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ABSTRACT: Schistomiasis is a debilitating parasitic disease which affects 200 million people, causing life-
threatening complications in 10% of the patients. This paper reports the crystal structure of theSchistosoma
haematobium28 kDa glutathioneS-transferase, a multifunctional enzyme involved in host-parasite
interactions and presently considered as a promising vaccine candidate against schistosomiasis. The
structures of the GSH-free enzyme, as well as the partially (∼40%) and almost fully (∼80%) GSH-
saturated enzyme, exhibit a unique feature, absent in previous GST structures, concerning the crucial and
invariant Tyr10 side chain which occupies two alternative positions. The canonical conformer, which
allows an H-bond to be formed between the side chain hydroxyl group and the activated thiolate of GSH,
is somewhat less than 50% occupied. The new conformer, with the phenoxyl ring on the opposite side of
the mobile loop connecting strand 1 and helix 1, is stabilized by a polar interaction with the guanidinium
group of the conserved Arg21 side chain. The presence of two conformers of Tyr10 may provide a clue
about clarifying the multiple catalytic functions of Sh28GST and might prove to be relevant for the design
of specific antischistosomal drugs. TheKd for GSH binding was determined by equilibrium fluorescence
titrations to be∼3 µM and by stopped-flow rapid mixing experiments to be∼9 µM. The relatively tight
binding of GSH by Sh28GST explains the residually bound GSH in the crystal and supports a possible
role of GSH as a tightly bound cofactor involved in the catalytic mechanism for prostaglandin D2 synthase
activity.

Schistosomiasis is the second most devastating parasitic
disease after malaria with 200 million cases worldwide,
causing severe pathology in∼10% of the patients and leading
to 500 000 attributed deaths annually (1). Attempts to apply
to schistosomiasis the technological advancements trumpeted
in the genomics and structural genomics assault on diseases
are limited, although initial steps have been reported on
sequencing the schistosome genome (2). In this panorama,
we report the crystal structure of the 28 kDa glutathione
(GSH)1 S-transferase fromSchistosoma haematobium
(Sh28GST), a promising vaccine candidate against schisto-
somiasis now in clinical trials (3).

Schistosoma mansoni28GST (Sm28GST) was first dis-
covered as a major antigen of schistosomiasis in the mid
1980s (4), and identified as a GST by sequence homology
and functional assays (5). Mammalian GSTs have several

physiological activities, including detoxification of endog-
enously produced compounds by means of the S-linked
addition of GSH (γ-glutaminylcysteinylglycine) to electro-
philic compounds to facilitate extrusion from cells, simple
binding of target compounds for transport or sequestering,
isomerization of steroid intermediates and other compounds,
and eicosanoid biosynthesis (6). Soon after discovery, the
schistosomal 28 kDa GSTs were investigated as potential
vaccine candidates against schistosomiasis (7). The S.
haematobiumprotein, which was shown to be the most cross-
protective among the schistosomal 28 kDa GSTs, led to
successful phase I and II clinical trials (3, 8-10).

On the basis of sequence comparison, schistosomal 28 kDa
GSTs would belong to the so-called sigma class of GSTs.
This enzyme was shown to have high transferase activity
with model compound 1-chloro-2,4-dinitrobenzene (CDNB)
and also exhibited fatty acid hydroperoxide-GSH peroxidase
activity (5). Importantly, in infected or immunized animals
as well as in naturally infected humans, specific antibodies
inhibit the transferase activity of schistosomal 28GSTs (11,
12). Moreover, it has been reported that testosterone binds
to and inhibits the transferase activity of Sh28GST (13).
Finally, it was recently demonstrated that schistosomal 28
kDa GSTs possess prostaglandin (PG)D2 synthase (PGDS)
activity (M. Hervé, unpublished experiments), and through
this property may modulate the host immune response to
infection by inhibiting the migration of epidermal Langerhans
cells to the draining lymph nodes (14). Thus, Sh28GST is a
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multifunctional enzyme which plays key roles in the host-
parasite interactions. In this work, we present the high-
resolution structures of Sh28GST, at different levels of
saturation with GSH.

MATERIALS AND METHODS

Expression, Purification, and Preparation of Sh28GST for
Crystallization. The full-length cDNA of Sh28GST was
subcloned into pET-24d(+) (Novagen), andEscherichia coli
BL21(DE3) cells were transformed with this expression
vector (M. Herve´, unpublished experiments). Purification of
Sh28GST was carried out as previously described (15).
Initially, the recombinant protein was purified by affinity
chromatography on a GSH-conjugated Sepharose column,
and eluted at pH 7 using GSH. However, to obtain an enzyme
preparation without bound GSH, the recombinant Sh28GST
was affinity-purified twice on GSH-conjugated Sepharose
columns using 50 mM glycine (pH 10) as the eluant (16).
After elution, the protein was dialyzed extensively in
phosphate-buffered saline (PBS, pH 7.4) containing 1 mM
dithiothreitol, passed through polymyxin columns, concen-
trated to 66 mg/mL by ultrafiltration (Amicon PM10), and
sterile-filtered.

Crystallization.Crystals were obtained under conditions
similar to those reported for Sm28GST (15). Sh28GST was
crystallized by the hanging drop vapor diffusion method
using a well solution of 2.1 M ammonium sulfate, 100 mM
Tris (pH 7.2), and 5 mMâ-mercaptoethanol. The hanging
drops consisted of a 1:1 mixture of the well solution with
the solution of protein at 66 mg/mL in PBS. Large crystals
grew within a few days. Crystals of the GSH-saturated
enzyme were obtained from protein equilibrated with a 500
µM excess of GSH prior to crystallization trials. Crystals of
the GSH-free enzyme were obtained following essentially
the same procedure, starting with the enzyme prepared in
the absence of GSH.

