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The thermodynamics of binding of both the substrate
glutathione (GSH) and the competitive inhibitor S-hexyl-
glutathione to the mutant Y49F of human glutathione
S-transferase (hGST P1-1), a key residue at the dimer
interface, has been investigated by isothermal titration
calorimetry and fluorescence spectroscopy. Calorimet-
ric measurements indicated that the binding of these
ligands to both the Y49F mutant and wild-type enzyme is
enthalpically favorable and entropically unfavorable
over the temperature range studied. The affinity of
these ligands for the Y49F mutant is lower than those for
the wild-type enzyme due mainly to an entropy change.
Therefore, the thermodynamic effect of this mutation is
to decrease the entropy loss due to binding. Calorimet-
ric titrations in several buffers with different ionization
heat amounts indicate a release of protons when the
mutant binds GSH, whereas protons are taken up in
binding S-hexylglutathione at pH 6.5. This suggests that
the thiol group of GSH releases protons to buffer media
during binding and a group with low pKa (such as Asp98)
is responsible for the uptake of protons. The tempera-
ture dependence of the free energy of binding, �G0, is
weak because of the enthalpy-entropy compensation
caused by a large heat capacity change. The heat capac-
ity change is �199.5 � 26.9 cal K�1 mol�1 for GSH bind-
ing and �333.6 � 28.8 cal K�1 mol�1 for S-hexylgluta-
thione binding. The thermodynamic parameters are
consistent with the mutation Tyr49 3 Phe, producing a
slight conformational change in the active site.

Molecular recognition phenomena are at the heart of biolog-
ical reactions. A key to understanding molecular recognition is
a comprehensive analysis of the thermodynamics of binding

and the meaningful correlation of thermodynamics with the
structure. A close insight into the thermodynamics of the bind-
ing process provides guide marks for structure-based molecular
design strategies. The forces that govern a binding reaction are
the free energy change, �G, the enthalpy change, �H, the
entropy change, �S, and the heat capacity change, �Cp. �Cp is
an approximate measure of the surface area buried in an as-
sociation reaction and can be used to predict conformational
rearrangements in associating protein molecules. An example
of particular medical interest is human glutathione transferase
P1-1 (hGST P1-1). The structure of this enzyme is known at
high resolution in complex with a series of ligands, including its
substrate glutathione (GSH) and numerous inhibitors (1–3).

Glutathione S-transferases (GSTs1; EC 2.5.1.18) are a family
of dimeric detoxification enzymes that catalyze the conjugation
of GSH to a variety of endogenous and exogenous electrophiles.
The mammalian cytosolic GSTs have been grouped into at least
seven species-independent classes based on crystal structure
and substrate specificity: Alpha, Pi, Mu, Theta, Kappa, Sigma,
and Zeta (4–8). Comparison of the primary structures among
the different classes reveals a very low degree of sequence
identity (�25%). However, crystal structures of GSTs display a
common three-dimensional fold and a dimeric organization. All
of the cytosolic isozymes are either homo- or heterodimers,
whereas no interclass heterodimers have so far been observed
(9). Each monomer comprises two domains with one active site.
The main structural differences among GST classes are in the
GSH binding site (G-site) (in particular, the helix �2 region)
and in the hydrophobic substrate binding site (H-site). The
human Pi class GST (hGST P1-1) is the most widely distributed
and the most abundant of the isoenzymes. Some studies have
implicated this enzyme in the development and resistance of
tumors toward commonly used anticancer drugs. Understand-
ing the structure and kinetics of the human P1-1 isoenzyme is
therefore of great interest (9). Kinetic studies have revealed the
importance of the helix �2 in the function of the enzyme (10,
11). The crystal structures suggest that helix �2 and its flank-
ing regions (residues 35–51) are a prime candidate for the
flexible regions that are known to influence catalysis. A num-
ber of residues of from this region (Trp38, Lys44, and Gln51)
participate in the binding of GSH (Fig. 1). Other studies indi-
cate that several residues, such as Cys47 and Tyr49, which are
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located between helices �4 and �5 of the adjacent subunit (Fig.
1), could participate in intersubunit communication between
active sites of the dimer (1, 12). Although some studies have
already been performed with the mutant Y49F in the presence
of co-substrate (13), there has been no thermodynamic study
carried out on this mutant in the absence of the co-substrate.

We have initiated a study of each of these residues with the
aim of understanding their relative roles in substrate binding
of hGST P1-1. In this paper, we have focused our study on the
binding of GSH and the inhibitor S-hexylglutathione (S-hexyl-
GSH) to the Y49F mutant of hGST P1-1 using fluorescence
spectroscopy and isothermal titration microcalorimetry (ITC).
The results are compared with those obtained for the wild-type
enzyme and discussed in terms of possible differences in their
interaction with ligands.

EXPERIMENTAL PROCEDURES

Chemicals—GSH, S-hexylGSH, and 1-chloro-2,4-dinitrobenzene
were ultrapure grade from Sigma. Dithiothreitol (DTT) was from Am-
ersham Biosciences. Phosphate, MOPS, MES, and ACES buffers were
purchased from Merck and Sigma. All other chemicals were of analyt-
ical grade of the highest purity available. All solutions were made with
distilled and deionized (Milli Q) water. All solutions were degassed and
filtered through a 0.45-�m Millipore filter before use.

