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Abstract

There has been some speculation about the salt independence of Schistosoma japonicum glutathione S-transferase (Sj26GST, EC.
2.5.1.18), but this aspect has not been carefully studied before. To establish the basis for a further development of this dependence,
we have performed a methodical study of the influence of some important ions and their concentration on the binding properties of
glutathione to Sj26GGST by means of isothermal calorimetry and fluorescence quenching. Salts like NaCl, Na,SO, and MgSO, do
not change practically the affinity of the protein for its substrate, whilst MgCl, has the effect of decreasing the affinity as its
concentration rises. However, the enthalpy change is not affected by all the salts studied, and so, the entropy change is the causal
factor in dropping the affinity. We also looked at the conformational stability of the protein under different conditions to check the
structural changes they provide, and found that the unfolding parameters are practically not affected by the salt concentration. We

discuss the results in terms of the chaotropic nature of the ions implied.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is known that ionic strength plays an important role
in both the binding of ligands to proteins and the
stability and function of proteins. Buried salt bridges,
[1-3], have been shown to contribute to the binding of
ligands to proteins. Studies on solvent-exposed salt
bridges have shown similar effects [4]. Electrostatic
interactions are known to be important at the subunit
interfaces of multimeric proteins, as observed in studies
with ionic denaturants such as guanidinium chloride, in
comparison to non-ionic denaturants like urea [5]. It has
been shown that although the subunit interfaces of
proteins are as tightly packed as protein cores, the
morphology of interfaces is not always predominantly
hydrophobic and that in approximately two-thirds of
homodimers of known structure, a mixture of small
hydrophobic patches and polar regions occurs [6].
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Electrostatic interactions provide the specificity of
protein—protein interactions at subunit interfaces, as
shown by several site-directed mutagenesis studies on
dimeric proteins such as triosephosphate isomerase [7].

The first studies of the effects of ionic strength on
proteins were performed by Hofmeister, where he
described the effects of different salts on the stability
and solubility of proteins [8]. Currently the Hofmeister
series is usually given in terms of the ability of the ions
to stabilize the structure of proteins.

Glutathione S transferases (EC 2.5.1.18) (GSTs) are a
supergene family of dimeric multifunctional proteins
(M, ~ 50000) playing an important role in the biotrans-
formation of xenobiotics, i.e. compounds that are
foreign to living cells [9]. GSTs catalyze the addition
of reduced glutathione (GSH, v-Glu-Cys-Gly) to a
variety of physiological and xenobiotic electrophiles
[10] and are involved in the binding of various com-
pounds for storage and transport [11] purposes. GSTs
are classified in several species-independent gene classes,
named a, p, © [12], 0 [13] and & [14,15] on the basis of
the N-terminal sequence, the substrate specificity and
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the immunological properties [16]. Three-dimensional
crystal structures have been elucidated for several GST
isoenzymes from various classes and reveal a conserved
overall folding topology. Each subunit comprises two
structurally distinct domains. The smaller N-terminal
domain I is the glutathione-binding site (G-site), and the
residues involved in this binding belong to this G-site.
However, one aspartate (Aspl00’) must be supplied
from the G-site in the adjacent subunit of the dimer
[17,18].

The properties and crystal structure of the homo-
dimeric (26 kDa per subunit) glutathione S-transferase
from Schistosoma japonicum (Sj26GST) reveal a number
of significant structural and functional differences
compared to the other GST classes. The interactions
at the subunit interface of Sj26GST are predominantly
hydrophobic, similar to those found in the o, p and =«
classes GSTs. However, the class o GST lacks the
conserved prominent hydrophobic lock-and-key inter-
action [19].

Salts have been shown to play an important role in
stabilization of proteins via their effect on water
structure and thus the hydrophobic effect [20]. Due to
the physiological importance of Sj26GST as a detox-
ification protein, a vaccine and a drug target, and its
wide application in protein biotechnology, we have
performed the first studies on the dependence of salt
type and concentration on the binding of substrate GSH
to Sj26GST by fluorescence quenching and isothermal
titration microcalorimetry (ITC).

