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During parasitic disease such as schistosomiasis, sex hormones have an important influence on the age- and
gender-dependent level of infection. Since mammal glutathione S-transferase (GST) has the ability to bind
hormones and particularly sexual steroids to influence their transport, metabolism, and physiological action,
we have evaluated the capacity of testosterone to bind the 28-kDa GST of the Schistosoma haematobium parasite
(Sh28GST). For the first time, we have demonstrated a specific binding of testosterone to parasite GST protein
with high affinity (K, = 2.57 X 1077 M). In addition, we have assessed the effect of this binding on Sh28GST
enzymatic activity, a mechanism closely associated with the reduction of Schistosoma fecundity. We showed that
testosterone has the functional ability to inhibit the Sh28GST enzymatic activity in a dose-dependent manner,
suggesting that this hormone could be directly involved in an antifecundity mechanism. This effect seemed to
be related to the binding of testosterone to one peptide involved in the enzymatic site (i.e., amino acids 24 to
43). During human infection, binding of sexual hormones to Schistosoma Sh28GST could play a key role in
parasite metabolism, especially the decrease of fecundity, and could be involved in the sex-dependent immune

response to Sh28GST that we have previously observed in infected adults.

Sex hormones seem to have an influence on the level of
parasitic infection. Indeed, gender-dependent patterns of prev-
alence and intensity of infection after puberty have been ob-
served for several parasite species (5). It has been suggested
that this effect seems to be associated with the regulatory roles
of sex steroids on antiparasite immunity (2, 24). Generally,
female hormones have an influence in increasing antibody
response against specific antigen, which could explain the
higher resistance of women against several parasitic infections
(24, 25).

During human Schistosoma infection, a chronic infection
affecting 200 million individuals around the world, sex hor-
mones and particularly the high level of testosterone after
puberty could be an important immune modulator leading to
the decrease of susceptibility to infection with age (10, 26). In
mice infected by Schistosoma mansoni, fewer adult worms de-
velop in males than in similarly infected females (9). In addi-
tion, female mice treated with testosterone before infection
presented a reduction in worm burden, whereas no difference
in antischistosome immune response was detected between
treated and untreated animals (20). These authors suggest thus
that effects of testosterone on specific immunity are not ade-
quate to explain the differences in parasite loads observed
between the sexes.

Schistosomes could express a hormone receptor with homol-
ogy to the testosterone receptor, which could explain the direct
effect of testosterone on worm development (8). Interestingly,
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it has been demonstrated that testosterone treatment can af-
fect not only the development of Nippostrongylus brasiliensis
helminthic worms but also the fecundity and maturity of laid
eggs (27).

Glutathione S-transferases (GSTs), a family of enzymes, are
able to detoxify electrophilic compounds by catalyzing the for-
mation of glutathione conjugates (12). Mammal GSTs are also
involved in the intracellular transport of a variety of endoge-
nous metabolites, drugs, and hormones by their abilities to
bind these substances (16). Particularly, GSTs are glucocorti-
coid-binding proteins and, thereby, may influence transport,
metabolism, and action of steroids (13). It has also been dem-
onstrated that testosterone and progesterone have the ability
to bind mammal GSTs with moderate (10°° < K, < 10~* M)
or high (K, < 10~° M) affinity, respectively (16). Thus, GSTs
are also involved in the transport of sexual steroids and could
play a key role in the physiological action of these hormones.

The Schistosoma 28-kDa GST (28GST) is an essential en-
zyme for the parasite life in its host and is now a vaccine
candidate against schistosomiasis (6). Immunization with re-
combinant 28GST Schistosoma haematobium (Sh28GST) has
been shown to reduce S. haematobium fecundity in experimen-
tally infected monkeys (4). It is well established in rodents (30)
and observed during human infection (11) that this antifecun-
dity effect is associated with the inhibition of the 28GST en-
zymatic activity by recognation of specific antibodies. Particu-
larly, antibodies directed against amino acids 24 to 43 or 190 to
211 involved in the enzymatic site of the 28GST inhibited the
GST activity, reducing tissue egg number and egg viability (31).

Ultrastructural localization of antigen in adult worms
showed that 28GST was identified in the tegument and the
parenchyma, but also in the germinal organ of both male and
female parasites (17, 21). These results indicate that 28GST
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expression seems to be closely associated with parasite metab-
olism but also with the genital tract, which could explain the
relationship between the inhibition of enzymatic activity and
an antifecundity effect.