Protein Expression and Purification—The wild-type hGST P1-1 was
obtained as previously reported (14). The Y49F mutant was designed
and produced by site-directed mutagenesis, carried out in a two-step
polymerase chain reaction (15). Details of this procedure have been
reported elsewhere (13). Finally, the Y49F mutant was expressed in
TOP 10 Escherichia coli cells and purified as previously reported (14).

Estimation of Protein Concentration—Solutions of wild-type and
Y49F mutant were prepared by dialysis of the enzyme against several
changes of buffer solution at 4 °C. Protein concentrations were deter-
mined from absorbance measurements at 280 nm using an extinction

coefficient of 5.44�104 M�1�cm�1 for the dimer. The extinction coefficient
was calculated on the basis of the amino acid sequence as reported by
Gill et al. (16) and confirmed by the bicinchoninic acid method (Pierce).
Absorbance measurements were carried out using a Beckman DU-7400
spectrophotometer with cells maintained at 25 °C.

Crystallization—Crystallization was performed by the hanging drop
vapor diffusion method as described elsewhere (3). Briefly, a 2-�l drop
of a protein solution containing Y49F in 1 mM EDTA, 1 mM mercapto-
ethanol, and 10 mM phosphate buffer (pH 7.0) was mixed with an equal
volume of reservoir solution, which consisted of 25% (w/v) ammonium
sulfate, 60 mM DTT, and 100 mM MES buffer (pH 5.8). The trials were
carried out at a constant temperature of 22 °C. The drops were allowed
to equilibrate for 1 day before they were streak-seeded with a cat’s
whisker from drops containing wild-type crystals grown under similar
conditions. Crystals appeared in the shape of plates after 1 week and
grew to maximal dimensions of 0.1 � 0.3 � 0.3 mm. The x-ray diffrac-
tion data were collected using a MARResearch area detector with CuK�
X-rays generated by a Rigaku RU-200 rotating anode x-ray generator.
The data were collected at 100 K after cryoprotecting the crystals in
25% (v/v) glycerol. The diffraction data were processed and analyzed
using programs in the HKL (17) and CCP4 (18) suites. The data collec-
tion statistics are presented in Table I.

Structure Determination—Refinement began with the Pi class GST
in the C2 space group (5GSS) (3), which had GSH and water molecules
removed. Rigid body refinement in XPLOR (19) was used to compensate
for any possible changes in crystal packing. Since the asymmetric unit
of the crystal contained two GST monomers, use was made of the
noncrystallographic symmetry restraints on all non-hydrogen atoms
during the first few rounds of refinement. The starting model gave an
R-factor of 34.0% (Rfree � 34.3%), which reduced to 32.5% (Rfree �
32.3%) after rigid body refinement. The mutation was clearly observed
in an Fmutant � Fwild type electron density map with �5 � peaks over the
hydroxyl groups of Tyr49 in each monomer, and hence residue 49 was
changed to phenylalanine. The model was then subjected to cycles of
positional and isotropically restrained B-factor refinement and inclu-
sion of water and buffer molecules. After application of a bulk solvent

FIG. 1. Schematic representation of the binding site of GSH (G-site) in homodimeric hGST P1-1. Subunits are displayed in green and
blue. The GSH molecule is shown in a ball-and-stick representation. Helix �2 is denoted, and residues from this helix and its flanking region that
directly contact GSH are also shown. Some residues of the adjacent subunit that also participate in the active site are indicated. This figure was
made using VMD software (49) and corresponds to entry 7GSS of the Protein Data Bank (3).
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correction, the final R-factor was 20.6% (Rfree � 23.0%) for all data to
1.9-Å resolution. A stereochemical analysis of the refined structure with
the program PROCHECK (20) gave values either similar to or better
than expected for structures refined at similar resolution. The final
refinement statistics are presented in Table II.

Fluorescence Measurements—The binding of GSH and S-hexylgluta-
thione to the Y49F mutant of hGST P1-1 was followed by intrinsic
fluorescence quenching of the enzyme after ligand addition, using a
PerkinElmer LS50B spectrofluorometer interfaced to a computer for
data collection. The excitation wavelength was 278 nm, and fluores-
cence was monitored at 339 nm. The temperature of the sample was
controlled at 25.0 � 0.2 °C using a thermostatted cuvette holder and a
Frigiterm 6000382 Selecta refrigerated circulating water bath. A 2.0-ml
protein solution in a 4.0-ml quartz fluorescence cell was stirred after
each addition of ligand. The emission slit widths used for excitation and
emission were 4 nm. The buffer used for fluorescence was 50 mM sodium
phosphate, 5 mM NaCl, 0.1 mM EDTA, and 1 mM DTT at pH 6.5. The
fluorescence measurements were corrected for dilution and inner filter
effects. The procedure and data analysis used were similar to that
described elsewhere (21).

Isothermal Titration Microcalorimetry—ITC experiments were car-
ried out using an MCS titration microcalorimeter (Microcal Inc., North-
ampton, MA) (22). The reference cell was filled with Milli Q water, and
the calorimeter was calibrated using standard electrical pulses, as
recommended by the manufacturer. Prior to the titration experiments,
both enzyme and ligand were degassed for 10 min under vacuum.
Solutions of the proteins were filled in the sample cell (1.38-ml volume)
and titrated with either GSH or S-hexylGSH. Ligand solutions were
prepared in the buffer from the last change of dialysis. During the
titration, the reaction mixture was continuously stirred at 400 rpm. A
typical experiment consisted of a first control injection of 1 or 2 �l
followed by successive injections, each of 5 �l of 20-s duration, with a
4-min interval between injections. The background titration profiles,
under identical experimental conditions, were obtained by injecting the
ligand into appropriate buffer solutions. The observed heat effects were
concentration-independent and were identical to the heat signals de-
tected after complete saturation of the protein. The raw experimental
data was presented as the amount of heat produced per second follow-
ing each injection of ligand into the enzyme solution (corrected for the
ligand heats of dilution) as a function of time. The amount of heat
produced per injection was calculated by integration of the area under
individual peaks by the Origin software provided with the instrument.

