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ABSTRACT: In human glutathione transferase (GST) A1-1, the C-terminal region covers the active site
and contributes to substrate binding. This region is flexible, but upon binding of an active-site ligand, it
is stabilized as an amphipaticR-helix. The stabilization has implications for the catalytic activity of the
enzyme. In the present study, residue M208 in GST A1-1 has been mutated to Lys and Glu, and residue
F220 to Ala and Thr. These mutations are likely to destabilize the C-terminal region due to loss of
hydrophobic interactions with the rest of the hydrophobic binding site. The rate constant for binding of
glutathione to wild-type GST A1-1 is 450 mM-1 s-1 at 5°C and pH 7.0, which is less than for an association
limited by diffusion. However, the M208 and the F220 mutations increase the apparent on-rate constant
for glutathione binding to 640-1170 mM-1 s-1. The binding data can be explained by a rapid reversible
transition between different enzyme conformations occurring prior to glutathione binding, and restriction
of the access to the active site by the C-terminal region. The effect of the mutations appears to be promotion
of a less closed conformation, thereby facilitating the association of glutathione and enzyme. Both the
M208 and F220 mutants display a lowered pKa value (≈0.3 log unit) of the catalytically important Tyr9.
Residue 208 does not interact directly with Tyr9 in the active site, and the shift in pKa value is therefore
ascribed to the proposed dislocation of the C-terminal region caused by the mutation.

The glutathione transferases (GSTs)1 are a family of
detoxication enzymes that protect the living cell from a wide
range of environmentally and endogenously produced elec-
trophilic compounds. The electrophilic substrates are largely
nonpolar. The GSTs conjugate the thiol group of the tri-
peptide glutathione (γ-Glu-Cys-Gly) to the electrophilic
center. The electrophile is thereby rendered harmless, and
its water solubility is increased, promoting degradation of
the product and subsequent excretion from the organism. The
soluble mammalian GSTs are divided into a number of
classes (1-6) mainly based on their primary structures. The
classes are named Alpha, Kappa, Mu, Pi, Sigma, Theta, and
Zeta. The sequence identities within a class are greater than
50%, but between different classes, they are significantly
lower. Despite the divergent sequences, the structural scaffold
of the amino acid backbone has been well preserved during
evolution. All soluble GSTs have a dimeric structure in which
each subunit is divided into two distinct domains. The
N-terminal domain forms the glutathione binding site (G-
site). The C-terminal domain and parts of the N-terminal
domain build up the hydrophobic substrate binding site (H-
site).

Extensive studies of the glutathione transferases have
shown that a conserved N-terminally located tyrosine residue

plays an important role in the action of the Alpha, Mu, and
Pi class isoenzymes (7-22). It is generally concluded that
the tyrosine hydroxyl group activates the thiol group of
glutathione by donating a hydrogen bond, thereby stabilizing
the deprotonated and nucleophilic form of the tripeptide (8,
10, 12, 15, 17-19, 22). In human and rat GST A1-1, the
catalytically important tyrosine is located at position 9, and
the pKa values of the phenolic hydroxyl group are very low,
8.1 and 8.4, respectively (13, 17).

The greatest divergence among the classes is found in the
H-site of the proteins where evolution has made the different
isoenzymes capable of binding substrates with different char-
acteristics (23). One of the structural features separating the
Alpha class enzymes from the GSTs of other classes is a
C-terminalR-helix (residues 210-220) that forms a cap over
the active site (24). The C-terminal region is flexible, and
both a crystallographic analysis (25) and an NMR study (26)
have shown that the structural order is highly dependent on
the occupancy of the two binding pockets of the active site
(Figure 1). In the crystal structure of the apo-enzyme, where
neither the G-site nor the H-site is occupied, only traces of
electron density associated with the helix can be detected.
The C-terminal helix is stabilized when the G-site and the
H-site are engaged in ligand binding, as in the complex with
S-benzylglutathione (24). In agreement with this, the NMR
studies show that the intensity of the signal corresponding
to Phe220, located in the C-terminus (Figure 1), is dependent
on the absence or presence of glutathione and the hydropho-
bic substrate 1-chloro-2,4-dinitrobenzene (CDNB). More-
over, the chemical shift of the resonance from the C-terminal
amino acid, Phe222, is altered upon substrate binding, indica-
ting structural changes in the C-terminus of the protein (26).
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Phe220 is one of four hydrophobic amino acids in the
C-terminal helix that directly contributes to the active site
(Figure 1). In the 3-dimensional structure, Phe220 points
toward the aromatic face of Tyr9 (Figure 1). Phe220 mutants
of rat GST A1-1 have been studied (27, 28), and, in addition
to affecting the stability of the C-terminus, alterations in
position 220 modify the apparent pKa value of the catalyti-
cally active Tyr9. One of the conclusions drawn from these
experiments was that a more structured and closed confor-
mation of the C-terminal helix results in a lower pKa value
for Tyr9.