Data Collection and Processing.Data for the two struc-
tures were collected at ELETTRA (Trieste, Italy) and at
DESY (Hamburg, Germany) at∼100 K. Data were proces-
sed with the HKL suite (17). Autoindexing produced a list
containing two likely choices for the space group and unit
cell with equivalent scores, eitherC2221 or P21. The data
from a home source and detector [Rigaku R-axis IV++ de-
tector, coupled to an RU-200 rotating anode X-ray (Cu KR)
generator equipped with focusing mirrors and operating at
50 kV and 100 mA] to 2.1 Å were used to determine the
structure. The data were originally processed in space group
C2221 with one Sh28GST monomer in the asymmetric unit
and the following cell dimensions:a ) 72.6 Å, b ) 77.4
Å, andc ) 77.7 Å. During refinement of the first structure, it
appeared likely that the second possibility (space groupP21,
a ) 53.1 Å,b ) 77.7 Å,c ) 53.2 Å, andâ ) 93.4° which
has a dimer of Sh28GST in the asymmetric unit) was after
all the correct choice (see below). Thus, the two data sets
used for refinement were processed using theP21 unit cell.

Molecular Replacement, Model Building, and Refinement.
The structure was determined by molecular replacement in
theC2221 unit cell. The ninth search model which was used,
the structure of Sj26GST (PDB entry 1gtb), resulted in a
clear rotation and translation solution using the program
AMORE (18) from the CCP4 suite (19). The structure was
refined using REFMAC (20), and fit to electron density maps

using XtalView (21). However, even after the addition of
many observed waters, theR-factor converged to 26% which
clearly indicated a problem with the structure. The most
likely problem was with the choice of space group especially
given the almost identical length of theb andc axes. Thus,
the structure was transferred to theP21 unit cell and refined
easily, leading to a finalRf of less than 23% for both
structures. The two monomers in theP21 asymmetric unit
are very similar (see the text) but do exhibit fine differences
especially in the active site. This special case of twinning
arises from the combination of very similar monomers and
the almost identical length of theb and c axes. Thus, the
noncrystallographic 2-fold axis of the dimer found in the
P21 space group can be “twinned” to a crystallographic 2-fold
axis in space groupC2221.

Equilibrium Fluorescence Titrations.The affinity of
Sh28GST for reduced GSH was determined by taking
advantage of the tryptophan fluorescence quenching occur-
ring upon combination binding (22). The experiments were
carried out using a Spex Fluoromax spectrofluorimeter in
0.1 M potassium phosphate (pH 7). Sample solutions of
Sh28GST were prepared by diluting the stock to concentra-
tions ranging between 0.1 and 5µM and adding reduced
GSH (Sigma, St. Louis, MO); usually the dilution due to
addition of the titrant was negligible. The excitation wave-
length was 280 nm, and emission spectra were collected over
the range of 300-400 nm; emission peaked at 337 nm, and
readings at this wavelength were used for the quantitative
analysis. Measurements were carried out using the two
preparations of protein, one purified by elution form the GSH
affinity column with glycine at pH 10 and the other with
GSH at pH 7 (see above). Addition of GSH up to∼1 µM
induced a 30% Trp fluorescence quenching; however, in
some experiments, further quenching (e10%) was observed
upon addition of very large amounts of GSH (up to 0.1 M),
suggesting the possible existence of low-affinity GSH
binding sites, as already reported for similar proteins (23).

Stopped-Flow Fluorescence Measurements.Stopped-flow
experiments were carried out using an Applied Photophysics
(Leatheread, U.K.) MV18 apparatus equipped for fluores-
cence signal detection. The excitation wavelength was 285
nm, and emission was collected using a filter with cutoff at
g320 nm. Solutions of Sh28GST (10µM) in 0.1 M
phosphate (pH 7) were mixed with buffered solutions of GSH
at concentrations ranging between 15 and 80µM. The
transmittance of the samples at 285 nm was higher than 75%
(with a 1 cmpath length). The time courses were fitted to a
pseudo-first-order equation to obtain the apparent combina-
tion rate constantskapp. Linear regression ofkapp versus the
concentration of GSH yielded the intrinsic rate constants for
combination (kon) and dissociation (koff) of GSH.

Steady State Determinations.The catalytic activity of
Sh28GST was measured spectroscopically under steady state
conditions, using the chromogenic substrate 4-chloro-1,2-
dinitrobenzene (CDNB, Sigma). Two typical assays were
performed, either at a fixed GSH concentration or at a fixed
CDNB concentration. In the former case, the sample was
prepared as follows. A 0.33µM solution of Sh28GST (0.5
mL) in 0.1 M potassium phosphate buffer (pH 7) was
pipetted into a 2 mmspectrophotometric cuvette; then GSH
was added to a final concentration of 2 mM. The reaction
was started by addition of the appropriate volume of a 0.25
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M solution of CDNB in 95% ethanol; the final volume
ranged between 0.510 and 0.525 mL (24). The reaction was
followed by the absorbance increase at 340 nm in a Hewlett-
Packard diode array spectrophotometer. The alternative
experiment was carried out in a similar way, at a constant
concentration of 2.5 mM CDNB. To check the effect of
praziquantel on the catalytic activity of Sh28GST, if any,
the following method was adopted. Several stock solutions
of praziquantel (Sigma) in methanol were made at 100× for
each experiment, thus keeping the concentration of methanol
at a constant 1%. These 100× stock solutions were used to
add praziquantel to the reaction mixture, prior to the addition
of the second substrate, to achieve final concentrations in
the range of 0-1 mM.