ITC measurements were routinely performed in 5 mM NaCl, 0.1 mM

EDTA, 1 mM DTT, and 50 mM of sodium phosphate at pH 6.5. Heat
contributions due to coupled protonation events upon binding were
evaluated by calorimetric experiments in various buffers, and their
ionization enthalpies (in kcal mol�1 at 25 °C) were as follows: phosphate
(1.22), MES (3.72), MOPS (5.27), and ACES (7.53) (23). The pH of the
buffer solutions was adjusted at the experimental temperature.

RESULTS

Fluorescence Binding Experiments

The binding of S-hexylGSH and the GSH to the Y49F mutant
of hGST P1-1 was observed by intrinsic fluorescence as a func-

tion of the ligand concentration at 25 °C and pH 6.5, following
the procedure indicated under “Experimental Procedures.” Fig.
2 depicts the titrations of this mutant with these ligands (i.e.
GSH (A) and S-hexylGSH (B)). The titrations were displayed as
a plot of the degree of binding, �, versus log[ligand], with
[ligand] being the ligand free concentration (GSH or S-hexyl-
GSH). Extrapolation of the upper part of the plots leads to a
value of 2 mol of ligand bound per mol of dimeric enzyme at
saturation. A Scatchard plot of these values clearly extrapo-
lates to � � 2 (plots shown as an inset in Fig. 2), and no
systematic deviations from linearity are detected. These re-
sults may be taken as evidence of the existence of two identical
and independent binding sites. A Hill plot of these experimen-
tal values leads to Hill coefficients of 0.96 � 0.06 and 0.98 �
0.03 for the binding of GSH and S-hexylGSH, respectively,
indicating that the binding of these ligands to Y49F mutant is
noncooperative. The fitting of these experimental data to this
model gives a value for the association constant, K, of (4.8 �
0.3) � 103 M�1 (Kd � 205 �M) and (2.7 � 0.6) � 105 M�1 (Kd �
3.7 �M) for the binding of GSH and S-hexylGSH, respectively.
These values are �3-fold and 6-fold lower than those obtained
for the wild-type enzyme: 7.7 � 103 M�1 (Kd � 130 �M) (13) and
(7.8 � 0.5) � 105 M�1 (Kd � 1.27 �M) for GSH and S-hexylGSH
binding, respectively.

ITC Experiments

Direct calorimetric measurements were performed in order
to obtain independent estimates of the thermodynamic param-
eters governing binding of GSH and S-hexylGSH to the Y49F
mutant and the wild-type enzyme. Figs. 3 and 4 show repre-
sentative titrations of the Y49F mutant with GSH and S-
hexylGSH, respectively. Representative titrations of wild-type
with both ligands appear also as an inset plot in Figs. 3 and 4.
The enthalpy change �H and binding constant K on enzyme-
ligand interaction were directly obtainable from the experi-
mental titration curves shown in Figs. 3 and 4. Moreover, the
Gibbs energy change of binding (�G � �RTlnK) was calculated
from the binding constant, and the entropy change (T�S �
��G � �H) on the association was also estimated.

Change of Protonation State—Substrate or inhibitor binding
may cause the enzyme to take up or release protons (e.g.
through pKa changes of the side chains accompanying the
binding reaction). This will contribute to the overall heat
change, �Hobs, measured in the ITC experiment. If ionizable

TABLE I
Data Collection and Processing for Y49F

Temperature (K) 100
Space group C2
Cell dimensions

a (Å) 77.8
b (Å) 90.0
c (Å) 68.9

� (degrees) 97.9
Maximum resolution (Å) 1.9
No. of crystals 1
No. of observations 94,042
No. of unique reflections 35,081
Data completeness (%) 95.0(92.2)a

Completeness � 3�I (%) 79.7(57.1)a

I/�I 16.2(5.6)a

Multiplicity 2.7
Rmerge

b (%) 6.0(18.0)
a The values in parentheses are for the highest resolution bin (ap-

proximate interval of 0.05 Å).
b Rmerge � 	hkl	i�Ii � 
I��/�
I��, where Ii is the intensity for the ith

measurement of an equivalent reflection with indices h,k,l.

TABLE II
Refinement statistics for Y49F

Non-hydrogen atoms
Protein 3260
Substrate/inhibitor 0
MES 36
Solvent 312

Resolution (Å) 1.9
Rconv. (%) 20.6
Rfree (%) 23.0
Reflections used in Rconv. calculations

Number 33,336
Completeness (%) 89.9

Root mean square deviations from ideal geometry
Bonds (Å) 0.007
Angles (degrees) 1.3
Dihedrals (degrees) 23.1
Impropers (degrees) 0.74
Bonded Bs (Å2) 2.6
Mean B (protein) (Å2)

Main chain 14.1
Side chain 17.0

Mean B (solvent) (Å2) 24.3
Residues in most favored regions of Ramachandran

plot (%)
94.1
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groups undergo pKa changes on complex formation, protons
will be exchanged with the buffer. The heat of protonation/
deprotonation depends on the ionization enthalpy of the buffer
to the following equation,