2. Materials, methods and experimental data analysis
2.1. Chemicals

GSH, urea, 1-chloro-2,4-dinitrobenzene (CDNB), S-
methylglutathione and S-butylglutathione were ultra-
pure grade from Sigma. Dithiothreitol (DTT) was from
Pharmacia Biotech and Riedel-Haen, respectively. Tris-
(hydroxymethyl)-methyl-amino-propanesulfonic  acid
(TAPS) buffer was purchased from Sigma. Na,SOy,
NaCl, MgCl, and MgSO, were from Merck. Centriprep
30 concentrators were from Amicon. All other chemicals
were of analytical grade of the highest purity available.
All solutions were made with distilled and deionized
(Milli Q) water. All solutions were degassed and
clarified through a 0.45-um Millipore filter before use.

2.2. Enzyme

Sj26GST was overexpressed in Escherichia coli BL21
transformed with the pGEX-2T plasmid (Amersham
Pharmacia Biotech) [21] in the presence of 100 pug ml !
of ampicillin, as described elsewhere [22,23]. The protein
was purified by glutathione affinity chromatography. In

order to use a true Sj26GST in our studies, an additional
9-residue peptide at its C-terminus was removed by
adding 19 U mg ' of thrombin protease to the matrix-
bound Sj26GST. Then, Sj26GST was eluted with 10
mM of reduced glutathione. The enzyme showed a
single-band pattern in polyacrylamide gel electrophor-
esis in presence of sodium dodecyl sulphate. Purified
protein was stored at —80 °C in 20 mM sodium
phosphate, pH 7, and containing 2 mM DTT. The
protein concentrations were determined spectrophoto-
metrically, using a molar extinction coefficient of 35050
M~ 'cm ! [24]. Absorbance measurements were car-
ried out using a Beckman DU-7400 spectrophotometer
with cells maintained at 25 °C.

2.3. Enzyme assay

The catalytic activity of Sj26GST was determined
spectrophotometrically by monitoring the increase in
absorbance at 340 nm. The enzyme assay was composed
of 1 ml of 1 M phosphate buffer pH 6.5 containing 1
mM GSH and 100 mM CDNB [25] and corrected for
the corresponding nonenzymatic controls. In the un-
folding studies with urea, the reactivation of unfolded
enzyme was negligible under these conditions.

2.4. Aggregation state

Analytical HPLC was carried out on a Waters
apparatus. Effluents were monitored with a UV—Vis
detector from Waters, set at 280 nm. The fast protein
liquid chromatography column was Superdex 200 HR
10/30 from Pharmacia. The column was calibrated with
Blue Dextran (2000 kDa), Albumin (66 kDa), Carbonic
Anhydrase (29 kDa), Cytocrome C (12 kDa) and
Aprotinin (6.5 kDa), all of them from Sigma. The
column was equilibrated in buffer TAPS with and
without 300 mM NaCl, at pH 8.5 and 25 °C. Two
samples of Sj26GST (~ 50 uM) were dialyzed in this
buffer with or without salt. After, the samples were
applied to the column at a volume of 100 pl.

2.5. Fluorescence measurements

Spectrofluorimetric GSH titrations and folding/un-
folding studies of Schistosoma japonicum GST protein
were performed with a Perkin Elmer LS50B spectro-
fluorometer interfaced to a computer for data collection
and analysis.

In the binding studies, the excitation wavelength was
278 nm, and fluorescence 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 6 000 382 Selecta refrigerated circulating water
bath. A 2.0 ml solution of protein in a 4.0 ml quartz
fluorescence cell was stirred after each addition of
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ligand. The fluorescence measurements were corrected
for dilution and inner filter effects. The equations and
data analysis corresponding to the binding of the
substrate to Sj26GST was shown elsewhere [22].