RESULTS

Quality of the Structure.The two Sh28GST crystal
structures initially illustrated here, i.e., that of a partially
GSH-saturated protein (the first structure) and that of a
protein cocrystallized with saturating GSH (the second
structure), were refined using high-resolution data, 1.85 and
1.65 Å, respectively, with each model achieving final
R-factors of 22.7 and 22.8%, respectively (Table 1). The
distribution of main chain angles in both models shows
93.7% falling in the preferred region of a Ramachandran
plot with the remaining 6.3% in the allowed region, and none
in the less favorable generously allowed region. Only Glu70,
found in the tight turn betweenâ-strand 4 and helix 3 (see
below), exhibits unusual main chain angles, which however
were found in all other GSTs for the Gln, Glu, or Asp at
this position. These unusual main chain angles are thought
to arise from the dual function of this residue which is
involved in contributing to the dimer interface but also forms
part of the binding site for GSH (25). The geometry of both
models is good, given that the geometric restraints which
were used during refinement of the models led to root-mean-
square deviations that were canonical for average bond
distances and angles of structures at these resolutions.
Analysis of the many geometrical factors of the two final

models gives an overall resulting “goodness” org-factor
which is also at the mean for structures at similar resolution
(26). The two structures have been deposited in the Protein
Data Bank as entries 1OE7 and 1OE8.

OVerall Structure.Sh28GST is a dimer, each monomer
having the typical N- and C-terminal domains (Figure 1)
making up the canonical GST fold. The model contains
residues 4-207 in each monomer. The N-terminal domain
(residues 4-87), which consists of a four-strandedâ-sheet
(order 2134) flanked by three helices, forms a thioredoxin-
like fold. The C-terminal domain (residues 88-207) consists
of six R-helices, or seven if helix 5a and helix 5b are
considered separate helices. The N-terminal domain forms

Table 1: Data Collection and Refinement Summary

structure 1
(≈40% GSH-saturated)

structure 2
(≈80% GSH-saturated)

space group P21 P21

no. of unique reflections 39246 51735
I/σ(I) 21.5 (3.4)a 40.9 (2.7)b

completeness (%) 96.3 (72.0)a 99.2 (95.0)b

average redundancy 6.5 (2.6)a 4.1 (2.8)b

final Rmerge 0.071 (0.22)a 0.04 (0.47)b

unit cell edges (Å) a ) 53.43,b ) 78.11,c ) 53.50 a ) 53.14,b ) 77.71,c ) 53.20
unique angleâ (deg) 94.2 93.4
Rworking (Rfree)c 0.229 (0.289) 0.229 (0.280)
rms deviation

bond lengths (Å) 0.024 0.023
bond angles (deg) 1.6 1.3

Ramachandran plot
most preferred 335 338
allowed 24 24
generously allowed 2 1
disallowed 0 0

model composition
no. of water molecules 226 317
no. of ligand molecules 1 (GSH) 1 (GSH)

a Last shell (1.86-1.81 Å) in parentheses.b Last shell (1.71-1.65 Å) in parentheses.c R ) ∑||Fo - Fc|/∑|Fo|, whereFo andFc are the observed
and calculated amplitudes, respectively. The free data comprised 5% of the total.

FIGURE 1: Ribbon-style view of the GSH-saturated Sh28GST
dimer, showing the bound GSH and the activating conformer of
active site residue Tyr10. Each monomer is composed of two
domains. The N-terminal domain (denoted as domain 1) has a
thioredoxin-like fold consisting of a four-strandedâ-sheet (order
2134) surrounded by threeR-helices, and the C-terminal domain
(denoted as domain 2) is composed entirely ofR-helices. The
N-terminal domain serves mainly to bind GSH, whereas the
C-terminal domain forms the xenobiotic binding site. The two
monomers are indeed very similar; fine differences in the active
sites are discussed in the text.
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the binding site for GSH, called the G-site, whereas the
C-terminal domain provides the residues of the H-site where
the electrophilic substrate is bound. The two monomers,
called A and B, are very similar but not identical, at least in
the structure collected at high GSH concentrations; on the
other hand, they are indistinguishable in the structure of the
GSH-free enzyme.

The typical overall fold is maintained despite the quite
low degree of sequence similarity with other GSTs. This is
illustrated by a structure-based sequence alignment of
Sh28GST with (i) theSchistosoma japonicum26 kDa GST
[Sj26GST, PDB entry 1GTB (27)] which was used to
determine the structure by molecular replacement and (ii)
the structure in the Protein Data Bank whose sequence is
most identical to that of Sh28GST (32%), i.e., that of rat
hematopoietic PGDS [H-PGDS, PDB entry 1PD2 (28)] (see
Figure 2). Sh28GST, like H-PGDS and the sigma class GSTs,
lacks a long C-terminal extension which occludes the active
site in Sj28GST and alpha class GSTs. One distinguishing
feature of the Sh28GST fold as compared to other GSTs is
the increased length of theâ-sheet, which is also evident as
a gap in the sequence alignment between strand 3 and strand
4 (Figure 2).