�Hobs � �Hbind � nH��Hioniz (Eq. 1)

where nH� designates the number of protons that are taken up
(nH� � 0) or released (nH� � 0) by the complex protein-ligand
(24). To study such protonation effects, calorimetric titration
experiments were repeated in various buffers of different
�Hioniz (MOPS, MES, ACES, and phosphate) at pH 6.5 and
25 °C. The binding enthalpy, �Hbind, was obtained from the
intercept (�Hioniz � 0) of a plot according to Equation 1. The
results are shown in Table III and Fig. 5. A negative slope was
obtained (nH� � 0), with nH� � �0.44 � 0.08 and nH� �
�0.11 � 0.01 for the binding of GSH to the wild type and the
Y49F mutant, respectively (Table III). Hence, in the complex
formation enzyme-GSH, the number of protons released for
wild-type enzyme is higher than that for the Y49F mutant.
This means that one or several pKa values, corresponding to
some donor proton groups of the ligand and/or enzyme, de-

crease (i.e. become more acidic). Since �0.45 H�/monomer are
released in the wild-type/GSH binding, few groups will be able
to change their pKa value. In fact, a common feature of GSTs,
which have very similar GSH binding sites (G-sites), is that
they lower the apparent pKa value of the bound GSH from 9.1
to about 6.0–6.6. The hydroxyl group of a conserved tyrosine or
serine (for instance, Tyr7 in this transferase; Tyr9 in the Alpha
class GST A1–1; Tyr6 in Schistosoma japonicum GST), which
hydrogen-bonds to the sulfur atom of GSH, probably stabilizes
and orientates the thiolate in a productive fashion (25). On the
other hand, a kinetic analysis has been performed on this (26)
and other GSTs (27), which demonstrated that the thiol proton
of GSH is released during the binding of substrate. To be
precise, the amount of protons released between pH 5.05 and
7.43 is stoichiometric to the amount of thiolate formed in the
G-site, being the nH� of �0.5 H�/subunit at pH 6.5 (26).

On the other hand, since nH� is practically zero (nH� �
�0.02 � 0.01) for the binding of the inhibitor S-hexylGSH to
the wild-type hGSTP1-1, no protons are exchanged during this
association. This result suggests that the protons released dur-
ing the binding of substrate (GSH) to the wild-type enzyme

FIG. 2. Binding of GSH (A) and S-
hexylGSH (B) to Y49F mutant of
hGST P1-1 obtained by fluorescence
spectroscopy at pH 6.5 and 25 °C. The
degree of binding, �, is plotted versus log
[ligand]. The dimeric enzyme concentra-
tions were 8.32 �M (GSH binding) and
9.73 �M (S-hexylGSH binding), and the
buffer solution was 50 mM sodium phos-
phate, 5 mM NaCl, 0.1 mM EDTA, and 1
mM DTT. The solid line gives the best fit
to the data for a noncooperative model.
The plots displayed as inset in both panels
represent the Scatchard plots for these
associations.
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might come from the thiol group of the sulfhydryl of GSH. An
analogous result was obtained by potentiometric measure-
ments with this transferase (26) and by isothermal calorimetry
for GST from S. japonicum (21, 28). However, in the formation
of the S-hexylGSH-Y49F complex, there exists a net concomi-
tant uptake of protons (nH� � 0.24 � 0.09) (Table III). The
results for the Y49F mutant can be explained by assuming that
the mutation induces slight changes in the environment of the
G-site, producing a shift in the pKa of one or more groups of the
ligand and/or enzyme when the complex forms. In this case, it
cannot be assumed that only the sulfhydryl group of GSH is
responsible for the exchange of protons at this pH, since the
binding of S-hexylGSH to Y49F should therefore take place
without exchange of protons, which is contrary to our results.
Overall the following can be deduced: 1) the proton of the thiol
group of GSH is released on binding to both Y49F mutant and
wild-type; and 2) on binding of GSH to the mutant, at least two
groups participate in the exchange of protons: the sulfhydryl
group of GSH and a second group with a low pKa capable of
increasing its pKa as a consequence of binding. This second
group takes up �0.25 protons of buffer media. Whereas an
unambiguous assignment of the specific residue(s) responsible
for the binding-induced uptake of protons is not possible, the
side chains of Asp and Glu are likely candidates as ionizing
groups at pH 6.5. Crystallographic studies show that Asp98 of

the adjacent subunit is located in the active site (3) (Fig. 1).
This residue (pKa � 4.8), involved in a hydrogen-bonding net-
work around the �-glutamate of GSH or S-hexylGSH, could
increase its pK as a consequence of a small local conformational
change, arising from the mutation, thus explaining the number
of protons taken up in the association with these ligands.

Dependence of Thermodynamic Parameters on Temperature:
Heat Capacity Change—Phosphate buffer was used because it
is known to have only a small enthalpy of ionization (�Hioniz 
1 kcal�mol�1) in conjunction with only a slight pKa change with
rising temperature (�pKa/dT � �0.0028 K�1). Therefore, only
small corrections to the observed binding enthalpy �Hobs were
required to take into account the possible protonation/deproto-
nation effects upon binding.

To determine the heat capacity change associated with the
binding processes of GSH and the inhibitor S-hexylGSH to the
Y49F mutant, a series of ITC experiments were performed at
different temperatures, ranging from 15 to 38 °C. The binding
of these ligands to both enzymes (Y49F and wild type) is non-
cooperative in the temperature range analyzed, which suggests
that the interaction does not produce a conformational change
that affects binding of ligand to the other site in the dimer.