To study the folding/unfolding of Sj26GST under
equilibrium conditions, tryptophan and tyrosine fluo-
rescence changes were used as structural and functional
probes to monitor changes. The enzyme contains four
tryptophan residues per subunit (Trp 7, Trp 40, Trp 200
and Trp 205). The tryptophan emission spectrum for the
folded protein (excitation at 295 nm) has a maximal
emission at 335 nm, which shifts to 355 nm when the
protein unfolds. Refolding of the denatured protein by a
10-fold dilution of the denaturant resulted in both an
increase and a decrease of fluorescence at 335 and 355
nm, respectively. No aggregation was detected for the
results shown. Urea concentrations were determined
from refraction index measurements [26].

Denaturation curves were evaluated according to the
linear extrapolation method [27] for dimeric proteins
[28] as described elsewhere [26]. The dimeric state must,
therefore, be significantly populated in the transition
zone. The equilibrium constant, Ky, corresponding to
this reaction,

KU

A,=2U

was calculated at each point in the transition region of
the denaturation curve by

2
Ky=_""=2P fo ()

[A,] 1 —fy
with P, being the total protein concentration and fy the
fraction of unfolded protein. If this model provides a
reasonable thermodynamic description of the denatura-
tion reaction, then one should calculate the same value
for Ky or AGy (calculated as —RT In Ky) from
experiments performed at different protein concentra-
tions. A linear dependence of the Gibbs free energy of
unfolding on the denaturant is assumed [29]:

AG, = AG} —m x [Urea] )

where AGY; represents the difference in Gibbs free
energy between the unfolded and folded protein in the
absence of denaturant.

The conformational stability parameters AGy; and m
were calculated by iterative fitting of the denaturation
curves to the above equations using Scientist (MICRO-
MATH Scientific Software). Values of C,, (the denatur-
ant concentration at which half the population of
protein molecules are unfolded) were obtained from
the midpoints of the unfolding transitions.

2.6. Isothermal titration microcalorimetry

All calorimetric experiments were conducted on an
MCS ITC from Microcal, Inc. (Northampton, MA). A
complete description of its predecessor instrument,
OMEGA-ITC, experimental strategies, and data ana-
lyses are given by Wiseman et al. [30]. The calorimeter
was calibrated by known heat pulses as recommended
by the manufacturer. During titration, the reference cell
was filled with Milli Q water. Prior to the titration
experiments, both the enzyme and the ligand were
degassed for 10 min under vacuum. The sample cell
was filled either with 1.8 ml (effective volume: 1.38 ml)
of buffer (for the control experiment) or an appropri-
ately diluted enzyme. During the titration, the reaction
mixture was continuously stirred at 400 rpm.

The background titration profiles, under identical
experimental conditions, were obtained by injecting
GSH or inhibitor into appropriate buffer solutions.
The observed heat effects were concentration-indepen-
dent and were identical to the heat signals detected after
complete saturation of the protein. The raw experimen-
tal data are presented as the amount of heat evolved per
second following each injection of ligand into the
enzyme solution (after correction for the ligand heat of
dilution) as a function of time. The amount of heat
produced per injection was calculated integrating the
area under individual peaks using the ORIGIN software
provided with the instrument.

A model of two equal and independent sites [22] is
able to fit the experimental data, which provides the
enthalpy change and the microscopic equilibrium con-
stant. The errors correspond to the standard deviation
in the fitting of the curves. After the fitting, the entropy
change and the Gibbs energy change are easily calcu-
lated from the thermodynamic relations (AG® = AH y, —
TAS® = —RT In K,,). The standard state is that of 1
mol 17!, and these calculations imply the usual approx-
imation of setting standard enthalpies equal to the
observed ones.

Solutions of Sj26GST were prepared by dialysis of the
enzyme against several changes of 2 mM DTT and 20
mM TAPS in the presence of a range of X salt
concentrations (0—-0.5 M) at pH 8.5 and 25 °C, where
X is NaCl, MgCl,, Na,SO4 and MgSOy. The pH of the
buffer solution was adjusted at every experimental
temperature.

