is filled with a network of water
molecules that may interact with polar substrates or polar
moieties of hydrophobic substrate bound to the H-site. Thus
on the basis of all these structural data, the H-site is now
well defined. However, to understand the substrate selectivity
of the enzyme, it is necessary to elucidate the role of each
of the above residues by site-directed mutagenesis. For
example, Tyr 7 has been extensively studied in different GST
classes where it appears to stabilize the thiolate ion of the
bound GSH (9). Tyr 108 (with its hydroxyl group) possesses
a catalytic role in the GSH/ethacrynic acid conjugation
reaction and influences both catalysis and affinity of the
cosubstrate in the GSH-7-chloro-4-nitrobenz-2-oxa-1,3-
diazole conjugation (27). Ile 104 plays multiple roles
including a contribution to the geometry of the H-site due
its hydrophobic side chain, influencing the enzymatic activity
by interacting with Tyr 108 and affecting the thermal stability
of GST P1-1 (28, 29). The aim of the present work is to
study the role of the valine residues contributing to the
H-site: Val 10 and Val 35. These two residues were
previously shown to be the only conformationally variable
residues in the H-site: Val 10 can adopt different rotameric
states and Val 35 can be highly mobile (23). Hence these
residues may play important roles in cosubstrate recognition
and/or product dissociation. Both these residues have been
mutated, by site-directed mutagenesis, into Gly and Ala,
respectively, expressed inEscherichia coli, and purified and
their enzymatic properties characterized toward a range of
hydrophobic substrates. These mutants were designed to
reduce the size of the hydrophobic side chain. In the case of
Val 10 we mutated this residue into Gly to see the effect of
the complete removal of any side chain which could interact
(via van der Waals contacts) with the hydrophobic cosub-
strate. The results show that the Val 10 mutation to Gly
markedly affectskcat toward the cosubstrates, 1-chloro-2,4-
dinitrobenzene (CDNB) and ethacrynic acid (EA), while the
Val35Ala mutant appears to behave very similarly to the WT
enzyme. The role of Val 10 has been further evaluated by
crystallographic, kinetic, and spectroscopic approaches. It is
proposed that this residue, located at the base of the H-site,
may help to orient products optimally before their exit from
the active site.

EXPERIMENTAL PROCEDURES

Expression Plasmids and Site-Directed Mutagenesis. The
plasmid pGST-1, producing large amounts of recombinant
WT GST P1-1 in the cytoplasm ofE. coli, has previously
been described (30). The expression plasmids pGST-4 and
p18Seq-1, previously described (27, 31), were used to
generate the single-stranded DNA template used for site-
directed mutagenesis according to the method described by
Kunkel and co-workers with minor modifications (31, 32).
The following oligonucleotidessGly 10, 5′-CGGCCTC-
GAGCCGGGAAGT, and Ala 35, 5′-CACGTCTCCGCG-
GTCACGTswere used as mutagenic primers for the
Val10Gly and Val35Ala mutations, respectively. The nucle-
otide sequences of the plasmids carrying the Val10Gly

(pGST-G10) and Val35Ala (pGST-A35) mutations were
verified by the dideoxy chain termination method.

Protein Expression and Purification. WT and mutant GST
P1-1 enzymes were produced as previously described (30,
31). Briefly, TOP 10E. coli cells, harboring plasmid pGST-1
or plasmids pGST-G10 and pGST-A35, were grown in LB
medium containing 100µg/mL ampicillin and 50µg/mL
streptomycin. The synthesis of GST was induced by the
addition of 0.2 mM isopropyl 1-thio-â-galactopyranoside
when the absorbance at 600 nm was 0.5. Eighteen hours after
induction, cells were harvested by centrifugation and lysed
as previously described (30). WT and GST mutant enzymes
were purified by affinity chromatography on immobilized
glutathione (33). After affinity purification, the WT and the
mutant enzymes (Val10Gly and Val35Ala) were homoge-
neous as judged by SDS-PAGE (34). The protein concen-
tration was determined by the method of Lowry et al. (35).

Kinetic Studies. The enzymatic activities were determined
spectrophotometrically at 25°C with different cosubstrates
under the conditions reported below. Spectrophotometric
measurements were performed in a double beam Uvicon 940
spectrophotometer (Kontron Instruments) equipped with a
thermostated cuvette compartment. Initial rates were mea-
sured at 0.1 s intervals for a total period of 12 s after a lag
time of 5 s. Enzymatic rates were corrected for the spontane-
ous reaction.