The present study is based on two previous studies of
human GST A1-1 mutants (29, 30) where the H-site amino
acid Met208 was substituted by Lys (M208Kh)2 and Glu
(M208E). Residue Met208, immediately preceding the C-
terminal helix (Figure 1), is located in the H-site of GST
A1-1. Both M208Kh and M208E display a marked decrease
in catalytic efficiency (29, 30). The enhanced polarity in the
H-site of M208Kh and M208E presumably disrupts the
hydrophobic interactions with the H-site-facing part of the
amphipatic C-terminus, changing its structure toward a more
open and less structured conformation. The lost activity of
the M208Kh mutant is regained in the presence of benzoic
acid derivatives. The best activator of M208Kh, 4-propyl-
benzoic acid, affords a total recovery of the lost activity (30),
probably by neutralizing the positive charge introduced at
position 208. The reestablishment of hydrophobic interactions

between the substrate and the C-terminus is thereby pro-
moted.

The two M208 mutants have now been used to investigate
how the C-terminal region affects the ionization of Tyr9 and
the binding and activation of glutathione. For comparison,
Phe220, known to affect helix stability (28), has been mutated
to Ala and Thr.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of the GST
A1-1 Variants.F220A and F220T were constructed by PCR-
based site-directed mutagenesis using the forward primer
(Amersham Pharmacia Biotech, Uppsala, Sweden) 5′-AAA-
AAAGAATTCCATATG GCAGAGAAGCCCAAGCTCCAC-
3′. The italicized letters indicate anEcoRI site, and the
boldface letters are anNdeI site. The reverse mutagenic
oligonucleotide primer (Amersham Pharmacia Biotech) has
the following sequence: 5′-ACGCGTCGACTTAAAAC-
CTAGYSSTCTTCCTTGCTTC-3′. The underlined letters
encode aSalI site, and Y marks C or T. The PCR contained
10 ng of pG∆ETacA1 (29) as template DNA, 0.2 mM
dNTPs, 1.5µM of each primer, 2.5 units ofTaq DNA
polymerase (Fermentas AB, Vilnius, Lithuania), 10 mM Tris-
HCl (pH 8.8), 50 mM KCl, and 1.5 mM MgCl2. The PCR
was conducted using the following temperature cycle: 95
°C for 1 min, 55°C for 2 min, 72°C for 2 min repeated 30
times followed by 10 min at 72°C. The PCR product was
digested withSalI and EcoRI and ligated into pGEM-3Z
(Promega Co., Madison, WI).Escherichia coliXL1-Blue
cells (Stratagene, La Jolla, CA) were transformed with the
ligation mixture by electroporation. Positive clones were
identified by blue/white selection. The mutant clones,
pGF220A and pGF220T, were confirmed by DNA sequence
analysis (31). pGF220A and pGF220T were digested with
NdeI and SalI, and the fragments obtained were subcloned
into pET21-a (Novagen, Inc., Madison, WI) and used for
transformation ofE. coli BL-21 (Novagen). The construction
of the expression vectors encoding M208Kh and M208E has
previously been described (29, 30). The enzymes were
expressed and purified using HiTrap SP cation exchange as
described by Gustafsson and Mannervik (30). All enzymes
were>95% pure as judged from an SDS-PAGE gel (32).

Enzymatic Assays.The specific activity and the steady-
state kinetics with CDNB as the electrophilic substrate (33)
were measured with F220A and F220T as earlier described
(30).

Preequilibrium Binding of Glutathione.All stopped-flow
experiments were carried out on an SX.18MV Sequential
Stopped-flow Spectrometer (Applied Photophysics Limited,
Leatherhead, U.K.). Binding of glutathione to the wild-type
GST A1-1 was studied in two ways: by following quenching
of the intrinsic fluorescence of the enzyme, using an
excitation wavelength of 280 nm; and by measuring the
change in absorbance at 239 nm, indicating the deprotonation
of glutathione (34). Mixing 50 µL of GST A1-1 with 50µL
of glutathione gave a final concentration of GST A1-1
subunits of 15-30 µM. The glutathione concentration was
varied between 0.1 and 3 mM, and the assay buffer was 0.1
M sodium phosphate (pH 6.0-7.25). To decrease the binding
rate to measurable velocities, the experiments were conducted
at 5 °C. kobs was obtained by fitting a single-exponential

2 Names of GST A1-1 mutants: F220A, phenylalanine 220 mutated
to alanine; F220T, phenylalanine 220 mutated to threonine; M208K,
methionine 208 mutated to lysine; M208Kh, M208K containing a
6-histidine tag in the N-terminus; M208E, methionine 208 mutated to
glutamic acid.