The aim of our study was to demonstrate the potential bind-
ing of testosterone to Sh28GST and evaluate the functional
ability of this binding on the enzymatic activity of the parasite
protein.

MATERIALS AND METHODS

Antigen preparation and synthetic peptides. The recombinant Sh28GST
(rSh28GST) was produced in Saccharomyces cerevisiae strain TGY73.4 contain-
ing pTG8889 (provided by Transgene SA, Strasbourg, France) exactly as previ-
ously described (28). The purity of the rSh28GST (>98%) was checked by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining and its concentration was measured by amino acid
analysis. The enzymatic activity of recombinant Sh28GST was similar to native
protein as it was previously reported (28).

Three different linear peptides derived from the primary structure of the
Sh28GST, amino acids 24 to 43, 115 to 131, and 190 to 211 (peptides 2443,
115-131, and 190-211, respectively), have been constructed by Biocytex Biotech-
nology (Marseille, France).

Competition binding assay. To determine the specificity of binding between
testosterone and Sh28GST, competition assay was performed using unlabeled
testosterone (Sigma, St. Louis, Mo.) at increasing concentrations (10~ to 1073
M) and '*I-testosterone (Amersham, Les Ulis, France).

Nunc-Immuno Tubes (Nunc, Roskilde, Denmark) were coated with polyclonal
antibody to Sh28GST (5 pg/ml) for 2.5 h at 37°C, and after washing in phos-
phate-buffered saline (PBS), saturation was performed using PBS containing
0.5% (wt/vol) gelatin (Merck, Darmstadt, Germany). Previously, Sh28GST (10
wg/ml) was incubated with testosterone-3-(O-carboxymethyl)oximino-(2-
[**T}iodohistamine) (1 X 1077 M; 0.2 wCi/ml) and with unlabeled testosterone
(0 or 1077 to 1073 M) for 4 h at 37°C, and this mixture was then incubated in the
coated tubes for 2.5 h at 37°C. After washing, the radioactivity was measured in
a gamma counter, and triplicate determinations of bound '*I-testosterone were
performed at each concentration of unlabeled testosterone.

Affinity determination using Biacore technology. Surface plasmon resonance
analysis was used to measure the association and dissociation rate constants for
the binding of Sh28GST and peptides of Sh28GST (i.e., amino acids 24 to 43, 115
to 131, and 190 to 211) to testosterone, using Biacore (Biacore AB, Uppsala,
Sweden). Biotinylated testosterone was immobilized onto an SA sensor chip
coated with streptavidin; 20 pl of biotinylated testosterone (20-ug/ml ethanol-
water mixture, 70:30 [vol/vol]) was injected at 10 pl/min, followed by a large
excess of biotin (40 ul of a solution containing 40 wg of biotin per ml in
HEPES-buffered saline [HBS]; Biacore AB) to complex all remaining streptavi-
din on the sensor chip. The amount of immobilized testosterone was in the range
of 50 to 100 pg/mm?.

Various concentration of Sh28GST protein or Sh28GST peptides in HBS (10
to 100 pg/ml) were injected on immobilized testosterone, and the sensorgrams
corresponding to the binding were registered: association time of 180 s, dissoci-
ation time of 1,000 s, and flow rate of 20 wl/min. The kinetics data, Req (plateau
value of the sensorgrams in resonance units [RU]), and association and dissoci-
ation rate constants were obtained from these sensorgrams, using BIAevaluation
3.01 software (Biacore AB) and the so-called global method (simultaneous
analysis of the sensorgrams corresponding to all Sh28GST concentrations). Ap-
parent equilibrium constants (dissociation constants, K,;) were calculated by the
software as K,/K,.