Apparent kinetic parameters,kcat, Km
cosub, andkcat/Km

cosub

(reported in Table 1), for different cosubstrates were
determined at fixed concentrations of GSH and variable
concentrations of electrophilic substrate, by fitting the
collected data to the Michaelis-Menten equation by non-
linear regression analysis using the Graph PAD Prism (Graph
PAD Software, San Diego, CA). Experimental conditions
for each substrate were as follows: (1) 0.025-0.4 mM EA
in the presence of 0.25 mM GSH in 0.1 M potassium
phosphate buffer, pH 6.5. ApparentKm

GSH was obtained at
fixed EA concentration (0.4 mM) and variable GSH con-
centration (from 0.025 to 0.5 mM), and the reaction was
monitored by following the increase of absorbance at 270
nm where the conjugate of EA with GSH absorbs:ε270 )
5700 M-1 cm-1 (36). (2) 0.0025-0.5 mM NBD-Cl in the
presence of 0.5 mM GSH in 0.1 M sodium acetate, pH 5.0.
The reaction was monitored at 419 nm,ε ) 14 500 M-1

cm-1 (37). ApparentKm
GSH was calculated under the same

conditions at fixed NBD-Cl concentration (0.2 mM) and
variable GSH concentration (from 0.002 to 0.5 mM). (3)
0.1-2 mM CDNB in the presence of 5 mM GSH in 0.1 M
potassium phosphate buffer, pH 6.5, containing 0.1 mM
EDTA. The reaction was monitored at 340 nm,ε ) 9600
M-1 cm-1 (36). ApparentKm

GSH was also determined at fixed
CDNB concentration (1 mM) and variable GSH concentra-
tion (from 0.02 to 2 mM). (4) 0.025-0.3 mM 4-nitroquino-
line 1-oxide (4-NQO) in the presence of 5 mM GSH in 0.1
M phosphate buffer, pH 6.5. The reaction was monitored at
350 nm, ε ) 7200 M-1 cm-1 (38). (5) 0.05-0.8 mM
p-nitrobenzyl chloride (NBC) in the presence of 5 mM GSH
in 0.1 M potassium phosphate buffer, pH 6.5.The reaction
was monitored at 310 nm,ε ) 1900 M-1 cm-1 (36). Kinetic
parameters reported in this paper represent the mean of at
least three different experimental data sets.

The pH dependence ofkcat and kcat/Km
cosub for different

cosubstrates was obtained by using 0.1 M sodium acetate
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buffers (from pH 4.0 to pH 5.5) and potassium phosphate
buffers (from pH 6.0 to pH 7.5).

Viscosity Variation Experiments. The effect of viscosity
on kinetic parameters was assayed by using 0.1 M potassium
phosphate and 0.1 M sodium acetate buffers, both containing
variable glycerol concentrations. Viscosity values (η) at 25
°C were calculated from the Chemistry Handbook (39) and
randomly controlled with an Osvald viscosimeter. Viscosities
are reported relative to 0.1 M potassium phosphate buffer,
pH 6.5, and 0.1 M sodium acetate, pH 5.0.

Thermal Stability. The WT and Val10Gly and Val35Ala
mutant enzymes were incubated at different temperatures
(range 25-60 °C) for at least 30 min, at a protein concentra-
tion of 0.1 mg/mL in 0.1 M phosphate buffer, pH 6.5,
containing 0.1 mM EDTA. At regular time intervals, aliquots
were withdrawn from the incubation mixture and assayed
for GST activity. The results showed that the thermal stability
of either Val10Gly and Val35Ala mutant enzymes was
unaffected by replacement of Val with Gly or Val with Ala,
respectively (data not shown).

Spectroscopic Experiments. The GSH activation by GST
P1-1 was followed by difference spectroscopy of the binary
complex. GSH (1 mM) was added to 13µM GST active
sites in 1 mL of 0.1 M phosphate buffer, pH 6.5, and the
amount of the thiolate formed was monitored between 230
and 310 nm at 25°C. The resulting spectrum was subtracted
from the contribution of either the free enzyme or free GSH.
Quantitation of the thiolate was made assuming anε239 )
5500 M-1 cm-1 (40, 41).

Stopped-Flow Analysis. Rapid kinetic experiments were
performed on an Applied Photophysics kinetic spectrometer
stopped-flow instrument equipped with a temperature-
regulated observation chamber, a 1 cmlight path, and 1 ms
dead time. In a typical experiment, WT (66µM), or
Val10Gly (60 or 114µM), in 0.1 M potassium phosphate
buffer, pH 6.5, containing GSH at the following concentra-
tions, 10, 4, or 0.5 mM, was mixed with 2 mM CDNB or
0.6 mM EA dissolved in the same buffer. The reaction was
followed spectrophotometrically at 340 or 270 nm and at

different temperatures (between 4 and 25°C). The time
course of the product (P) formation was fitted to the equation:

which gives the pseudo-first-order rate constant for the
formation of the product (k1) and the first-order rate constant
for the release of product from the active site (k2) (42).