Thermodynamic parameters at 25 °C calculated from the
titration curves are summarized in Table IV, and the temper-

FIG. 3. A, representative isothermal titration calorimetry measure-
ments of the binding of GSH to Y49F mutant of hGST P1-1. Titrations
were performed in 50 mM sodium phosphate, 5 mM NaCl, 0.1 mM EDTA,
and 1 mM DTT at pH 6.5 and 20 °C. A solution 46.98 �M mutant was
titrated with 9.12 mM GSH. The GSH was injected into the sample cell.
B (inset), integrated heats per mol of GSH injected into a solution of
wild-type enzyme, in the same conditions as the mutant. 22.31 �M wild
type was titrated with 9.82 mM GSH. For details, see “Experimental
Procedures.”

FIG. 4. A, representative isothermal titration calorimetry measure-
ments of the binding of S-hexylGSH to Y49F mutant of hGST P1-1.
Titrations were performed in 50 mM sodium phosphate, 5 mM NaCl, 0.1
mM EDTA, and 1 mM DTT at pH 6.5 and 20 °C. A 15.32 �M solution of
mutant was titrated with 1.12 mM S-hexylGSH. The S-hexylGSH was
injected into the sample cell. B (inset), integrated heats per mol of
S-hexylGSH injected into a solution of wild-type enzyme, in the same
conditions as the mutant. 32.66 �M wild type was titrated with 1.31 mM

S-hexylGSH. For details, see “Experimental Procedures.”
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ature dependence for the binding of GSH is displayed in Fig. 6.
As shown in Fig. 6, �H and T�S0 strongly depend on temper-
ature, whereas �G0 is almost insensitive to the change of
temperature, to both wild-type and Y49F mutant. In Fig. 6, a
linear dependence of �H with the temperature was observed,
from the slope of which the change in heat capacity (�Cp) upon
the binding of ligand was obtained (Table IV). A plot of �H
versus T�S0 values for the binding of GSH at different temper-
atures shows a slope near unity (data not shown), which is
common for protein-ligand binding processes (21, 29, 30) and
antibody-antigen recognition (31, 32), and has been described
in terms of enthalpy/entropy compensation. This is a direct
consequence of a large �Cp value, since (	�H/	T)p � �Cp and
(	(T�S)/	T)p � �Cp � �S, and then if �Cp �� �S , the
changes in �H and T�S with temperature will be roughly the
same (� �Cp) and will compensate each other. �G0 itself is
almost unaffected over the temperature range investigated.
The values of binding enthalpies and entropies over the exam-
ined temperature ranges are always negative, which is indica-
tive that the binding process of either substrate or inhibitor to
both enzymes is enthalpically favorable and entropically
unfavorable.

Crystallographic Analysis of the Y49F Mutant Enzyme—The
Y49F structure is essentially identical to the wild-type struc-
ture with a root mean square deviation on superposition of

�-carbon atoms of 0.2 Å with no deviations greater than 0.4 Å.
The aromatic ring of residue 149 superimposes almost exactly
onto the ring of Tyr49 of the wild-type structure (Fig. 7). The
mutation of Tyr49 to Phe causes a loss of one hydrogen bond
between the hydroxyl group of Tyr49 and the main-chain car-
bonyl of Met91 of the opposing monomer. However, the latter
moiety also takes part in other hydrogen bonding interactions,
so it is no surprise that there is no change of the structure
caused by the mutation.

DISCUSSION

The study presented here provides a comprehensive descrip-
tion of the energetics of ligand binding to the G-site of the Y49F
mutant of hGST P1-1.

Fluorescence Spectroscopy

The fluorescence spectroscopy data indicate that the binding
of either GSH or S-hexylGSH to Y49F mutant is a noncooper-
ative process with a stoichiometry of 2 mol of ligand bound per
mol of dimeric enzyme at saturation. The results obtained
indicate that the Y49F mutant shows a lower affinity for bind-
ing of ligands to the G-site compared with that of wild-type
enzyme. Other studies performed by equilibrium fluorescence
data with hGST P1-1 show that the wild-type enzyme displays
temperature-dependent cooperativity in the absence of co-sub-

TABLE III
Protonation effect

Uncertainties correspond to the S.D. of the nonlinear least squares fit of the data points of the titration curve.

Buffer �Hioniz

Y49F mutant Wild type

GSH ��Hobs S-HexylGSH ��Hobs GSH ��Hobs S-HexylGSH ��Hobs

kcal�mol�1 kcal�mol�1 kcal�mol�1

Phosphate 1.22 13.04 � 0.31 17.14 � 0.33 9.91 � 0.19 16.13 � 0.26
MES 3.72 11.27 � 0.31 15.58 � 0.42
MOPS 5.27 13.48 � 0.33 16.55 � 0.41 11.67 � 0.23
ACES 7.53 13.74 � 0.40 15.41 � 0.25 12.71 � 0.32 16.20 � 0.45