The crystallographic structure of Sh28GST is compatible
with the expectation that the protein forms a dimer in
solution, as do most GSTs (29, 30). The dimer interaction
surface area in the crystal (1142 Å2 and 137 short contacts
of e4 Å) is dominated by nonpolar interactions but has 21
polar interactions, including four salt links. The relatively
high ratio of polar to total contacts (21/137) identifies

Sh28GST as having a dimer interface similar to those of the
sigma class GSTs (6, 31). The overall buried surface area,
however, is at the low end of the range typical for GSTs,
with monomer-monomer surface areas ranging from∼1000
to ∼2000 Å2 (from the Protein Quaternary Structure Server
at EMBL-EBI). Like the sigma class GSTs, Sh28GST lacks
the hydrophobic “lock-and-key” motif found in the dimer
interface of the alpha, pi, and mu classes of GSTs (6). The
level of sequence identity of Sh28GST with nonschistosomal
GSTs is at most 32%, which would tend to place the
schistosomal GSTs in a separate class given that the cutoff
of ∼30% sequence identity has been suggested to distinguish
GST classes (6). Schistosomal 28 kDa GSTs are highly
homologous, with the lowest level of pairwise sequence
identity being 77% (32).

GSH Binding Site.Our initial structure proved to be
partially saturated with GSH despite extensive dialysis
against phosphate-buffered saline prior to crystallization; the
active site in each monomer appears to be somewhat less
than 50% saturated with GSH in the crystal. The occupancy
of GSH was estimated by comparing theB-factors of the
CR atoms from GSH with those of the polypeptide chain that
interact with it (e.g., Glu70). A second structure was obtained
by crystallizing Sh28GST exposed to 3.3 mM GSH prior to
crystallization; this structure was little changed except that
the fractional saturation with GSH was higher (Figure 3, top
panels). Preliminary crystallographic data obtained at a still
higher GSH concentration (15 mM) suggest an even higher
occupancy. These data are consistent with the hypothesis that
the binding of GSH to Sh28GST may display negative
cooperativity, a point to be further investigated.

Sh28GST is characterized by a unique feature which, to
the best of our knowledge, has not been reported for other
GSTs, since the crucial and invariant active site Tyr10 side
chain occupies two distinct positions in each monomer
(Figure 3). Tyr10 has been proposed (29, 30) to interact with
and help form the active thiolate of GSH by lowering the
pKa of the sulfhydryl group from 9 to 6-7. There is no
obvious relationship between the percentage of bound GSH
and the dual position of the Tyr10 side chain, the two
conformers being almost equally populated (as judged from
the B-factors) in all the structures of Sh28GST. The
description of the Sh28GST structure discussed below refers
to the one collected in 3.3 mM GSH (approximately 80%
GSH saturated) except where stated differently. Preliminary
crystallographic data obtained at a still higher GSH concen-
tration (15 mM) seem to indicate that the relative amount of
the two alternative conformers of Tyr10 may be altered, even
though no experimental condition was found to induce Tyr10
to adopt completely the activating position.

GSH is bound to both monomers in the extended confor-
mation, as observed in all other GST-GSH complexes (33),
and forms salt links with three residues from the N-terminal
domain (Arg16, Lys45, and Glu70) of the same monomer
and a fourth one with Asp104 from the C-terminal domain
of the other monomer. Since the side chain of Arg16 is also
found in two conformations, the number of salt links might
be counted as fewer than four. In addition, GSH forms three
H-bonds with protein main chain atoms and seven H-bonds
with protein side chain atoms, all from the N-terminal domain
of the same monomer. There are also four H-bonds to water
molecules, including one to the sulfur thiolate of GSH in

FIGURE 2: Structure-based sequence alignment using the program
SEQUOIA of (1) Sh28GST and two structures discussed in the
text, i.e., (2)S. japonicum26 kDa GST with bound praziquantel
[Sj26GST, PDB entry 1gtb, 2.2 Å root-mean-square deviation
(rmsd) for superposition of 176 equivalences with 46 identities]
and (3) the hematopoietic prostaglandin D synthase (HPDS, PDB
entry 1PD2, 1.7 Å rmsd for superposition of 192 equivalences with
61 identities). Equivalent residues (capital letters) are those which
after superposition are within 3 Å of thecorresponding residues in
Sh28GST. Helices are denoted in red and strands in cyan. Y104
and R108, the two residues that in Sj26GST interact with bound
praziquantel, are marked with a P. A D appears above residues in
HPDS which contribute to the putative prostaglandin binding cleft.
Residues Tyr10, Arg16, and Arg21 are discussed in the text.
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the A monomer; it is likely that this water plays a role in
stabilizing the ionized state of bound GSH. In comparison,
a survey of GSH-protein contacts in high-resolution struc-
tures in the Protein Data Bank [alpha class 1F3A (34), pi
class 8GSS (35), mu class 6GST (36), and Sj26GST 1GNE
(37)] reveals three salt links for the alpha, pi, and mu class
GSTs and two for the Sj26GST. In addition, the mu class
GSTs form two H-bonds with protein main chain atoms,
whereas the alpha class, pi class, and Sj26GST proteins form
three H-bonds with protein main chain atoms.

As stated above, two side chains in the G-site have dual
conformations, those of the aforementioned Tyr10 and Arg16
(Figure 3, top and bottom panels). In the canonical position,
the hydroxyl oxygen of Tyr10 makes an H-bond with the
sulfur atom of GSH which stabilizes the activated, nucleo-
philic thiolate. In all other GST structures with an active
site tyrosine, that is for the alpha, pi, mu, and sigma classes
(29, 30), this activating conformer is the only one observed.
In contrast, in the GSH-free enzyme as well as the two GSH-
bound structures (partially and almost fully saturated), the
Tyr10 side chain is found in the canonical activating
conformer at approximately 50% occupancy. Both conform-
ers of Tyr10 are stabilized by polar interactions. The
activating conformer is stabilized by (i) an H-bond between
the hydroxyl oxygen of Tyr10 and the main chain N atom
of Arg16 (as observed in all the other structures of GST-
GSH complexes) and (ii) an H-bond with the sulfur atom of
GSH but only in the B monomer. The nonactivating
conformer of Tyr10 is stabilized by an electrostatic interac-
tion with the guanidinium group of the side chain of Arg21
in both monomers.