Effect of Temperature on the GSH Conjugation with
CDNB or EA. The dependence of reaction rate against
temperature was evaluated by measuringkcat at different
temperature values (4-35 °C) under the same conditions
reported above. The activation energy was calculated by
plotting log kcat versus 1/T.

Crystallization. Crystallization was performed by the
hanging drop vapor diffusion method as described elsewhere
(23). Briefly, a 2 µL drop of a 9.5 mg/mL protein solution
containing 10 mM phosphate buffer (pH 7.0), 0.1 mM
EDTA, and 2 mM mercaptoethanol was mixed with an equal
volume of reservoir solution which consisted of 20-25%
(w/v) ammonium sulfate, 50-60 mM DTT, 100 mM MES
buffer (pH range 5.0-5.4), and 10 mMS-hexyl-GSH (which
was synthesized according to the method given in ref43).
All trials were carried out at a constant temperature of 22
°C, and crystals took between 1 and 4 days to appear and
grew to final size in about 1 week.

X-ray Data Collection. The X-ray diffraction data were
collected using a MARResearch area detector with Cu KR
X-rays generated by a Rigaku RU-200 rotating anode X-ray
generator. The data were collected at room temperature. Data
from a number of flash-frozen crystals were also collected.
However, these flash-frozen data sets would not refine
satisfactorily despite exhibiting better data collection statistics
than the room temperature data set (unpublished results).
Diffuse scattering could be observed in the diffraction pattern
of the frozen crystals whereas none was observed for the
room temperature crystals. It thus appears that flash-freezing
introduced static disorder in the crystals. The diffraction data
were processed and analyzed using programs in the HKL
(44) and CCP4 (45) suites. The relevant data statistics are
presented in Table 4.

Model Building and Refinement. Refinement began with
the model of theS-hexyl-GSH complex in the C2 group
(9GSS; 23) which had inhibitor and water molecules

Table 1: Kinetic Parameters of GST P1-1, Val35Ala, and Val10Gly Mutant Enzymes

substrate enzyme Km
cosub(mM-1) Km

GSH (mM-1) kcat(s-1) kcat/Km
cosub(s-1 mM-1)

EA WT 0.21( 0.02 0.177( 0.006 2.57( 0.01 12.2( 0.8
Val35Ala 0.145( 0.006 0.17( 0.01 0.75( 0.19 5.17( 1.08
Val10Gly 0.08( 0.014 0.1( 0.033 0.16( 0.03 2( 0.1

NBD-Cl WT 0.004( 0.001 0.008( 0.002 1.1( 0.02 275( 12
Val35Ala 0.012( 0.003 0.015( 0.006 1.04( 0.18 86.6( 6
Val10Gly 0.023( 0.008 0.07( 0.008 1.65( 0.28 71.7( 14

CDNB WT 1.2( 0.1 0.15( 0.03 76( 2 63( 2
Val35Ala 1.55( 0.38 0.15( 0.038 60( 13 38.7( 1.25
Val10Gly 0.45( 0.1 0.4( 0.025 6.1( 2 13.3( 3.8

4-NQO WT 0.33( 0.03 nda 73 ( 2 222( 20
Val35Ala 0.38( 0.3 nd 40( 5 105( 18
Val10Gly 1.25( 0.2 nd 3( 0.12 2.4( 0.023

NBC WT 0.51( 0.12 nd 0.23( 0.05 0.45( 0.04
Val35Ala 2.7( 0.2 nd 0.75( 0.05 0.27( 0.015
Val10Gly nd nd nd nd

aNot determined.

Table 2: Effect of Leaving Group

GST P1-1
catalyzed reaction

Val10Gly
catalyzed reaction

kcat
FDNB (s-1) 145( 0.029 12.8( 0.004

kcat
CDNB (s-1) 76 ( 0.003 6.1( 0.02

[P] ) [E0](k1/(k1 + k2))
2 - [E0](k1/(k1 + k2))