nH� �0.11 � 0.01 0.24 � 0.09 �0.44 � 0.08 �0.02 � 0.01

FIG. 5. Protonation effect. Experi-
mentally observed enthalpy change,
�Hobs, is plotted versus the ionization en-
thalpy of the buffer, �Hioniz, at 25 °C to
evaluate the protonation effect. ITC ex-
periments were performed at pH 6.5 in
phosphate, MES, ACES, and MOPS buff-
ers. A and C correspond to titrations of
the wild-type enzyme with GSH and S-
hexylGSH, respectively. B and D corre-
spond to titrations of Y49F mutant with
GSH and S-hexylGSH, respectively. Con-
tinuous lines are linear least squares fits
according to Equation 1.
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strate 1-chloro-2,4-dinitrobenzene (13). However, no significant
cooperativity for substrate binding to GST P1-1 was detected
around 25 °C (13). Furthermore, Caccuri et al. (13) showed that
this mutant displays negative cooperativity for GSH binding at
25 °C in the presence of co-substrate 1-chloro-2,4-dinitroben-
zene. However, as shown by our studies, no cooperativity was
observed at this temperature in the absence of co-substrate,
indicating that only in the presence of co-substrate does coop-
erativity exist. These results are corroborated by the ITC ex-
periments. Thus, the replacement of Tyr49 by Phe results in an
enzyme that retains the G-site structure and has the ability to
bind ligands to the G-site of both monomers.

Calorimetric Study

Temperature Dependence of Thermodynamic Parameters—
Based on thermodynamic data of the transfer of various com-
pounds from a nonpolar phase to water (33, 34), as well as
protein-folding data (35, 36) and the binding of several ligands
to their cognate proteins (35, 37), it has been argued that the
main contributions to a negative value of �Cp

0 could be a
consequence of an increase in hydrophobic interaction (35, 38),
the burial of nonpolar surface area from water (38), and the
presence of waters buried in the interface and/or local folding
due to binding (37). In contrast, polar surfaces, when removed
from the aqueous phase, increase �Cp

0. The most likely expla-
nation of this phenomenon is that hydration of a solute induces,
relative to bulk water, a solvent reorganization in its first
hydration shell (39, 40). The negative values of the heat capac-
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FIG. 6. Temperature dependence of the thermodynamic pa-
rameters for binding of GSH to both the Y49F mutant and the
wild-type enzyme. The parameters for the Y49F and the wild-type
enzyme are shown by filled and open symbols, respectively. The heat
capacity changes, associated with the binding, were determined by
linear repression analysis as the slopes of the plots of �H versus tem-
perature and are shown in Table IV.
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ity change (�Cp
0), calculated for the binding of either substrate

or S-hexylGSH to the mutant Y49F, decreased �100
cal�K�1�mol�1 in comparison with those for wild-type enzyme
(Table IV). This increase in the values of �Cp

0 may originate
from releasing water molecules in the interface. This indicates
that the binding of these ligands produces a higher degree of
water molecule loss in the wild type than that in the Y49F
mutant. The loss of water molecules is accompanied by an
increase in the entropy change. This suggestion is supported by
a comparison of the entropy values of both enzymes (Table IV),
since the entropy changes are slightly higher for the wild-type
enzyme at all temperatures (Fig. 6).

The negative �Cp
0 causes the net thermodynamic driving

force for association to shift from an entropic to an enthalpic
contribution with increasing temperature. At the intersection
point of both lines in Fig. 8, �G0 � �H, with the entropic
contribution to the binding process being zero. This intersec-
tion point corresponds to a temperature, TS, at which the
entropic contribution to the Gibbs energy of the binding
changes from favorable to unfavorable. From the linear fits to
the data shown in Fig. 8, the �H values for each TS value,
�H(TS), are calculated (Table V). An enthalpic counterpart of
TS exists, namely TH, the temperature at which the enthalpic
contribution to the Gibbs energy of binding changes from un-
favorable to favorable. TH, corresponding to a zero value of �H,
is calculated from the linear fit of Fig. 8. Therefore, at temper-

atures below TH, the binding process is completely entropy-
driven, whereas at temperatures above TS, the binding process
is completely enthalpy-driven. Only in the temperature inter-
val between TH and TS are both of the enthalpic and the
entropic parts of the Gibbs energy of binding favorable. Our
results show an interval �T larger for the mutant than that
for wild-type enzyme. However, the temperatures at which
both contributions to �G0 are favorable are lower for the mu-
tant (Table V).

The behavior described above is not unusual for processes
characterized by a large negative �Cp. For example, the ther-
modynamics of the transfer of benzene from aqueous solution

FIG. 8. Enthalpy-entropy compen-
sation plot for the binding of GSH
(solid symbols) and S-hexylGSH (open
symbols) to the Y49F mutant of hGST
P1-1. The dependence of �G0 and �H ver-
sus T�S0 is shown by circles and trian-
gles, respectively.

TABLE V
Heat capacity change, TS, and TH for the binding of substrate
and S-hexylGSH to Y49F and wild-type enzyme of hGST P1-1

Protein Ligand �Cp
0 TS

a TH
a �H(TS)b ��T�c

cal�K�1�mol�1 °C °C kcal/mol °C

Wild type GSH �294.20 7 �16 �6.04 9
Y49F GSH �199.52 �11 �38 �5.52 27
Wild type S-hexylGSH �441.63 9 �12 �8.94 3
Y49F S-hexylGSH �333.65 0 �25 �8.42 25

a Temperatures where entropic and enthalpic contributions to the
interaction is zero.

b Enthalpy change where the entropic contribution to the interaction
is zero.

c �TS � TH�.