Testosterone binding to synthetic peptides by colorimetric assay. The 96-well
plates (Nunc) were coated at 4°C overnight with Sh28GST protein or synthetic
peptides corresponding to amino acids 24 to 43, 115 to 131, or 190 to 211 of the
Sh28GST (5 pwg/ml in carbonate buffer, pH 9). After saturation in PBS containing
0.5% (wt/vol) gelatin (Merck) and three washes in PBS-Tween (Merck), perox-
idase-labeled testosterone (200 pg/ml in PBS; Sigma) was then incubated 1.5 h
at 37°C. Colorimetric development was carried out by using ABTS (2,2'-azino-bis
[3-ethylbenzthiazoline 6-sulfonic acid] diammonium; Sigma) in 50 mM citrate
buffer (pH 4) containing 0.003% H,O,, and optical density (OD) was measured
at 405 nm. Results were expressed as AOD, representing the difference between
OD values in the presence and in the absence of coated peptides. The OD value
in the absence of peptides thus represented the background of binding of per-
oxidase-labeled testosterone on gelatin. Triplicate determinations were per-
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FIG. 1. Specific binding of testosterone to Sh28GST. Radioactivity
counts were determined after incubation of '*I-testosterone and
Sh28GST protein (unlabeled testosterone at 0 M; see Materials and
Methods). To determine the specificity of the binding, competition
assay were performed using unlabeled testosterone incubated with
increasing concentrations (1077 to 107> M) and '*I-testosterone at
one fixed concentration. Triplicate determinations were performed at
each concentration of unlabeled testosterone, and results are ex-
pressed as the mean cpm =+ SD.

formed, and the results were expressed as the mean *+ standard deviation (SD)
of AOD reading values.

GST activity assay. The GST-catalyzed reaction was performed using
1-chloro-2,4-dinitrobenzene (CNDB; Sigma) as a substrate according to Habig et
al. (12). Sh28GST (6 pg/ml in 50 mM potassium phosphate, pH 6.5) was incu-
bated with 20 pl of water-soluble testosterone (Sigma) at increasing concentra-
tions (0 and 10”* to 5 X 10! M) for 1 h at 37°C in Immulon 3 flat-bottomed
plates (Dynatech Lab). After incubation, the enzymatic reaction was carried out
in 200 pl of reaction buffer containing 5 mM glutathione (Sigma) and 0.36 mM
CNDB in 50 mM potassium phosphate, pH 6.5. The absorbance was measured
at 340 nm in a spectrophotometer (Labsystems Multiskan) every 15 s for up to
2 min. Triplicate determinations were performed at each concentration of tes-
tosterone, and the results are expressed as the mean = SD of AOD/minute
reading values. Student’s ¢ test was used to compare the mean between each
testosterone concentration and the value without hormones. Differences were
considered significant at P < 0.05.

RESULTS

Specific binding between testosterone and Sh28GST pro-
tein. The binding of '*I-testosterone with Sh28GST was ana-
lyzed in the presence of increasing concentrations of unlabeled
testosterone, and radioactivity values were measured (Fig. 1).
High cpm value was observed in the absence of nonlabeled
testosterone (0 M). The binding decreased in a dose-depen-
dent manner in the presence of 1077 to 107> M unlabeled
testosterone, with a plateau from 10> M, resulting in a com-
petition mechanism.

Increasing concentrations of the unlabeled hormone were
also able to inhibit the binding of ['**I]testosterone, indicating
that testosterone bound specifically to Sh28GST. This binding
was confirmed using Biacore technology, indicating a high res-
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TABLE 1. Biacore study of the binding of Sh28GST protein and
peptides of Sh28GST to immobilized testosterone®

Plateau value

Protein (RU) k. (1/Ms) kyq (1/s) K; (M)
Sh28GST 50 328 X 10° 1.87x 107 5.7 x 1077
Peptide 24-43 81 44 325 107* 74x10°°
Peptide 115-131 5 ND ND ND
Peptide 190-211 14 ND ND ND

“Values correspond to peptide concentrations of 100 pg/ml and to an
Sh28GST concentration of 10 wg/ml. ND, not determined.

onance unit (RU = 50), and its affinity was calculated in terms
of K, (Table 1). A strong K, value (5.7 X 1077 M) was re-
corded, indicating an important affinity of the testosterone-
Sh28GST binding. In addition, a similar K, value was observed
with different concentrations of Sh28GST (data not shown)
Inhibition of Sh28GST enzymatic activity by testosterone.
To evaluate the functional role of specific binding of testoster-
one to Sh28GST, we have assessed the effect of testosterone on
the enzymatic activity of Sh28GST (Fig. 2). The activity of GST
enzyme was significantly lower in the presence of 107* M
testosterone compared to activity measured without hormone
(P < 0.05). The GST activity decreased strongly when testos-
terone concentrations were scaled up (107* to 5 X 107! M),
indicating that the inhibition of Sh28GST activity was clearly
dose dependent (P < 0.01 for 5 X 1072 to 5 X 10~ M).