2

exp(-(k1 + k2)t) + [E0](k1/(k1 + k2))k2t (1)
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removed. Rigid body refinement in CNS (46) was used to
compensate for any possible changes in crystal packing. As
the asymmetric unit of the crystal contained two GST
monomers, noncrystallographic symmetry (NCS) restraints
were used throughout the course of refinement. A bulk
solvent correction was employed during refinement. Typi-
cally, a number of rounds of positional refinement were
performed interspersed by model building and then followed
by rounds of positional and individual NCS-restrained
B-factor refinement. The inhibitor and water molecules were
fitted into the maps in the final rounds. ForS-hexyl-GSH,
bond lengths and angles were taken from the PDB entry
9GSS (23). In the A monomer no density was observed for
the hexyl tail whereas in the B monomer weak but continuous
density was observed (when contoured at 0.8σ) for the C2
to C6 portion of the tail. The fit of the inhibitor into the
final electron density map is shown in Figure 7. The final
refinement statistics are presented in Table 5. A stereochem-
ical analysis of the refined structure with the program
PROCHECK (47) gave values either similar or better than
expected for structures refined at similar resolutions.

RESULTS

Kinetic Analysis of the WT and Mutant Enzymes. The
replacement of Val 35 to Ala and Val 10 to Gly was done
by site-directed mutagenesis, and both proteins were suc-
cessfully expressed inE. coli cells and purified according
to a standard procedure (31).

Steady-state kinetic analysis of the Val35Ala mutant using
a number of selected cosubstrates shows no substantial
differences with respect to the native enzyme (Table 1). In
fact, in the enzymatic conjugation of GSH with EA or with
4-NQO there is only a slight decrease of 3- and 2-fold of
the kcat values, respectively. With NBD-Cl and NBC as
cosubstrates there is instead a 3- and 5-fold increase of the
Km values, respectively, and a 3-fold increase of thekcat value
for NBC. No significant differences are found in the kinetic
parameters between this mutant enzyme and the WT with
CDNB as cosubstrate.

The replacement of Val 10 to Gly greatly affects the
catalytic properties of GST P1-1. Except in the case of NBD-
Cl, there is a general and significant decrease ofkcat values
toward a number of selected cosubstrates (Table 1). For
example, thekcat values for the enzymatic conjugation of
GSH with EA, CDNB, or 4-NQO are 16-, 12-, and 24-fold
less than that of WT, respectively. The changes ofKm values
are also noticeable and vary according to the selected
cosubstrate. In the conjugation of NBD-Cl there is a large
increase of theKm values for both substrates (GSH and NBD-
Cl), suggesting a decreased affinity of the mutant enzyme
for these substrates as the main effect of this point mutation.
There is also a 4-fold higher value of theKm value for 4-NQO
as cosubstrate. In contrast, for EA and CDNB there is a slight
decrease ofKm values. We decided to further investigate the
effect of this mutation using CDNB and EA as cosubstrates
because both are commonly used substrates for Pi class
GSTs.

Effect of Replacement of Val 10 with Gly in the Enzymatic
Conjugation with CDNB. This is the first residue of GST
P1-1 so far investigated, apart from Tyr 7, which produces
a significant decrease of thekcat value in the nucleophilic
aromatic substitution reaction with CDNB (Table 1). Despite
the apolar character of its side chain, its close location to
Tyr 7 prompted us to investigate whether it could influence
the activation of the GSH substrate bound to the enzyme in
the binary complex. The dependence of kinetic parameters
on pH in the binary complex (Figure 1B) yielded a pKa value
of 6.1 ( 0.1, a value very close to that found in the WT
enzyme (6.2( 0.08), suggesting that the ionization process
of GSH is unaffected by this point mutation. Direct evidence
for this was also gained by spectroscopic measurement of
the thiolate anion of GSH (40, 41) complexed in the active
site of the V10G mutant: the extent of the thiolate species
is very similar to that of the WT (data not shown). A pH
dependence ofkcat in the ternary complex of the mutant
enzyme is slightly different from that of WT and identifies
a pKa of 5.18( 0.16 instead of 6.2( 0.08 obtained for the
WT (Figure 1A).

We have previously suggested that in the GSH-CDNB
conjugation reaction catalyzed by GST P1-1 the rate-limiting
step may be some structural transitions which occur after
binding of substrates and before the chemical event (σ
complex formation) (48). Steady-state kinetic experiments

Table 3: Temperature Dependence of Kinetic Parameters in the
Enzymatic Conjugation with CDNBa

Val10Gly Val10Glytemp
(°C) k1 (s-1) k2 (s-1)

temp
(°C) k1 (s-1) k2 (s-1)

4 1.63 0.46 16 6.87 3.23
8 2.87 0.86 21 8.5 7.68

12 4.3 1.57 25 8.4 7.8
a k1 is the pseudo-first-order rate constant for the formation of the

product, andk2 is the first-order rate constant for the release of product
from the active site (see Scheme 1). The values of these constants
obtained at different temperatures are calculated from the best fit of
experimental data according to eq 1 (see Experimental Procedures).