FIGURE 1: Representation of the active-site structure of GST A1-
1. The structure of the apoform of GST A1-1 (25), in black, is
superimposed on the structure of GST A1-1 in complex with
S-benzylglutathione (24), in light gray. The C-terminalR-helix
cannot be seen in the apo-enzyme since the large mobility in this
part of the enzyme does not allow any structural determination.
The side chains of Tyr9, Phe220, and Met208 are displayed in a
ball-and-stick mode.S-Benzylglutathione is displayed in stick mode.
Tyr9 essentially retains its conformation upon ligand binding while
the side chain of Met208 shows a larger change in structure. The
shortest distance between these two side chains is approximately
7.5 Å. The three active-site water molecules located closest to the
hydroxyl group of Tyr9 in the apo-enzyme structure are shown.
The distances between the oxygen of the hydroxyl group and the
oxygens of the water molecules are 2.8, 4.8, and 7.1 Å. All three
water molecules are displaced whenS-benzylglutathione occupies
the active site.
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equation to the data using the program supplied by the
manufacturer.

Preequilibrium binding of glutathione to rat GST T2-2 at
4 °C was studied as described previously (35).

Binding of glutathione to M208Kh, F220A, and F220T
was measured by monitoring the deprotonation of glutathione
at 239 nm. The experiments were conducted as described
above with some exceptions: the concentration of enzyme
was between 30 and 60µM subunits; 75µL of enzyme and
75 µL of glutathione solutions were mixed in each shot. The
glutathione concentration was varied between 0.08 and 0.5
mM.

Determination of pKa for Tyr9 and for Enzyme-Bound
Glutathione.The ionization of Tyr9 in the active site of the
different GST A1-1 variants was measured by difference
spectroscopy on a UV-2501PC Shimadzu spectrophotometer
(Shimadzu Scientific Instruments, Inc., Columbia, MD) using
0.1 M sodium phosphate at pH 4.0-8.0 and 0.1 M ethanol-
amine/HCl at pH 8.5-9.0 at 22°C. The protein concentra-
tions were between 7 and 15µM subunits. Difference spectra
of the GST A1-1 variants were recorded between 220 and
360 nm both in the absence and in the presence of 0.5 mM
glutathione (wild-type and M208 mutants) or 2 mM glu-
tathione (F220 mutants). In the case of M208Kh, measure-
ments were also conducted in the presence of 1.5 mM
4-propylbenzoic acid. When the pKa value of Tyr9 was
determined, the spectrum at pH 5.5 (wild type and F220
mutants) or at pH 5.0 (Met208 mutants) was subtracted from
the other spectra. The peaks arising at 298-301 and 250-
255 nm were used to monitor tyrosinate formation. The pKa

value was calculated from the peaks obtained by plotting
the tyrosinate concentration per enzyme subunit, using a
∆ε300 of 2350 M-1 cm-1 and a∆ε253 of 11 000 M-1 cm-1

(13, 17, 27), against pH. The equation∆A ) ∆Amax/[1 +
10(pKa-pH)] was fitted to the data using GraphPad Prism.

The pKa of the sulfhydryl group of glutathione was
determined from spectra where 0.5 or 2 mM tripeptide was
present in the sample cuvette. To obtain difference spectra,
the spectra for the enzyme alone (at pH 5.0 or pH 5.5) and
glutathione alone (at the different pH values) were both
subtracted from the spectrum of the binary enzyme-
glutathione complex. The pKa of active-site-bound glu-
tathione was calculated from the peak obtained at 239 nm
[∆ε239 ) 5200 M-1 cm-1 (27, 34, 36)].

RESULTS

Kinetic Properties of the F220 Mutants.The steady-state
kinetic properties of the F220 mutants were characterized
by measuring the specific activities and saturation curves
with CDNB. Results are presented in Table 1. The limited
solubility (approximately 2 mM) made it impossible to raise
the CDNB concentration to saturating levels, resulting in low
precision ofKm

CDNB andkcat. The catalytic efficiencies,kcat/
Km

CDNB, of the F220 mutants are lower than that of the wild-
type GST A1-1 and similar to the constants obtained for
M208Kh and M208E (29, 30). It seems as if the catalytic
efficiencies are reduced mainly due to an increase ofKm