The side chain of Arg16 also displays a dual conformation,
with one conformer forming a salt link with the carboxylate
moiety of the γ-glutamine of bound GSH and the other
forming an H-bond with the sulfur atom of GSH, as in alpha
class GSTs (30). Inspection of the maps (Figure 3, top panels)
reveals more electron density surrounding the activating
conformer in the GSH-saturated enzyme. Thus, the con-
former of Arg16 which interacts with the GSH sulfur atom
appears to have a higher occupancy when the active site is
almost fully GSH saturated.

A third residue in the active site, i.e., Phe11, appears to
have more than one conformation (Figure 3, bottom panels).
The major conformer, observed most clearly in the highest-
resolution structure of the GSH-saturated complex, places
the side chain in an unstable position which contacts the side
chain of Phe38 in a symmetry-related molecule belonging
to another dimer in the crystal unit cell. It is likely that the
side chains of Phe11 and Phe38 lie in multiple conformers
which make stable crystal contacts but which differ through-
out the crystal. The major conformer, similar to that observed
in other structures of GSTs, is one which has been demon-
strated to play a second-tier role in activating the sulfur atom
of GSH by acting to lower the pKa of the Tyr10 hydroxyl
group (38).

Comparison of the G-Site in A and B Monomers.Asym-
metry between the A and B monomers in the homodimer is
extremely weak, and is limited to the details in the positions
of some amino acid residues in the G-site. In any case, the
weak asymmetry between the two monomers does not
significantly correlate with the alternative conformations of
Tyr10, Arg16, and Phe11. The difference in the two

FIGURE 3: Stereoview of the electron density (2Fo - Fc at 1σ; blue contours) showing evidence for two conformers of Tyr10 in the active
site of monomer B, from the structure which is almost fully saturated with GSH. The stick model uses yellow for carbon, red for oxygen,
blue for nitrogen, and green for sulfur. The top panels illustrate the level of disorder in three active site residues, namely, Phe11, Tyr10,
and Arg16. The side chain of Tyr10, shown in the activating conformation, forms H-bonds with the S atom of GSH and the main chain N
atom of Arg16. The guanidinium group of Arg16 forms an H-bond with the S atom of GSH and a salt link with the carboxylate group of
the γ-Gln of GSH. For Phe11, only one conformer is shown. The bottom panels show the nonactivating conformer of Tyr10 (center) and
its polar interaction with the side chain of Arg21 (at the top). The activating conformer of Tyr10 is only partly visible (facing into the
page). The two conformers of Phe11 are clearly seen.
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monomers is amplified by the position of GSH, since the
orientation of the S atom is different in the A and B
monomers. Comparison reveals some differences in geometry
around the all-important sulfur atom of bound GSH. In the
A monomer, the Tyr10 hydroxyl of the activating conformer
is 4.5 Å from the S atom of GSH; close to this atom are
also a water (within 2.95 Å) and the NH1 atom of Arg16
(2.86 Å from the S atom). In the B monomer, the Tyr10
hydroxyl in the activating conformation is at a distance of
3.4 Å and the NH1 atom of Arg16 is 2.64 Å from the S
atom of GSH, with no water within H-bonding distance. The
calculated distances for the H-bonds between a negatively
charged S atom and a hydroxyl group, or between a
negatively charged or neutral S atom and a variously charged
water molecule, have been reported (refs39 and 40,
respectively). These calculated distances suggest that in the
A monomer, the sulfur atom of GSH is negatively charged,
a thiolate, and makes one H-bond with a positively charged
water molecule; on the other hand, the Tyr10 hydroxyl
oxygen at 4.5 Å is too distant from the S atom to form an
H-bond. In contrast, in the B monomer, the Tyr10 hydroxyl
oxygen (3.5 Å) is likely to be neutral and protonated and to
form a stable H-bond with the negatively charged S atom.
In both the A and B monomers, the NH1 atom of Arg16 is
probably also positively charged and within H-bonding
distance, though calculations were not reported for this type
of atom.

The structures of all other GSTs show that invariant Tyr10
is present only in the activating conformation, which is most
relevant for catalysis. The structure of Sh28GST reveals that,
at least in the crystal, Tyr10 occupies a nonactivating
conformation (see above). Our data do not allow us to
precisely estimate if the fraction of Tyr10 in the two
alternative conformations is the same in both the A or B
monomer; however, the relevant electron densities and
B-factors are comparable in the two monomers, and thus,
we conclude that the two conformers of Tyr10 are ap-
proximately equally populated in both monomers of the
active Sh28GST dimer.