Table 4: Data Collection and Processing for Val10Gly

temp (K) 298 no. of observations 41673
space group P43212 no. of unique reflns 11101
cell dimensions data completeness (%) 94

a, b (Å) 60.1 completeness>2σI (%) 72
c (Å) 239.6 I/σI 13.4

max resoln (Å) 2.8 multiplicity 3.8
no. of crystals 1 Rmerge

a (%) 10.3
a Rmerge ) ∑hkl∑i|Ii - 〈I〉|/|〈I〉|, whereIi is the intensity for theith

measurement of an equivalent reflection with indicesh,k,l.

Table 5: Refinement Statistics for Val10Gly

non-hydrogen atoms
protein 3270
inhibitor 52
solvent 74

resolution (Å) 2.8
Rconv (%) 23.7
Rfree (%) 28.7
reflns used inRconv andRfree calcns

work set 9974
test set 972

rmsds from ideal geometry
bonds (Å) 0.009
angles (deg) 1.28
dihedrals (deg) 20.4
impropers (deg) 0.77
bonded B’s (Å2) 2.04

residues in most favored regions of
Ramachandran plot (%)

89.6
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of Val10Gly and WT enzymes carried out in the presence
of glycerol suggest that in both caseskcat is diminished by
about three times in the mutant (Figure 2). The effect of the
leaving group on the turnover number was also examined
using FDNB (where fluoride replaces the chloride atom of
CDNB) as cosubstrate. The results clearly show thatkcat in
the Va10Gly mutant is insensitive to the chemical event
(Table 2). Thus it appears that, for both WT and Val10Gly,
a physical event governs the rate-limiting step of this
reaction. We therefore investigated whether this physical
process should be related to the structural transitions referred
to above or product release by performing pre-steady-state
kinetic experiments (stopped-flow kinetics). The results
obtained at 4°C show a burst phase at 340 nm, suggesting
that the dinitrophenylglutathione (DNP-GSH) accumulated
before steady-state conditions are attained (Figure 3A).
However, when the same experiment was repeated at higher
temperature values, the burst phase was diminished, and at
21 °C, it was difficult to distinguish between the values of
k1 andk2 (Figure 3B and Table 3; see also Scheme 1). These
results suggest that there may be a change of the rate-limiting
step with temperature.

An Arrhenius plot showing the dependence ofkcat on the
temperature for the Val10Gly mutant was also calculated
and compared to that of WT (Figure 4). A fitting of

experimental data to straight lines (from 4 to 35°C) indicates
the presence of two slopes with two different activation
energy values calculated: the first one is of 43.65( 1.3
kJ/mol, a value close to that of WT (58.5( 1.38 kJ/mol),
and the second displays a doubled activation energy value
(99 ( 0.44 kJ/mol) and is in the same range of temperature
where a burst phase is clearly observed under pre-steady-
state conditions (Figure 3A). Under these latter conditions,
by plotting logk2 versus temperature, we determined also a
value of 114( 0.47 kJ/mol as activation energy, which is
in agreement with the value reported under steady-state

FIGURE 1: pH dependence of kinetic parameters for CDNB-GSH
conjugation. The solid lines are computer fits of the experimental
data with GST P1-1 (2) and Val10Gly (0) to the equationskcat )
kcat

lim/(1 + 10-pH/Ka) (panel A) andkcat/Km
CDNB ) (kcat/Km

CDNB)lim/
(1 + 10-pH/Ka) (panel B). The pH values measured are within the
pH 4.0-8.0 range. The pKa values in panel A, calculated by fits,
are 5.18 for Val10Gly and 6.2 for WT, and thekcat values for the
Val10Gly mutant are multiplied 10-fold to facilitate comparison
with those of the WT enzyme. The pKa values in panel B are 6.18
and 6.2, respectively, for Val10Gly and WT.

FIGURE 2: Viscosity effect on kinetic parameters of WT and
Val10Gly mutant enzymes. Dependence of the reciprocal of the
relative turnover numbers (kcat°/kcat) on the relative viscosity (η/
η°) for CDNB as cosubstrate with WT (2) and Val10Gly (O)
mutant enzymes. Kinetic data for enzymatic reactions were obtained
as described in Experimental Procedures. Slopes of linear fits are
0.81 and 0.89 with WT and Val10Gly mutant enzymes, respectively.