CDNB

as compared to the wild-type data.
Preequilibrium Binding of Glutathione. The pH depen-

dence of the preequilibrium binding of glutathione to the
wild-type GST A1-1 was studied by following the quenching

of the intrinsic fluorescence and by monitoring the active-
site ionization of glutathione at 239 nm. To investigate how
the proposed increased flexibility of the C-terminus affected
glutathione binding, the preequilibrium kinetics of M208Kh
and the F220 mutants were determined. The fluorescence
quenching of M208Kh and the F220 mutants did not give
signals strong enough to determine any rate constants. Thus,
only data from active-site ionization of the tripeptide could
be used for comparison with the wild-type data. The binding
constants for rat GST T2-2 have earlier been determined at
15 °C (35). In the present study,kon and koff for rat GST
T2-2 were measured at 4°C to get constants comparable to
those obtained for GST A1-1. All experimental traces were
well described by a single-exponential curve from which the
observed rate constant,kobs, could be derived.

The data obtained from the measurements (Figure 2, Table
2) may be described by Scheme 1. The first step is a rapid
equilibrium between two or more different enzyme confor-
mations where glutathione binding is limited to one or a few
of the conformations. Parsons and co-workers (37) have
previously given a rationale for this equilibrium based on
the fact that the apparent on-rate constant for GST M1-1 is
less than expected for a diffusion-limited process (Table 2).
It could be argued that a mechanism where binding is
restricted to a rare ionic form of glutathione could give a
low apparent on-rate. However, a charged analogue of
glutathione, glutathione sulfonate, displays the same associa-
tion rate with rat GST M1-1 as does glutathione (37). In

Table 1: Kinetic Properties of the Wild-Type and Mutant Forms of
GST A1-1a

enzyme kcat(s-1) KM
CDNB (mM-1)

kcat/KM
CDNB

(s-1 mM-1)
sp act. (µmol
min-1 mg-1)

wild type 88( 3b 0.56( 0.04b 160( 8.0b 75c

F220A 120( 40 7( 3 18( 1 14
F220T 280( 150 13( 8 22( 1 24
M208Kh -e - 8.3( 0.9d 12d

M208E - - 2.6( 0.4d 6.0d

a Parameter values and their standard deviation were obtained by
nonlinear regression analysis.b From Widersten et al. (29). c From
Björnestedt et al. (17). d From Gustafsson and Mannervik (30). e (-)
Data could not be obtained.

FIGURE 2: Preequilibrium kinetics of glutathione binding to the
active site of wild-type GST A1-1, M208Kh, F220A, and F220T
were monitored by following the active-site ionization of glutathione
as the increase in absorbance at 239 nm (at 4°C). The observed
rate constant is plotted versus glutathione concentration.kon and
koff are obtained from the relationship:kobs) kon[GSH] + koff. (2)
Wild-type enzyme, pH 6.5; (*) wild type, pH 7.0; (]) M208Kh,
pH 7.0; (×) F220A, pH 7.0; (4) F220T, pH 7.0.
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addition, the mutation F220A in GST A1-1, which does not
alter the charge in the binding site, enhances the rate of
glutathione binding. Therefore, such a restriction could not
be the only cause of the slow binding. The increased binding
rate of F220A (Table 2) also excludes that the substrate-
enzyme association rate is reduced by charge repulsion
between the substrate and the enzyme. Most likely, the
association rate is limited by the access to the active site,
which is dependent on the conformation of the mobile
C-terminus of GST A1-1.

Glutathione probably binds to the enzyme both in the thiol
and in the thiolate form. However, at the highest pH values
used in this study, the concentration of thiol is more than 50
times higher than the concentration of the thiolate. To
simplify the analysis of the present data, it is therefore
assumed that the contribution fromRk2 to the apparent on-
rate is negligible.

The quenching of fluorescence could only be measured
at low glutathione concentrations where the observed rate
constant for glutathione binding is described by a linear
relationship derived from the general solution for the
preequilibrium kinetics of two consecutive, reversible reac-
tion steps (38):

As discussed above, the apparent on-rate constant,k2
app

(denotedkon in Table 2), will be affected by the rapid
equilibrium of the first step andk2

app will be lower than the
true k2:

The apparent off-rate is dependent upon the equilibrium of
the third step and is a measure of the parallel release of the
protonated and deprotonated glutathione. The ratio between
the two is governed by the pKa value of active-site-bound
glutathione. The quenching of intrinsic fluorescence could
only be followed at pH values equal to or above 6.5.