3. Results and discussion
3.1. Unfolding experiments at different temperatures
Samples of Sj26GST, at a final concentration of 0.1—

0.4 uM, were incubated in urea solutions (0—8 M) for a
time sufficient to ensure that the denaturation equili-
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Fraction Unfolded, f,

[Urea] (M)

Fig. 1. Examples of urea-unfolding equilibrium profiles for Sj26GST.
Fraction unfolded, fy, is plotted versus urea concentration at 25 °C
(@),35 °C(a),and 45 °C (H) in 20 mM TAPS, 2 mM DTT at pH
8.5. The solid lines represent the best fits of the experimental data to
Eq. (1).

brium was established. Profiles of unfolding fraction, fy,
versus urea concentration were obtained at several
temperatures within the range of 25-50 °C (Fig. 1) in
buffer TAPS 20 mM, pH 8.5. These profiles were
analyzed according to the two-state denaturation model
shown in Section 2 (as indicated by Kaplan et al. [31]).
The fitting curves allowed us to estimate the conforma-
tional stability of Sj26GGST in the absence of denaturant,
AGY, and the m-value, at different temperatures. It is
known that the size of the protein or the amount of its
surface area exposed to solvent upon unfolding is the
major structural determinant factor for the m-value
[14,29]. The m-values obtained (Table 1) change slightly
with increasing temperature, which indicates the area
exposed to solvent is practically the same across this
temperature range.

To study the influence of salt concentration and type
on the unfolding parameters, similar experiments to
those mentioned above were performed with two
different salts (NaCl and MgCl,) in the range of 10—
400 mM. The unfolding curves are similar to those
without salt, showing the unfolding is insensitive to the
salt type and concentration used. A different behavior
was found for class o GST [32].

Table 1
Unfolding data for Schistosoma japonicum glutathione S-transferase
at pH 8.5 and at different temperatures

T(C) m (kImol~! M~ AGY (kJ mol ™) Cm (M)
25 25.1240.75 132.67+4.10 5.01
30 21.48+0.37 113.36 +1.67 473
35 19.56+0.33 105.46 +1.67 4.76
40 17.76 +0.29 94.26+1.42 4.59
45 17.1440.21 94.47+1.04 473
50 14.00+0.33 88.14+2.01 5.12

The uncertainties are the standard errors in the fit of the curves.

Moreover, the presence of the substrate (glutathione)
or S-butylglutathione does not alter the unfolding/
folding parameters as could be expected due to the
increased stabilization of the native state of Sj26GST
upon occupation of its active sites by these ligands, a
phenomenon observed for other GSTs [33].

3.2. Salt-induced conformational changes at equilibrium

Fig. 2 shows the effect of increasing salt concentration
for the salts studied on the intrinsic fluorescence (Fig.
2A) and the enzyme activity (Fig. 2B) of Sj26GST in 20
mM TAPS, pH 8.5 at 25 °C. In Fig. 2A a fluorescence
ratio (Fiss/F33s5) of ~0.75 can be observed, which
practically does not change with the salt concentration
used. Fig. 2B displays the enzyme relative activity loss
(as percentages of the total loss) for the four salts
analyzed. Stevens et al. [32] claimed that Sj26GST
maintained its catalytic activity at up to 2M NaCl, but
these authors did not show any data. However, we have
found that the enzyme activity decreases when each salt
concentration is increased. This relative decrease at a
given concentration is in the order Na,SO4 < NaCl <
MgSO, <MgCl,. The analysis of these results as a
function of ion class according to Hofmeister’s series
[8] seems to suggest that the loss of activity is higher as
the trend to accumulate molecules of water increases
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Fig. 2. Influence of salt type and concentration on Sj26GST. The
protein concentration was 0.4 uM in 20 mM TAPS, pH 8.5, containing
2 mM DTT at 25.1 °C. Panel A shows the intrinsic fluorescence
change with increasing Na,SO, (@), NaCl (O), MgSO, (M), and
MgCl, (A ) concentrations, using an excitation wavelength of 295 nm.
Panel B displays the loss of enzyme activity, shown as a percentage.
The solid lines correspond to an arbitrary smoothing of the experi-
mental data.
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and the ionic radii decrease, i.e. when the ion chaotropic
character increases.