Comparison of PGDS and Sh28GST H-Site.GSTs in
general catalyze the nonspecific conversion of the prostanoid
precursor PGH2 to three products: PGD2, PGE2, and PGF2
(41). A class of GSTs which catalyzes the specific conversion
of PGH2 to PGD2 has been described (42), and for rat
H-PGDS (sequence in Figure 2), the crystal structure has
been published (28, 43). Sh28GST, whose sequence is 32%
identical to that of rat H-PGDS, has been identified as a
specific PGDS (M. Herve´, unpublished experiments). In the
H-PGDS structure, there are two clefts near the G-site which
have been proposed to bind the J- and K-arms of the
prostanoid precursor, PGH2. In Sh28GST, the side chains
of Glu106, Tyr110, and especially His169 would interfere
with binding of PGH2 in the same mode proposed for
H-PGDS. Specifically, the side chain of His169 is sterically
hindered from moving and forms two H-bonds, the first
between the NE2 atom and the main chain O atom of Arg14
and the second between the ND1 atom and the side chain
OE1 atom of Glu106. However, the H-site near the bound
GSH in Sh28GST is very open with space for both the
approach of the PGH2 headgroup near the GSH thiolate and
the positioning of both arms of the substrate in contact with
the protein surface.

Helix 5A Major Antigenic Peptide.Natural antibodies to
schistosomal GSTs are known to inhibit the transferase
activity (11); however, this effect is not due to antibodies
against the most potent antigenic and cross-reactive region
of the protein molecule, identified from investigations of
various antigenic peptides of schistosome 28GSTs as the
Pro115-Lys131 fragment. This region may be important in
the cross-protection against different schistosome species,
including S. mansoni, S. haematobium, and Schistosoma
boVis (32). In the crystal structure, this peptide contains the
last part of the loop between helix 4 and helix 5a up until
the first residue of helix 5b. The Pro115-Lys131 peptides
in the A and B monomers are located topologically close to
each other and near the G- and H-sites, as shown in Figure
4.

Kinetic Characterization of Sh28GST.The finding that
Sh28GST is partially saturated with GSH in the first crystal
structure, despite extensive dialysis prior to crystallization,
indicated that GSH is bound tightly. To measure the affinity
of Sh28GST for GSH, we exploited the decrease in fluo-
rescence of the protein upon GSH binding, mostly attributed
to a change in the environment of Trp 41 which forms an
H-bond between its side chain NE1 atom and the carbonyl
oxygen of the glycine moiety of bound GSH (22). Titrations
of Sh28GST at very low concentrations (0.1µM) with GSH
under equilibrium conditions were carried out for the two
preparations of the protein; as shown in Figure 5A, we
obtained similar results with a fittedKd of =3 µM. In
addition, we employed stopped-flow fluorescence measure-
ments to follow the time course of GSH binding which
conformed in all cases to a simple exponential. The estimate
of the affinity for GSH from these experiments is model-
dependent and assumes second-order, reversible binding to
independent monomers; this expectation is consistent with
the experimental observations (Figure 5B). The stopped-flow

FIGURE 4: Ribbon-style view of the Sh28GST dimer showing the
location of residues 115-131 (top) which make up the cross-
protective antigen and its typology and distance from the active
site. Also shown are the bound GSH (center) and the active site
Tyr10 (center left and center right) in the activating conformer.
These antigenic peptides, located near each other on the protein
surface, contain many charged residues but do not contribute to
the stability of the monomer-monomer interface (since they form
no stabilizing contacts in the Sh28GST dimer). Carbon atoms are
shown in green, oxygens in red, and nitrogens in blue, and the sulfur
of GSH is shown in yellow.
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experiments, also carried out on both batches of the protein,
yielded an estimatedKd of 9 µM. Both estimates ofKd (3
µM by equilibrium and 9µM by kinetics) are similar to the
smallest previously reported values (e.g., 7µM for an alpha
class rat liver GST) (23), and are significantly lower than
the usual range ofg300µM. Thus, Sh28GST has an affinity
for GSH which ranks among the highest, up to 100 times
higher than values usually reported for GSTs.

The transferase activity with CDNB, measured as detailed
in Materials and Methods, corresponds to a specific activity
of 12 µmol of product formed per minute per milligram of
protein, similar to those found for other GSTs, including
H-PGDS (44, 45). The effect of praziquantel (PZQ, an
antischistomial drug which was formerly thought to combine
with GST) (27) was checked in a steady state experiment.
The assay contained GST (330 nM), GSH (2 mM), and
CDNB (2.5 mM) and variable concentrations of PZQ, from
0 to 1 mM. Relatively high GSH concentrations were used
throughout because this probably approximates the condition
occurring in the cell. All the data obtained from 0 to 1 mM
PZQ showed no effect on the Sh28GST activity. Since the
drug does not affect the functional properties of the enzyme

(at least under our experimental conditions), it seems unlikely
that its main pharmacological target is GST. Our results are
consistent with those published by Milhon et al. (46), and
indicate that the pharmacological effect of PZQ at the
clinically relevant concentration of 13µM (27) cannot be
due to inhibition of Sh28GST.

Though PZQ was reported not to inhibit the transferase
activity of Sj26GST, the structure of Sj26GST from crystals
grown in the presence of PZQ did show a molecule of the
drug bound at the dimer interface but distant from the active
site (27). This PZQ binding site in Sj26GST was said to be
preformed in the apo-Sj26GST structure and was in a
location similar to the one described as a transport binding
site in a alpha class GST (47). An inspection of the same
location in the Sh28GST structure reveals that side chain
movements of several angstroms would be required to reveal
a similar binding site for PZQ. This observation, together
with an inspection of the sequence alignment between
Sj26GST and Sh28GST (Figure 2), suggests that PZQ does
not bind to Sh28GST. Thus, we conclude from kinetic and
structural data that Sh28GST is unlikely to be the target
enzyme accounting for the antischistosomal activity of PZQ.