FIGURE 3: Time course of the enzymatic GS-CDNB production.
Kinetics were obtained by mixing in a stopped-flow apparatus the
WT (16 µM) and the Val10Gly mutant enzyme (114µM),
respectively, in 0.1 M potassium phosphate buffer, pH 6.5,
containing 10 mM GSH, with 2 mM CDNB in the same buffer.
Panels: A, Val10Gly at 4°C; B, Val10Gly at 21°C; C, WT at 4
°C; D, WT at 21°C. The continuous lines represent the best fit of
the data to eq 1, whereas the straight lines represent the linear
portion extrapolated back to the burst value (panels A and B).

Scheme 1
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conditions at low-temperature range (Figure 4) and is what
is expected assuming thatk2 andkcat are the same constant.
Therefore, the Arrhenius plot at steady-state level confirms
what is suggested by stopped flow-experiments: a change
in the rate-limiting step of the reaction with temperature.
According to these results the transition temperature is about
15 °C. At temperature values below 15°C the rate-limiting
step may be related to a product release while above this
temperature the rate-limiting step is associated with structural
transitions already described for the WT (48).

Effect of Replacement of Val 10 with Gly in the Enzymatic
Conjugation with EA. As seen in Table 1 the most dramatic
effect observed with the Val10Gly mutant, in the enzymatic
conjugation with EA, is a large decrease of thekcat value.
We have previously suggested that, in the WT enzyme, the
kinetic mechanism for the enzymatic conjugation between
GSH and EA involves a rapid equilibrium (27). Therefore,
the fact that, in the mutant,Km values for both substrates
are substantially unchanged while the catalytic efficiencykcat/
Km

EA is lowered ruled out the possibility that this mutation
would cause a nonproductive binding of either GSH or EA
at the active site in the ternary complex. The pH dependence
of kcat/Km

EA in the binary complex (GSH-enzyme) and of
kcat in the ternary complex (GSH-enzyme-EA) is unaffected
by this point mutation since both are similar to those of the
WT enzyme (data not shown). Quite unexpectedly, we
observed a strong dependence ofkcat on the temperature, in
the range of 4-35 °C, in contrast to the behavior of the WT
enzyme, which appears to be much less sensitive to the
temperature (see the Arrhenius plot of Figure 5). In fact, the
corresponding activation energy values calculated are 17.2
( 0.067 kJ/mol and 1.91( 0.15 kJ/mol for the Val10Gly
mutant and WT enzymes, respectively. This significant
difference in the activation energy may be indicative of a
change in the rate-limiting step of this reaction. We have
previously suggested that in the catalyzed GSH conjugation
with EA the rate-limiting step could be the chemical event
of the Michael addition of GSH to EA for the WT enzyme
(27). Now, by performing stopped-flow experiments with
both WT and Val10Gly mutant enzymes, we have obtained
new data which shed more light on the catalytic mechanism
of GSH conjugation with EA. In fact, pre-steady-state

kinetics of both WT and Val10Gly mutant enzymes shows
a burst phase over a wide range of temperature (from 6 to
25 °C) (see Figure 6A,B) and suggests that the product
release of the EA-GSH conjugate is the rate-limiting step.
We cannot produce a reliable and accurate fitting of these
curves to get the corresponding constants (k1 andk2) because
the chemical event (product formation) is partially localized
within the instrument dead time and also influenced by an
overcoming product inhibition. However, as a rough estimate,
we observe thatk1 is substantially unchanged whilek2 is
diminished by about 20 times in the mutant, in comparison
with the WT enzyme.

Crystallographic Analysis of the V10G Mutant Enzyme.
The initial electron density map was of sufficient quality to
demonstrate the lack of any significant conformational
changes to the enzyme caused by replacement of the valine

FIGURE 4: Temperature effect on kinetic parameters in the GSH-
CDNB conjugation reaction. The Arrhenius plots, obtained between
4 and 35°C, show the different behavior exhibited by WT (2) and
Val10Gly (9) mutant enzymes, respectively.

FIGURE 5: Temperature effect on kinetic parameters in the EA-
GSH conjugation reaction. The Arrhenius plots, obtained between
4 and 35°C, show the different behavior exhibited by WT (9) and
Val10Gly (2) mutant enzymes, respectively.