AOD/min
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FIG. 2. Inhibition of Sh28GST enzymatic activity by testosterone.
Sh28GST protein was incubated in the presence of testosterone at
increasing concentrations (0 to 5 X 107" M). Enzymatic activity of
Sh28GST was evaluated at each concentration of testosterone as de-
scribed in Materials and Methods. Triplicate determinations were per-
formed, and the results are expressed as the mean * SD of AOD/
minute reading values. Student’s ¢ test was used to compare the mean
between each testosterone concentration and the value without hor-
mones. *, P < 0.05; #*, P < 0.01.
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FIG. 3. Specific binding of testosterone to Sh28GST peptides. Syn-
thetic peptides 24-43, 115-131, and 190-211 were incubated with tes-
tosterone (peroxidase labeled). Sh28GST protein was incubated as a
positive control. Colorimetric development was carried out, and ab-
sorbance (OD) was measured at 405 nm. Results were expressed as
AOD value after subtraction of background (as described in Materials
and Methods). Triplicate determinations were performed, and the
results are expressed as the mean £ SD of AOD reading values.

Specific binding of testosterone to peptide 24-43 involved in
the enzymatic site of Sh28GST. It has been demonstrated that
three different peptides represent the major epitopes of Schis-
tosoma Sh28GST, i.e., amino acids 24 to 43, 115 to 131, and
190 to 211. Indeed, immune response to peptide 115-131 was
particularly involved in rodent protection against schistosoma
infection in terms of reduction of worm burden (29). In con-
trast, peptide 24-43 and peptide 190-211 sequences participate
in the enzymatic site of Sh28GST, and specific antibodies di-
rected to these two peptides have the capacity to neutralize
Sh28GST enzymatic activity (31).

The binding of testosterone with three different peptides
derived from the primary structure of the Sh28GST was eval-
uated by colorimetric assay using testosterone labeled with
peroxidase (Fig. 3). In contrast to peptide 115-131 and peptide
190-211, strong binding was only observed with the peptide
24-43 sequence. This specific binding was very similar to those
indicated with total Sh28GST protein used as a positive con-
trol.

The affinity of binding was quantified by Biacore, and sen-
sorgrams are presented in Fig. 4. An important resonance unit
value was observed only for peptide 24-43 (RU = 81), indi-
cating a specific binding with high K, (7.4 X 10~° M) (Table 1).
In contrast to the other two peptides, very low baseline of RU
was recorded, and the K, value could thus not be calculated.

DISCUSSION

Mammal GSTs have the ability to bind hormones and par-
ticularly sexual steroids, to influence their transport, metabo-
lism, and action (13, 16). Direct binding of testosterone for
mammal GST with moderate affinity (10°¢ < K, < 10~* M)
has been demonstrated (16). In our study, we have demon-
strated for the first time a specific binding between testoster-
one and a parasite GST enzyme, the S. haematobium 28-kda
GST. We have shown a higher affinity of this binding (K, =
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FIG. 4. Sensorgrams of the binding of testosterone to Sh28GST peptides using Biacore technology. Biotinylated testosterone was immobilized
onto an SA sensor chip coated with streptavidin. Synthetic peptides of Sh28GST (peptides 24-43, 115-131, and 190-211) were injected (100 pg/ml)
on immobilized testosterone, and the sensorgrams corresponding to association time (180 s) and dissociation time (1,000 s) were evaluated for each
peptide. Results are expressed as resonance units (RU) corresponding to the plateau value for the complex as described in Materials and Methods.

5.7 X 1077 M) compared to those observed with mammal
GST.

Interestingly, it has been demonstrated previously in mice
infected by Schistosoma that males developed lower worm
burdens and survived longer after infection than female mice
(9). This phenomenon could involve the effect of testosterone
on the failure of schistosomule development, independently of
the influence of this hormone on the specific immune response
(20). Thus, 28GST could be a parasite receptor of testosterone,
and the binding with 28GST could act as a carrier of hormone
in the parasite. This mechanism could play a role in the neg-
ative effect of this steroid on schistosome maturation.