DISCUSSION

In comparison to other reported GST structures, the
residues in the active site of Sh28GST exhibit dual side chain
conformers (Tyr10, Phe11, and Arg16). The invariant active
site Tyr10 has been extensively studied because of its
essential role in the transferase mechanism (30). As far as
we know, the nonactivating conformer of Tyr10 clearly seen
in the Sh28GST structure has never been reported before
for any of the several GSTs containing Tyr at this position.
In Sh28GST, the two conformers of Tyr10 illustrated above
have similar occupancies in all the independent structures
despite the fact that one of them was obtained for a protein
which had been pre-equilibrated with a saturating concentra-
tion of GSH prior to crystallization, thus allowing any
possible rearrangements of structure to take place in solution.

To investigate conditions which might alter the distribution
of the two conformers of Tyr10, two more structures were
collected at the DESY synchrotron. The structure of the
GSH-free Sh28GST at pH 7.0 was determined starting from
the enzyme preparation purified using glycine instead of GSH
(see Materials and Methods); in addition, starting from the
enzyme that was partially GSH saturated, we collected a data
set for a crystal soaked at pH 8.0 to rule out the possibility
that the bound GSH sulfhydryl had a pK of >6.2-6.5, as
reported for other GSTs (30). However, both structures (data
not shown) exhibited the same occupancies for the two
conformers of Tyr10. In summary, the three structures at
pH 7.0 (GSH-free, partially saturated, and almost fully
saturated) exhibit similar relative occupancies of the two
Tyr10 conformers (Figure 6). Because the GSH-free and
saturated enzymes were crystallized starting from a protein
fully equilibrated in solution prior to crystallization, it is
likely that the distribution of conformers found in the crystal
would be present also in solution. Moreover, the pH 8.0 data
demonstrate that either an unusually high pK for bound GSH
or an unusually low pK of Tyr10 (48) is unlikely to control
the relative population of the two Tyr10 conformers. Can
the tyrosine swing in the crystal structure? The two conform-
ers of Tyr10 are both stabilized by specific polar interactions

FIGURE 5: Measurements of affinity of Sh28GST for GSH by
equilibrium fluorescence titration (A) and stopped-flow kinetics (B).
Experiments were carried out with two enzyme preparations purified
using either GSH (squares) or glycine (triangles) to elute the protein
from the GSH-Sepharose affinity column. The two enzyme
preparations gave similarKd values for GSH binding, by both
methods. Conditions: 0.1 M phosphate buffer at pH 7 and 20°C
with 0.2 µM Sh28GST.
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(see Results) as well as favorable steric contacts. As shown
in Figure 6, rotation of the Tyr10 side chain about the CR-
Câ bond is blocked in one direction by the main chain of
the loop betweenâ-strand 1 and helix 1, and in the other by
the rather rigid side chain of Val8, which is on the same
â-strand as Tyr10. Thus, it is very unlikely that the two
conformers can interconvert in the crystal.

In solution, large conformational changes between apo and
GST-bound forms of several GSTs have been described (49-
51). In the human P1-1 pi class GST, a disulfide bond can
be formed between two cysteines which are 18 Å apart in
the crystal structure (52, 53). In the same GST, the short
310-helix 2 is disordered in the apo form but ordered in the
GSH-bound enzyme (51). In Sh28GST, the short helix 2 is
both preceded (Phe-Gln-Asp) and followed by a three-residue
(Lys-Pro-Thr) 310-helix which suggests a similar flexibility.
In addition to conformational fluctuations in tertiary structure,
a specific structural rearrangement of the G-site upon binding
of GSH has been suggested for several GSTs (49).

The Sh28GST structure exhibits features of the barriers
to the formation of the active thiolate which would lead to
monomer heterogeneity, that is, the presence of both active
and inactive conformers. As discussed above, the Tyr10 side
chain must reside in the activating conformer to form the
crucial H-bond with the sulfur atom of GSH (see Figure 6).
Moreover, the water molecule H-bonded to the thiolate in
monomer A of the Sh28GST structure must be displaced to
free the thiolate for transferase activity. All of the above
suggests that a conformational change should be involved
in the activation of the thiolate.

Since Arg21 (a highly conserved residue in all classes
which share a catalytic active site tyrosine) helps to stabilize
the nonactivating conformer of Tyr10, we suggest that this
conformer may not be unique to Sh28GST. In fact, an
inspection of other GST structures (27, 31, 35) reveals that
the side chain of the arginine homologous to Arg21 displays

a conformation similar to that seen in Sh28GST. In other
GSTs, water molecules fill the space near the guanidinium
group that a nonactivating Tyr10 conformer (if present)
would occupy, requiring a slight rearrangement of structure
to make room for the phenoxyl group. If a nonactivating
conformer were accessible to other GSTs, it might account
for the “half-of-the-sites” reactivity reported for some of these
enzymes; e.g., in human GST A1-1, half-of-the-site reactivity
was observed to occur for additions to three different
substrates, irrespective of the concentration of GSH (16).
This finding is consistent with our observation that the
relative occupancies of the activating and nonactivating
Tyr10 conformers in the Sh28GST crystal structure are
poorly sensitive to the degree of GSH saturation of the
enzyme.