The apparent observed rate constant,kobs
abs, obtained when

ionization of glutathione is monitored at 239 nm, is described
by a hyperbolic function of [GSH] (38):

The curvature of the hyperbolic function could only be seen
when the experiments were carried out at high pH values,
i.e.,>pH 6.75. At low pH values, measurements could only
be conducted under experimental conditions corresponding
to the linear part of the function, since the combination of a
high proton concentration and a high glutathione concentra-
tion resulted in too largekobs values. The rate constants for
deprotonation of glutathione within the active site of the
enzyme,k3, obtained from the data at pH 6.75 and pH 7.25,
were found to be 1500( 470 and 2940( 1360 s-1,
respectively. The experimental error is large, butk3 exceeds
1000 s-1. The experimental data collected from measure-
ments at other pH values were subjected to linear regression
analysis. The linear part is described by

Table 2: Preequilibrium Constants from Binding of Glutathione for GST A1-1 Mutants and Different GSTsa

fluorescence measurements absorption measurements

enzyme temp (°C) pH kon(mM-1 s-1) koff (s-1) KD (µM)b kon(mM-1 s-1) koff
app(s-1) KD (µM)b KD (µM)c

hGST A1-1 wild-type 5 6.0 -g - - 570( 40 210( 20 370 300( 70
hGST A1-1 wild-type 5 6.25 - - - 400( 60 210( 30 530 190( 60
hGST A1-1 wild-type 5 6.5 420( 30 74( 15 180 420( 20 160( 10 380 170( 30
hGST A1-1 wild-type 5 6.75 460( 30 58( 27 130 530( 130 67( 33 130 130( 30
hGST A1-1 wild-type 5 7.0 NDf ND ND 450( 20 58( 12 130 190( 50
hGST A1-1 wild-type 5 7.25 430( 40 41( 34 100 380( 70 63( 25 170 100( 10
hGST A1-1 M208Kh 5 6.5 - - - 910( 310 190( 80 210 ND
hGST A1-1 M208Kh 5 7.0 - - - 750( 90 110( 30 150 ND
hGST A1-1 F220A 5 7.0 - - - 1170( 300 190( 80 160 ND
hGST A1-1 F220T 5 7.0 - - - 640( 30 210( 10 330 ND
hGST P1-1d 5 6.5 g1000 30( 6 - g1000 30( 6 - ND
rGST T2-2 4 7.5 0.45( 0.05 0.6( 0.1 1300 ND ND ND ND
rGST M1-1e 25 7.0 - - - 4300( 200 111( 13 26( 3 ND

a Parameter values, in the present study, and their standard deviations were obtained by regression analysis. The error between the experiments
was estimated to 15% for the WT, based on replicate experiments.b Calculated from the quotient betweenkoff andkon. c Value derived from the
saturation curve obtained when the amplitude at 239 nm was plotted against [GSH].d From Caccuri et al. (36). e From Parsons et al. (37). f ND,
data are not determined.g (-) Data could not be obtained.

Scheme 1
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The k-2 obtained when glutathione binding was measured
by following the quenching of fluorescence was∼60 s-1

while k3 is >1000 s-1. Hence, the equation is simplified to

The apparent on-rate, as for the on-rate obtained from the
fluorescence measurements, reflectsk2

app (eq 2, denotedkon

in Table 2) while the apparent off-rate is a combination of
the rate for reprotonation of glutathione within the G-site
and the rate for release of deprotonated glutathione from the
enzyme. The released glutathione is rapidly reprotonated by
the buffer at the pH values used in the experiment.
Consequently, the off-rate is a function of pH (Figure 3). At
pH values well exceeding 6.7 (the pKa of active-site-bound
glutathione), the termk-3[H+] is negligible, and the off-rate
is limited by âk-2. Equation 5 is based on the assumption
that water is functioning as a proton donor when glutathione
is protonated within the active site of the enzyme. If this is
the case, the apparent off-rate obtained at pH values below
the pKa of glutathione should become a linear function of
the proton concentration (koff

app) k-3[H+]). However, as seen
in Figure 3, the linear relationship is disrupted at pH values
below approximately 6.4. This could indicate that active-
site-bound glutathione is not protonated by water but is
dependent on another titratable group, and that eq 5 should
contain additional terms.

The apparentKD value is 180µM for the equilibrium
between glutathione and wild-type GST A1-1 at pH 6.5
(Table 2), as calculated from the quotient ofkoff and kon

obtained from the preequilibrium fluorescence measurements.
The dissociation constant calculated from the experiments
where ionization of glutathione has been monitored is a poor
estimate of the trueKD value, since the apparent off-rate at
low pH values is dependent on the protonation of glutathione
within the active site (Scheme 1, eq 5, Figure 3). However,
the values obtained from experiments conducted at high pH
values agree well with theKD from the quenching experi-
ments.KD values were also estimated from the saturation
curves obtained by plotting the amplitude of glutathione ioni-
zation against the concentration of the tripeptide (Table 2).