FIG. 7. Stereoview of the region in
hGST P1-1 about the site of mutation.
The �-carbon trace of the Y49F crystal
structure is shown in light gray, and the
wild-type crystal structure is shown in
black (5GSS) (3). This figure was pro-
duced using MOLSCRIPT (50).
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to pure liquid (41) exhibit characteristic thermodynamic behav-
ior similar to that shown in Figs. 6 and 8. Therefore, these
thermodynamic binding characteristics are again a conse-
quence of the negating of the hydrophobic hydration of the
ligand. Note that the type of ligand does not seem to be impor-
tant at this temperature interval. The superposition of the
mutant Y49F structure with that for the wild-type (Protein
Data Bank entries 22GS and 5GSS, respectively) shows no
deviations greater than 0.4 Å. Thus, the mutation does not
appear to affect the overall structure. These results can be
explained only if the binding process for each ligands is similar
and, consequently, also the forces responsible for the binding
are similar.

Van der Waals interactions and hydrogen bonding are usu-
ally considered to be the major potential sources of negative �H
values (35). The binding of either GSH or S-hexylGSH to Y49F
mutant is enthalpically favorable at all temperatures studied,
for which we suggest that van der Waals interactions and
hydrogen bonds will be the major contribution to the energetic
of binding for these ligands with the Y49F mutant. Taking into
account the high similarity for both Tyr49 and wild-type struc-
tures, an analogous behavior could be deduced for the wild-type
enzyme. In order to determine the contributions of the electro-
static interactions to this binding, we investigated the effects of
ionic strength on binding of GSH to this enzyme in phosphate
buffer with NaCl concentrations varying from 2 mM to 0.4 M at
pH 6.5. The thermodynamic parameters obtained by ITC sug-
gest that there is no significant effect of the ionic strength on
�G0, �H, and �S0. These results suggest that electrostatic
interactions are not significant in ensuring a functioning the
active site region, in contrast with the Sigma/Theta GST
classes (42). A similar insensitivity to ionic strength in the
binding of substrate was also found in Sj26GST (43).

The data reported here indicate that the mutation leads to
increased changes in both negative enthalpy and negative en-
tropy (Table IV and Fig. 6). The negative Gibbs energy de-
creases as a consequence of the mutation, so the affinity of
ligands (GSH and S-hexylGSH) for Y49F is lower than that for
the wild-type enzyme. This behavior was observed at all tem-
peratures studied (Fig. 6). Moreover, the equilibrium constant
values, at all temperatures studied, are consistent with the
integrated form of the van’t Hoff equation. These results sug-
gest that although the interaction between the Y49F mutant
and the substrate is enthalpically more favorable than that for
wild-type enzyme, the entropic loss due to binding is also in-
creased, indicating that the mutation is both enthalpically
favorable and entropically unfavorable (Table IV). A similar
result was obtained for the binding of S-hexylGSH to wild type
and the Y49F mutant. This means that the thermodynamic
effect of this mutation is to decrease the entropic loss due to
binding. The unfavorable entropy change outweighs the en-
thalpic advantage, resulting in a 3-fold lower binding constant
for the binding of GSH to the wild-type enzyme. However, in

the case of the interaction of S-hexylGSH with Y49F mutant,
only slight increases in negative enthalpy (��H) and negative
entropy (T��S) have been observed in comparison with those of
the wild-type hGST P1-1. The binding constant of the interac-
tion between Y49F mutant and the inhibitor S-hexylGSH is
2-fold lower, although the same order of magnitude as that
found for the wild-type hGST P1-1. The structural studies of
the complexes formed between the wild-type hGST P1-1 and
some inhibitors (1, 3) have indicated that the hydroxyl group of
Tyr49 forms a hydrogen bond with the carbonyl oxygen atom of
the Met91 residue of the adjacent subunit (Fig. 1). In addition,
14 van der Waals contacts are also formed with the adjacent
monomer (13). From these experimental data, it has been sug-
gested that the formation of a hydrogen bond with the ligands
results in a large decrease of negative entropy change due to
the removal of the water molecules (44). Processes with a
negative entropy change may be ascribed to hydrogen bond
formation, a decrease in the number of isoenergetic conforma-
tions, or a decrease in soft internal vibrational modes (35).
Processes with a positive entropy change may arise from the
burial of electrostatic charges or hydrophobic groups from wa-
ter (35). A greater increase in both negative enthalpy and
negative entropy in the interaction with S-hexylGSH than
those for the interaction with the substrate could be explained
by the formation of a large number of hydrogen bonds in the
binding with the inhibitor. However, the crystallographic stud-
ies of the complex wild type-S-hexylGSH shows that the same
hydrogen bonds occur as those in the complex with GSH (3). It
is known, however, that an increase in the apolarity of a me-
dium increases the strength of the hydrogen bonds, and conse-
quently, the negative contribution to enthalpy and entropy
changes will be higher. Thus, the increase in the negative
values in both entropy and enthalpy of the binding with S-
hexylGSH, with respect to GSH, may be a consequence of a
higher apolarity in the environment of the active site, provided
by the hexyl chain of the inhibitor. This also could explain the
higher affinity of the inhibitor than that of the substrate.

Entropic Contribution Responsible for the Different Affini-
ties—According to the considerations of Murphy et al. (45), the
total �S of binding is given as follows,

�S � �Ssolv � �Sconf � �Scrat (Eq. 2)

TABLE VI
Entropy change of the interaction of GSH and S-hexylGSH with mutant Y49F of hGST P1-1 at 25.2 °C

Calculations were done according to the method of Murphy et al. (45), and the procedures are summarized briefly under “Experimental
Procedures.” ��S, ��Ssolv, and ��Sconf are the differences in each of the values from those wild-type hGST P1-1.