Since mammalian sigma class GSTs, as well as several
GSTs from invertebrates, possess a specific and well-
characterized prostaglandin synthase activity (45), it is
tempting to speculate that the nonactivating conformer of
Tyr10 may play a role in the prostaglandin D synthase
activity of Sh28GST (M. Herve´, unpublished experiments).
The proposed mechanism for PGDS involves two steps (28).
In the first one, GSH adds to one oxygen atom in the
peroxide ring of the prostaglandin, thereby breaking the O-O
bond and forming a GSH addition intermediate; in the second
step, an unidentified general base abstracts a proton from
the carbon bonded to the first oxygen atom, consequently
freeing the product PGD2 and leaving GSH bound to
HPGDS. Upon comparison of the structures of Sh28GST
and of HDGPS, it is clear that the Tyr10 side chain in the
activating conformer would not allow enough space, being
too close to the carbon atom of the substrate bound to the
active site. However, if the Tyr10 side chain were to move
to the nonactivating conformer after formation of an inter-
mediate addition product, the space now available next to
the carbon atom may be occupied by the unknown second
general base, perhaps a water molecule activated by Arg16.
In the case of Sh28GST, the PGDS activity may also be
facilitated by the relatively high and unusual affinity of this
enzyme for GSH, which would tend to ensure that the
intermediate addition product remains bound to the protein.
This hypothesis may also explain why a nonspecific PGDS
activity is reported for GSTs.

A dual conformation of Tyr10 may possibly suggest a
strategy for the development of inhibitors specific for the
Sh28GST, and possibly other GSTs. The space occupied by
Tyr10 in the activating conformer could be exploited in the
design of inhibitors which would fill this cavity, essential to
accommodation of the phenolic ring and duplication of the
stabilizing polar contacts observed in the G-site containing
this conformer. These (possibly stable) polar contacts for
eliciting an inhibitor design include the H-bond with the main
chain N atom of residue Arg14 and an H-bond or polar
interaction with the guanidinium group of Arg16.

CONCLUSION

The crystal structure of Sh28GST, a member of the very
well studied GST protein family, reveals new features
concerning the role of the active site residues, the structure
of the dimer interface, and the affinity for GSH. Two active
site residues with previously well defined roles in structure

FIGURE 6: Ball-and-cylinder representation of the two Tyr10
conformers in the B monomer of the almost fully saturated enzyme,
with a ribbon-style (white) representation ofâ-strand 1 andR-helix
1. Carbon atoms are in green, oxygens in red, and nitrogens in
blue, and sulfur is shown in yellow. The activating conformer of
Tyr10 forms an H-bond with the S atom of GSH; the nonactivating
conformer forms a polar interaction with the guanidinium group
of Arg21. Interconversion between the two conformers of Tyr10
is blocked in the crystal structure by the side chain of Val8 and
the loop betweenâ-strand 1 andR-helix 1.
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and function, Tyr10 and Arg16, were found to have ad-
ditional, or perhaps previously unrecognized, stereochemical
features. These two residues may have acquired a role in
supporting different functions, such as the new functions that
evolved for active site residues in the zeta and omega classes
of GSTs (54-57). In general, it may be envisaged that
Sh28GST is a multifunctional enzyme, which evolved to
catalyze more than one reaction, as already suggested for
other GSTs (45), and thus is not highly specialized. It may
indeed be suggested that the major role played by Sh28GST
in the schistosome is the synthesis of PGD2, given the
relevance of this pathway to the pathogenesis of the disease
(14), and conversely that the GST activity is a remarkably
well preserved evolutionary remnant, possibly of more
limited physiological significance in the parasite.

The nonactivating second conformer of the highly con-
served Tyr10 at the active site, which was not previously
reported, is especially intriguing. From inspection of the
crystal structure (Figures 3 and 6) and from crystallization
experiments starting from free, partially saturated, or almost
fully GSH saturated enzyme, the two conformers do not
appear to change in relative population, certainly not in the
crystal. Evidence from solution studies carried out on other
GSTs, which demonstrated the high conformation flexibility,
especially of the apoprotein, suggests that interconversion
of the two Tyr10 conformers might be possible in solution;
however, we do not know if this is the case for Sh28GST.

The several classes of GSTs can be distinguished by
functional and structural properties (6), which are however
difficult to predict from sequence analyses, given the low
degree of similarity in the primary structure within the GST
family. Now that the Sh28GST structure has been determined
at high resolution (1.65-1.85 Å), two distinct structural
features can be used to further classify the schistosome GSTs.
The first is an elongation of the four-strandedâ-sheet in the
N-terminal domain (see Figure 2), which was not predicted
by sequence alignment, and the second is a dimer interface
which is rather polar (like PGDS and sigma class GSTs)
and has a relatively limited interaction surface. The fact that
the usual classification of GSTs is poorly suited to schisto-
somal enzymes should not come as a surprise given that it
was originally devised for the mammalian proteins; thus,
these different structural features, when combined with
previous observations of a low degree of sequence similarity
to other classes (∼30%), with the similarity of GSH
interaction with that observed in mu class GSTs (6), and
with the recent confirmation that Sh28GST is a specific
PGDS, may suggest that schistosomal GSTs should be placed
in a class of their own.

The most practical results emerging from analysis of the
three-dimensional structure of Sh28GST may be the discov-
ery of the relatively high affinity of the enzyme for GSH
and the lack of inhibition of its transferase activity by
praziquantel. We envisage that the protein used in vaccine
trials is likely to have some GSH bound; consequently, there
may be an unexpected effect of GSH on the antigenic
properties of Sh28GST. With regard to praziquantel, the list
of possible targets for this unique broad spectrum antischis-
tosomal drug is now empty because neither Sj26GST (27)
nor Sh28GST is inhibited. The novel features found in the
active site of the crystal structure of Sh28GST, extensively
discussed above, may help in discovery of specific inhibitors,

which may or may not be effective against schistosomiasis,
but would certainly be useful for studying directly the role
of Sh28GST in infection.
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