The time-resolved active-site ionization of glutathione in
the mutants was measured at pH 7.0. The apparent on-rate,
k2

app (denotedkon in Table 2), is significantly enhanced for

all the mutants. This implies thatk1 has increased in
comparison withk-1 (eq 2) and that the equilibrium between
the enzyme conformations in the step preceding glutathione
binding has shifted toward E′ (Scheme 1).

As shown above, the apparent off-rate obtained is pH-
dependent (eq 5). The pKa of active-site-bound glutathione
determines whether the measured rate is that of the release
of glutathione thiolate from the active site (âk-2) or the rate
of reprotonation of glutathione within the active site (k-3[H+]).
Since the pKa of active-site-bound glutathione differs between
the wild-type enzyme and the various mutants (Table 3), this
complicates the comparison of the off-rates and theKD

values.
Determination of pKa for Tyr9 and for Enzyme-Bound

Glutathione.The ionization of the phenolic hydroxyl group
of Tyr9 was monitored by UV absorption difference spec-
troscopy. Peaks corresponding to the deprotonation of Tyr9
were obtained at 298-301 and 250-255 nm, close to the
wavelengths earlier ascribed to the formation of the tyrosinate
(13, 17). The assignment was based on the mutation Y9F,
which caused an elimination of these peaks at pH values
below 9.0. The pKa values are presented in Table 3.
Differences between the values of the wild-type and the
mutants are limited, but all the data points are independently
measured and each point for the mutants shows a clear shift
toward lower values. The pKa value for wild-type GST A1-1
was similar to that earlier reported (17). The introduction of
a charged amino acid in position 208 lowered the pKa value
of Tyr9 by approximately 0.3 pH unit (Figure 4, Table 3).
Exchanging Phe220 for Ala or Thr caused a similar decrease.
Binding of 4-propylbenzoic acid to the H-site of M208Kh

FIGURE 3: koff
appvalues obtained from measurements of the active-

site ionization of glutathione in wild-type GST A1-1, as a function
of pH (eq 5).

Table 3: pKa Values of Tyr9 in Wild-Type GST A1-1, M208Kh,
and M208E and the pKa Value of the Thiol Group of
Enzyme-Bound Glutathionea

enzyme pKa(Tyr9) pKa(GSH)

wild type 8.2( 0.1 6.7( 0.1
M208E 7.9( 0.1 NDb

M208Kh 7.8( 0.1 6.5( 0.1
M208Kh + 4-PBA 8.1( 0.1 -c

F220A 7.8( 0.1 7.0( 0.1
F220T 7.9( 0.1 6.9( 0.1

a Parameter values and their standard deviation were obtained by
nonlinear regression analysis.b ND, data are not determined.c (-) Data
could not be obtained.

FIGURE 4: Titration of the tyrosinate formation in the active site
of the GST A1-1 variants. The number of tyrosinates per subunit
is plotted as a function of pH. (1) Wild-type enzyme; (]) M208Kh;
(b) M208E; (9) F220A; (4) F220T. The pKa values (Table 3) were
obtained by fitting∆A ) ∆Amax/[1 + 10(pKa-pH)] to the data.

kobs
abs) k-3[H

+] + âk-2

k3

k3 + k-3[H
+]

+ k2
app[GSH] (5)
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increased the pKa value of Tyr9 (Table 3) to 8.1, which is
close to the value of the wild-type enzyme.

The apparent pKa value of the thiol group of enzyme-
bound glutathione was determined by plotting the absorbance
at 239 nm against pH (Table 3). The wild-type enzyme
lowered the pKa value of the thiol group from 9.2 in aqueous
solution (39) to 6.7 in the active site. A pKa of 6.6 has earlier
been estimated indirectly from the kinetic pH profile of GST
A1-1 (17) and from monitoring the formation of aσ-complex
with 1,3,5-trinitrobenzene (40). A more basic pKa value, 7.4,
has been reported for the rat enzyme (13). The pKa of the
thiol group was slightly shifted toward a lower value by the
M208K mutation (Table 3). In contrast, the F220 mutations
raised the pKa value of the thiolate to approximately 6.9.

DISCUSSION

The Alpha-class-specific C-terminal region of GST A1-1
(Figure 1) is mobile and adopts different conformations
depending on the occupancy of the active site and the
characteristics of the bound molecules (25, 26). Ligand
binding apparently stabilizes a helical structure of the
C-terminus. Mutant variants of GST A1-1 that have a
decreased stability of the C-terminal helix have now been
characterized to further explore the role of the C-terminus.