In addition, we have demonstrated the functional ability of
this binding on GST enzymatic activity, where testosterone has
the capacity to inhibit the Sh28GST activity in a dose-depen-
dent manner. In animal models, specific antibodies to 28GST
induced after immunization and particularly antibodies di-
rected to the two epitopes involved in the enzymatic site (i.e.,
residues 24 to 43 and 190 to 211) have the capacity to inhibit
28GST enzymatic activity which was associated with an antife-
cundity effect (30, 31). We have demonstrated in our study that
testosterone specifically bound the peptide 24-43 (K, = 7.4 X
107°) in contrast to two other major peptides of Sh28GST (i.e.,
115 to 131 and 190 to 211). The specific binding to this peptide
could explain the inhibition of Sh28GST activity observed.

During human infection, testosterone could thus play a role
in parasite fecundity not only by acting on the antischistosome
immunity (24) but also by directly inhibiting the 28GST enzy-
matic activity. This direct effect of sexual steroid has been
demonstrated previously, where estradiol had the capacity to
inhibit the enzymatic activity of a rat GST (3). In human
schistosomiasis, an age-dependent reduction of parasite fecun-
dity was particularly observed after puberty during S. haema-
tobium infection (1). In addition, a negative correlation be-
tween intensity of infection, in terms of egg counts, and
testosterone levels was recorded, but in this study, this rela-
tionship could not be dissociated from the effect of age on
either parameter (26). Nevertheless, all these results observed

during human infection could be in accordance with our hy-
pothesis suggesting the age-dependent effect of testosterone
on parasite fecundity in inhibiting 28GST enzymatic activity.

Several mechanisms could explain a direct antifecundity ef-
fect of testosterone. In particular, the important association
observed between GST protein, testosterone, and muscular
mechanisms during parasite fecundity could be involved. Mor-
rison et al. have demonstrated that progesterone significantly
decreased in vitro schistosome egg production in reducing the
muscular tension of the parasite (19). This steroid-dependent
mechanism appeared thus strikingly involved in egg laying,
suggesting that steroid hormones could inhibit the fecundity of
the parasite in directly decreasing the muscular tension. In
addition, a relationship between mammal GSTs and muscle
cells has been reported, indicating that GST activity increased
during muscular toxicity or atrophy (15, 18). In flight muscles
of Drosophila melanogaster, the interaction of GST with tropo-
nin was closely involved in myosin cross-bridge acting in mus-
cular contractions (7). An influence of estradiol and testoster-
one has also been demonstrated on the expresssion of hamster
GST in smooth muscle cells (14). All these results suggest a
close relationship between muscle cells, GST protein, and an
effect of steroid hormones on muscular contractions.

In schistosome adult worms, ultrastructural localization of
28GST indicated that this protein was highly expressed not
only in the tegumental surface and in genital organs but also in
the parenchyma of the parasite, in which two types of muscle
cells were stained (17). Schistosoma 28GST could thus be strik-
ingly associated with muscular organs of the parasite and the
inhibition of its enzymatic activity could be involved in the
antifecundity effect in decreasing muscle tension. Binding of
testosterone to 28GST in inhibiting GST activity could partic-
ipate directly in this antifecundity mechanism.

In addition, we have previously demonstrated during human
schistosomiasis that immune response to 28GST was gender
dependent, with a specificity of epitope recognition (22, 23).
The binding of testosterone to 28GST could influence the
orientation of the specific immune response according to the



VoL. 70, 2002

sex of infected individuals. The 28GST protein could thus act
as a hormone carrier in “increasing” or “facilitating” the access
of sexual steroids such as testosterone to 28GST-specific im-
mune cells. This hypothesis is now under investigation.

In the present study, we have demonstrated a binding of
testosterone to parasite GST, specifically to one Sh28GST
peptide involved in the enzymatic site. This specific binding
seems to have the ability to inhibit Sh28GST enzymatic activ-
ity. This functional binding could play a direct role in the
decrease of parasite fecundity in acting not only on worm
metabolism but also directly on parasite reproductive organs.
In human schistosomiasis, this GST-dependent effect of sexual
steroids could have an influence on the age- and sex-dependent
level of infection.
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