Protein Ligand �Stotal
a ��S �Ssolv ��Ssolv

b �Sconf ��Sconf

cal�K�1�mol�1

Wild type GSH �18.97 0 75.73 0 �86.8 0
Y49F GSH �27.31 �8.34 51.35 �24.38 �70.7 16.1
Wild type S-hexylGSH �26.96 0 113.66 0 �132.7 0
Y49F S-hexylGSH �31.66 �4.70 85.87 �27.80 �109.6 23.1

a Data from Table IV.
b Calculated from the equation �Ssolv � �Cp ln(298.4/386).

TABLE VII
Entropic contributions of the interaction of Y49F mutant of

hGST P1-1 with GSH and S-hexylGSH and the number of residues,
�, participating in the binding

Protein Ligand TS �SHE(TS)a �Sothers �

°C cal�K�1�mol�1 cal�K�1�mol�1

Wild type GSH 7 127.3 �177.3 31.7
Y49F GSH �11 104.2 �154.2 27.5
Wild type S-hexylGSH 9 186.7 �236.7 42.3
Y49F S-hexylGSH 0 155.7 �205.7 36.7

a Calculated from the equation �SHE(TS) � 1.35�Cp ln(TS/386).
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where �Ssolv is the change in entropy derived from solvent
release upon binding, �Sconf is the change in entropy resulting
from conformational changes due to formation of complex, and
�Scrat is the cratic entropy change. �Ssolv is given by �Ssolv �
�Cp ln(T/TS) (TS � 386 K; TS is the temperature at which the
solvation entropy change is considered to be zero), and �Scrat

can be considered a constant value (�7.9 cal�mol�1�K�1) (33,
46). From the experimental data, it can be suggested that the
desolvation entropy loss is, to a large extent, compensated by
the conformational entropy. As can be observed from Table VI,
the binding of ligands to the mutant produces a loss of entropy
(negative ��Ssolv) with respect to the same interaction with the
wild-type enzyme. Thus, the extra unfavorable �Ssolv (negative
value) for both ligands (substrate and inhibitor) will be the
entropic component responsible for the decrease in the affinity
of the mutant enzyme.

Residue Numbers Involved in the Association—Recently,
Spolar and Record (37) proposed that local folding can be cou-
pled to ligand binding. According to their proposal, total en-
tropy change can be described as �S � �SHE � �SRT �
�Sothers, where �SHE is the entropy change from hydropho-
bic interactions, which is related to the heat capacity change,
and �SRT originates from rotational and translational change
and is considered to be constant (50 cal�mol�1�K�1) (37). At
the temperature TS, �S � 0 and then �SHE(TS) � �SRT �
�Sothers � 0. If the entropy change due to a small conforma-
tional change is considered to be equal for each residue, the
entropy change is calculated to be 5.6 cal�K�1�mol�1, and thus
division of �Sothers by �5.6 yields the number of residues in-
volved in the conformational change: ℜ � �Sothers/�5.6. We
have used this description to estimate the number of the resi-
dues, ℜ, involved in the binding processes characterized in our
study (Table VII). In the binding of S-hexylGSH to the wild-
type enzyme, the ℜ value was increased to 9, with respect to
that for the binding of GSH. An identical increment was ob-
tained for the binding of these ligands to Y49F. This result can
be expected from the comparison of the structures of both
ligands bound to wild-type. In the case of the S-hexylGSH, the
aliphatic moiety occupies the H-site (3), and the number of
interactions with residues of the G-site increases with respect
to the interactions of substrate. On the other hand, for the
same ligand, the number of residues involved in the binding
decreases in the mutant enzyme with respect to the wild type.
This can be explained, assuming that the substitution of tyro-
sine 49 by phenylalanine produces a local conformational
change in the vicinity of the active site. Thus, on the basis of
this description, small alterations produced by the mutation
are deduced to occur in the active site. Large conformational
changes or structural changes induced by the ligand binding
are not predicted from the thermodynamic parameters ob-
tained in this study.

Changes on Solvent-accessible Surface Areas—Finally, the
observed values of �Cp

0 can be used to estimate the amount of
both polar and apolar surfaces buried on binding. Relationships
documented in the literature (47, 48) have been used to calcu-
late the amount of polar and apolar interfacial surface neces-
sary to account for the observed �Cp

0 values. Note that these
relationships are intended to relate �Cp

0 for protein folding
transitions to the loss of solvent-accessible surface and, thus,
may, or may not be adequate to apply to all protein-ligand
interactions. Changes in apolar (�ASAap) and polar (�ASAp)
solvent-accessible surface areas upon complexation have been
estimated by those relationships mentioned above. On the ba-
sis of the x-ray crystallographic data of several proteins, the
changes in the water-accessible surface areas of both nonpolar
(�ASAap) and polar (�ASAp) residues on protein folding have

been calculated. Such calculations reveal that the ratio
�ASAap/�ASAp varies between 1.2 and 1.7 (47). This range is
comparable with the medium value for the ratio of �ASAap/
�ASAp of �1.2, calculated for the interactions described in this
study. The application of Murphy’s approach (47) to the exper-
imentally determined values indicates that the surface areas
buried on complex formation comprise �54% of the nonpolar
surface. Therefore, as Spolar and Record (37) indicate, these
values can be taken as the “rigid body” interactions, and there-
fore, no large conformational changes can occur as a conse-
quence of the association with these ligands.
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