Preequilibrium Kinetics of Glutathione Binding.The
apparent on-rate for glutathione binding to GST A1-1 is 450
mM-1 s-1. The binding rate is lower than the diffusion-
controlled value that could be expected for an enzyme-
substrate association (38). The flexibility of the C-terminal
region appears to be the best explanation to the binding data.
The access of the active site is limited by the C-terminus,
and only certain conformations give an active site opened
enough for binding. This issue is more thoroughly discussed
under Results.

Upon glutathione binding, the thiol group is deprotonated
at a rate greater than 1000 s-1. This value agrees well with
the value that can be estimated from the pKa values of water
and glutathione and an approximated rate constant for
protonation (37).

The pH dependence ofkoff
app (Figure 3) indicates that

active-site protonation of glutathione might be dependent on
a titratable group other than water. At pH values below the
pKa of active-site-bound glutathione,koff

app should become
a linear function of the proton concentration if water assists
as a proton donor (eq 5). However, empirical data in the
present study show that the linearity breaks down at pH
values below 6.4 (Figure 3). The proton donor could be
located either on the enzyme or on glutathione, as suggested
by Widersten and co-workers (40).

The KD value of 180µM (Table 2), obtained from the
preequilibrium fluorescence measurements of glutathione
binding at pH 6.5, is consistent with theKD value (180-
230 µM) earlier determined for the wild-type enzyme by
monitoring the ionization of Tyr9 by its UV absorbance (17,
40).

When the rate constants for glutathione binding of different
classes of the GST family are compared (Table 2), a large
variation among the enzymes is detected. There is a 2-fold
difference between thekon determined for GST A1-1 and
thekon for GST P1-1 (36). The Theta-class enzyme rat GST
T2-2, on the other hand, displays a much slower binding of

glutathione (Table 2). In all crystal structures solved for
different GSTs, glutathione binds with essentially the same
backbone conformation (24, 41-43). The glutathione-binding
domain and the contacts formed between glutathione and
the G-site are well conserved during evolution of the various
isoenzymes (43-45). The existing variations appear to be
too small to account for the more than 1000-fold difference
in kon for glutathione binding between rat GST T2-2 and the
human Pi-class GST P1-1 (Table 2). Instead, it probably
reflects the more open active site of GST P1-1 as compared
to GST T2-2. The glutathione-binding site of human GST
T2-2 is closed by a long C-terminal helical extension (43)
requiring large conformational changes in order to permit
glutathione binding and release (35). The structure of the
Pi-class enzyme does not include a helical lid over the active
site and is therefore more exposed to its surrounding medium.
The helix that covers the active site of GST A1-1 is shorter
and more flexible than the Theta-class helix. Therefore, GST
A1-1 binds glutathione faster than does GST T2-2 but slower
than does GST P1-1. The active site of the Mu class GSTs
is confined by two loops that, like the Alpha-class C-
terminus, are flexible (46). The association constant for rat
GST M1-1 was determined at 25°C and at pH 7.0 (37).
From temperature dependence measurements of GST T2-2,
a decrease in the on-rate of 7-8 times was estimated for
the temperature change from 25 to 5°C (data not shown).
The effect on the on-rate for GST M1-1 might not be as
large, but a reasonable estimate of the rate constant at 5°C
should be 500-1000 mM-1 s-1, similar to those of GST
A1-1 and GST P1-1.

As for the GSTs of different classes, the glutathione-
binding rates of the different GST A1-1 variants used in the
present study seem to correlate with the accessibility of the
active site. The M208Kh mutation almost doubles the rate
constant for glutathione binding (Figure 2, Table 2). Since
none of the glutathione-binding residues has been altered or
affected, the most likely explanation is a further displacement
of the C-terminal region from the active site, caused by
unfavorable interactions between the hydrophobic face of
the amphipatic helix and the introduced charge. This con-
formational change may open the entrance of the G-site, and
glutathione can more easily diffuse into the binding site. The
proposal of a more exposed active site of M208Kh is
supported by earlier studies in which the mutant was shown
to be more sensitive to ionic-strength-induced inhibition than
the wild-type enzyme (30). The F220 mutants also display
increased rates for glutathione binding (Figure 2, Table 2).
The increase can be explained in a similar manner, where
the deletion of the aromatic ring in the C-terminus removes
one of the important interactions between the C-terminal
helix, Tyr9, and the rest of the H-site. The equilibrium of
different structures of the C-terminal region is consequently
shifted toward more open conformations, which facilitate
glutathione binding. It should be noted that the differences
in on-rates are rather small and presumably correspond to
small differences in structure.