FIGURE 6: Time course of the enzymatic GS-EA production.
Kinetics were obtained by mixing in a stopped-flow apparatus WT
(60 µM) and the Val10Gly mutant enzyme (60µM), respectively,
in 0.1 M potassium phosphate buffer, pH 6.5, containing 0.5 mM
GSH, with 0.6 mM EA in the same buffer. Panels: A, Val10Gly
at 6 °C; B, Val10Gly at 25°C; C, WT at 6°C; D, WT at 25°C.
The curves represent only the traces obtained by the stopped-flow
apparatus.
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except for a small movement (0.8 Å) of the replaced residue
toward Leu 201 of the C-terminal tail of the enzyme (Figure
8). Residue 10 forms part of the floor of the H-site, and the
mutation causes the floor to be slightly lowered. Among the
significant features in the initial difference electron density
map were negative peaks (approximately 3σ) over the
position of the Val 10 side chain in each monomer, thus
confirming the mutation. The protein and GSH components
of the S-hexyl-GSH Val10Gly GST P1-1 complex and the
S-hexyl-GSH WT GST P1-1 complex (9GSS;23) have
almost identical structures. The root-mean-square deviation
in R-carbon positions is 0.36 Å with no movements greater
than 1 Å. Theφ, ψ angles for Gly 10 are 179° and 174°,
respectively, compared to wild-type values of-145° and
164°. Any other residue which adopted the sameφ, ψ angles
as the glycine could not be accommodated without confor-
mational changes because the side chain would sterically
clash with Pro 202.

In the Val10Gly complex, electron density for the hexyl
tail is not observed at all in the A monomer but weak,

continuous density over the C2 to C6 atoms is observed in
the B monomer. In theP43212 space group the regions about
the H-site are involved in crystal contacts in both monomers.
Presumably the observation of the hexyl tail in only one
monomer is due to these crystal contacts. In the A monomer
there are crystal contacts with helixR2 which borders the
G-site and provides only one or two residues to the H-site.
In contrast, there are many more crystal contacts in the region
around the H-site in the B monomer. The contacts include
multiple hydrogen bonding and van der Waals interactions
with the C-terminal tail that forms part of a wall to the H-site
and also a van der Waals contact with theR1 strand-R1
helix loop in which residue 10 is located. The hexyl tail in
the B monomer points toward theâ1 strand-R1 helix loop
(residues 8-14) with the C5 and C6 atoms close to the
position where the Val 10 side chain used to be located. The
tail is found resting against the floor of the H-site and makes
van der Waals contacts with Tyr 7, Phe 8, Pro 9, and Gly
10. Although the hexyl tail in the wild-type structure also
interacts with the aromatic rings of Tyr 7 and Phe 8, it heads

FIGURE 7: Stereo diagram of the final 2Fo - Fc electron density map of theS-hexyl-GSH complex in the vicinity of the inhibitor binding
site of the B monomer of human Val10Gly GST P1-1. The map was calculated using all reflections and contoured at the 0.8σ level.

FIGURE 8: Superposition of wild-type (hollow bonds) and Val10GlyS-hexyl-GSH complex (filled bonds) structures in the vicinity of the
active site of the B monomer.
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off in a different direction (Figure 8), pointing toward the
C-terminus and making van der Waals interactions with Val
35 and Gly 205. Thus, although Val 10 does not interact
with the hexyl tail in the wild-type structure, it is responsible
for directing the tail toward the C-terminus of the enzyme
and stabilizing its position (since the tail is not observed in
one monomer of the mutant and only weakly in the other
monomer).

DISCUSSION

Mutagenesis studies on different GSTs have shown that
profound differences in the enzymatic activities toward
certain substrates depend essentially on a single or very few
amino acid residues. This has been clearly demonstrated for
some mammalian Alpha class isoenzymes (49-51) and is
becoming apparent for Pi class GSTs. Recent studies on class
Pi polymorphism pointed out the importance of some
residues located into the H-site. For example, two different
laboratories reported the expression in mouse of two GST
Pi genes which differ only in six amino acids (52, 53). Two
of these substitutions are located in the N-terminal domain
(Val 10 and Arg 11) and are believed to be responsible for
the reduced activity of the mutated gene (54). In the human
GST P1-1, Ali-Osman and colleagues (55) have described
the presence of three mutations at positions 104 and 113
and their effect on the enzymatic activity. The results of the
present paper confirm the importance of Val 10 in catalysis
with a number of cosubstrates (see Table 1). In contrast, Val
35, a residue not conserved among the isoenzymes of the
same class, is shown to be not important with these substrates
because the mutant Val35Ala behaves like the WT. Shan
and Armstrong have suggested that, in the rat class Mu 4-4,
Val9Ile mutation (Val 9 being the counterpart of Val 10 in
class Mu) is involved in the stereoselectivity toward enones
and epoxides (56).