Ionization of ActiVe-Site Tyr9.The M208 and F220
mutations affected the ionization of Tyr9 in similar ways;
the pKa value was lowered from 8.2 in the wild-type enzyme
to about 7.8-7.9 in the mutants (Figure 4, Table 3). For the
M208 mutants, this difference has to be caused by some
secondary effect since the phenolic hydroxyl group of Tyr9
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is separated from the side chain in position 208 by 7.5 Å
(Figure 1). The most probable cause of the lowered pKa of
Tyr9 is a more exposed active site since both the substitution
of a polar side chain for Met208 and the deletion of the
aromatic ring at position 220 are likely to perturb the
conformation of the C-terminus. The lowered pKa value of
M208Kh can be raised to the wild-type value by addition of
4-propylbenzoic acid, the H-site-directed activator of M208Kh.
The negative charge of the activator is believed to balance
the positive charge of the lysine side chain and neutralize
the unfavorable interaction between the C-terminus and the
H-site (30).

The assumption that a dislocation of the C-terminal region
could lower the pKa value of Tyr9 contradicts the conclusions
made by Atkins and co-workers (28), who found that
ionization of Tyr9 was induced by pressure. They argued
that increased pressure promotes the packing of the C-
terminal helix against the active site, resulting in both a
lowered pKa of Tyr9 and a negative volume change of the
system. The effect of pressure-induced ionization of Tyr9
was tested on wild-type rat GST A1-1 and on different
mutants, F220Y, F220I, and F220L. For the wild-type
enzyme, the value ofp1/2 (where 50% of Tyr9 was ionized)
was 0.52 kbar while the two aliphatic substitutions made
Tyr9 ionize at lower pressures; F220I and F220L displayed
p1/2 values of 0.41 and 0.46 kbar, respectively. For F220Y,
higher pressures were needed in order to ionize Tyr9 (p1/2

) 0.61 kbar). According to the authors’ interpretation of the
data, this would indicate that a lower pressure is needed in
order to pack the C-terminal helix against Tyr9 in the F220I
and F220L mutants. However, application of pressure in
general leads to protein unfolding, which decreases the
system volume (47). Thus, the raised pressure could instead
cause an unfolding of the small proportion of the C-terminus
that has a defined structure in the unliganded enzyme (25).
The on-face hydrogen bond between Tyr220 and Tyr9
proposed by Dietze and co-workers (27) could stabilize the
helix and protect it from pressure-induced perturbation, thus
giving the highp1/2 value. The F220L and F220I mutations
probably decrease, rather than increase, the stability of the
C-terminal region, and high pressures will make it even more
disorganized. The insensitivity to pressure displayed by the
binary S-methylglutathione-GST A1-1 complex can be
explained by the stabilizing effect on the C-terminus afforded
by the G-site ligand (25, 26). As for the F220 mutants used
in the present study, the F220I and F220L mutants in rat
GST A1-1 display a slightly decreased pKa value (≈0.3 log
unit) of Tyr9. Atkins and co-workers consider the possibility
of pressure-induced destabilization of the helix, but they
believe that Tyr9 is unlikely to maintain its unusually low
pKa value in the microenvironment of a more open active
site. We propose that this is possible for small conformational
changes of the C-terminal region.

Increased Nucleophilicity of the Thiolate Induced by
Stabilization of the C-Terminal Helix?As pointed out,
lowering the pKa value of the glutathione thiol group is an
important component of the catalytic action of the GSTs.
Another factor that could be of significance for the activation
of the cysteinyl thiolate of glutathione is desolvation of the
negatively charged sulfur (cf.48). Kinetic isotope effects,
measured in the reaction catalyzed by rat GST A1-1 (49),
provided evidence for a mechanism involving thiolate

desolvation as one important step. It appears likely that the
nucleophilic tripeptide, together with the hydrophobic sub-
strate, could induce its own desolvation by stabilizing the
more structured conformation of the C-terminal helix. The
hydrophobic amino acids in the H-site-facing part of the helix
and the hydrophobic substrate are expected to repel the water
molecules clustered around the negatively charged thiolate
in the active site (Figure 1). The desolvation of the negatively
charged sulfur atom will make it more prone to react.

In summary, the present investigation has shown that
alteration of the H-site residue M208 affects parts of the
enzyme that are distant from the immediate surroundings of
the amino acid side chain. The rate of glutathione binding
is increased, and the pKa value of the catalytically important
Tyr9 is lowered. Similar effects are obtained with two totally
different mutations, F220A and F220T. The results suggest
that the altered G-site features are caused by dislocation of
the C-terminal region, leading to a more open active site.
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