The overall effect of the Val10Gly mutation is a strong
decrease of thekcat values and the catalytic efficiencies with
both substrates (CDNB or EA), irrespective of the different
chemical mechanisms (i.e., the nucleophilic aromatic sub-
stitution with CDNB and the Michael addition with EA) on
which these reactions rely. The kinetic data with NBD-Cl
are in apparent contrast to those of CDNB and EA. We have
previously shown that NBD-Cl is a poor substrate of GST
P1-1 with the conjugation reaction being rate-limited by a
slow and non-diffusion-controlled motion of an active site
helix (57). This high-energy barrier, which was not observed
in the other cosubstrates, would mask any effects induced
by the Val10Gly mutation. In the case of EA as cosubstrate,
a detailed kinetic analysis of the Val10Gly mutant, at steady-
state level, reveals that thiskcat decrease is related to a
significant increase of the activation energy (about 17-fold
as compared with that of WT; see Figure 5). Stopped-flow
kinetic analysis, carried out in the same range of temperature,
shows a burst phase in both WT and Val10Gly mutant
enzymes and indicates that the dissociation of the product
as the rate-limiting step is unchanged in the mutant enzyme.
However, the mutation has caused an increase of the
energetic barrier in the dissociation of the product from the
active site. On the basis of these results the effect of this
point mutation can be explained in at least two different
ways: (1) a change in structural flexibility of the H-site or
(2) if Val 10 is a guide for the exit of products from the

active site, its removal lowers the overall turnover rate.
Similar explanation can be made about the removal of this
residue in the enzymatic conjugation with CDNB at tem-
peratures below 15°C, where the rate-limiting step is product
release. However, with this cosubstrate we observe an
additional role of Val 10: at temperatures higher than 15
°C it influences also the structural transitions of the ternary
complex before the chemical event.

Despite considerable efforts, we have not been able to
obtain crystals of the Val10Gly mutant complexed with GS-
EA or DNP-GSH. However, a comparison of the structures
of the Val10Gly mutant complexed withS-hexyl-GSH and
the equivalent WT complex is still informative as it provides
clues as to the structural basis of the observed changes in
the catalysis. The apolar character of its side chain rules out
the possibility that Val 10, located at the bottom of the H-site,
is involved in the chemical step of either reaction (i.e., the
nucleophilic aromatic substitution with CDNB and the
Michael addition with EA) as already seen for Tyr 108 (27)
in the GSH conjugation with EA. Nonetheless, the same side
chain could establish some van der Waals contacts with the
cosubstrate (CDNB or EA), which may be relevant for the
optimal positioning of either cosubstrate and/or the exit of
products from the H-site. In fact, the crystallographic data
presented here indicate that the absence of this side chain in
the Val10Gly mutant renders the hexyl tail of the inhibitor
more flexible where in one monomer it is not observed at
all and in the other it is only weakly observed. This tail now
points toward theâ1 strand-R1 helix loop while in the
presence of Val 10 it is directed toward the C-terminus (23).
There are only a few changes in the van der Waals contacts
between the hexyl tail and residues nearby: the contacts with
Tyr 7 and Phe 8 remain unchanged but those with Val 35
and Gly 205 are replaced with Pro 9 and Val10Gly,
respectively, due to the altered direction of the hexyl tail.
Previous crystallographic results have demonstrated at least
two different binding modes of the product (GSH conjugates)
in the H-site: mode IN and mode OUT (26, 58). In the
previously published structures of GS-EA bound in either
IN mode (59) or OUT mode (24), Val 10 is within van der
Waals distance of the EA moiety. A structure of 1,3,5-
trinitrobenzene GSH bound to the Pi class enzyme (a model
for a transition stateσ-complex) shows that it binds in the
IN mode (22) while the product (DNP-GSH) binds in the
OUT mode (26). In these structures Val 10 is within van
der Waals distance of the aromatic ring in the former but is
more than 8 Å away in the latter. The contribution of Val
10 to product release probably occurs in the transition from
the IN to OUT modes, and such a dynamic process cannot
be observed crystallographically. However, a number of
previous studies on GST P1-1 have demonstrated the
importance of active site dynamics toward understanding the
kinetic behavior of the enzyme (48, 60-63). Therefore,
altogether these kinetic and crystallographic results are
consistent with our proposal that Val 10 plays a role in
promoting the exit of products from the active site.

In a previous study on the mutated gene of mouse GST
Pi (GSTp-2) Bammler et al. (54) mutated Val 10 into serine
to study the contribution of this single mutation to the
reduced activity exhibited by this gene. They found a 5-fold
decrease of thekcat value with CDNB as cosubstrate and no
significant change inKm for either CDNB or GSH. The
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results of the present paper, obtained by mutating Val 10 of
the human enzyme into glycine, are consistent with these
data, and our work may provide a molecular basis for
understanding the effects observed in both enzymes.
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