3.3. Sj26GST aggregation state

A size-exclusion column of Superdex 200 HR 10/30 at
a flow rate of 0.5 ml min ' was used to determine the
aggregation state of this enzyme without and at high salt
concentrations. The protein was detected by absorbance
at 280 nm, and the retention time corresponds to that of
the dimer of Sj26GST when you use a column equili-
brated under the same salt concentration. Thus, there is
no detectable evidence for association—dissociation
phenomena caused by the presence of salts.

3.4. Fluorescence binding experiments

The binding of GSH to the Sj26GST dimer was
monitored by measuring the intrinsic fluorescence as a
function of the substrate concentration at 25 °C and pH
8.5in 20 mM TAPS and 2 mM DTT in the presence of
different salt concentrations. The binding curves under
these conditions are non-cooperative, just as we found
previously under different conditions [22]. The equili-
brium constants obtained are practically independent of
salt type and concentration, except for MgCl,, whose
equilibrium constant decreases as the MgCl, concentra-
tion increases. The Fig. 3 shows three representative
fluorescence titrations of the binding of GSH to
Sj26GST protein at 10.2, 200 and 505 mM of MgCl..
When comparing the results for NaCl and MgCl,, the
NaCl association constants show values between 2 x 10*
and 4 x 10* M ! at all the studied concentrations (0—
500 mM), while for MgCl, the equilibrium constants
vary from 11.3 x 10* to 0.6 x 10* M~ ! in the same salt

1 1 1

1
0.0 0.2 0.4 0.6 0.8 1.0

[GSH], (mM)

Fig. 3. Representative fluorescence titrations of the binding of GSH to
Sj26GST protein in 20 mM TAPS (pH 8.5), 2 mM DTT and 10.2 (@),
200 (2) and 505 mM (M) of MgCl, at 25 °C. The saturation fraction,
Y, is displayed vs the total concentration of GSH. The protein
concentration was 0.5 pM. The continuous line is the theoretical curve
generated using a non-cooperative model with two sites.

concentration range. This further confirms our ITC
results (below).

3.5. Isothermal calorimetry experiments

ITC has been used to investigate the thermodynamic
influence of electrostatic interactions on the binding of
substrate GSH to the enzyme. We have performed a
series of calorimetric titrations of Sj26 ST binding to its
substrate over a range of NaCl, Na,SO4, MgSO,4 and
MgCl, concentrations from 5 to 500 mM in TAPS
buffer at 25 °C and pH 8.5. Fig. 4 shows the titration of
44.22 uM Sj26GST with 25 aliquots (5 pl each) of GSH
(stock concentration of 7.48 mM) in 20 mM TAPS, 0.2
M Na,SO4 and 2 mM DTT at pH 8.5 and 25.2 °C. The
top panel in Fig. 4 shows the raw calorimetric data,
denoting the amount of heat produced (negative
exothermic peaks) following each injection of substrate
into the cell containing the protein solution. The area
under each peak represents the amount of heat evolved
per injection. Note that, as the titration progresses, the
area under the peaks progressively becomes smaller due
to an increased occupancy of the enzyme by glutathione.
The bottom panel of Fig. 4 shows the plot of the amount
of heat generated per mole of ligand injected as a
function of the molar ratio of reduced GSH to enzyme.
The smooth solid line represents the best fit of the
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Fig. 4. Titration calorimetry of 44.22 uM Sj26GST by 7.48 mM GSH
in 20 mM TAPS (pH 8.5), 0.2 M Na,SO,, containing 2 mM DTT at
25.2 °C. Panel A shows the raw data for the titration of 1.8 ml of
enzyme with twenty-five 5 pl injections of GSH. The area under each
peak was integrated and plotted in panel B against the molar ratio of
total GSH to total Sj26GST inside the cell. The solid smooth line
represents the best fit of the experimental data to a model of two equal
and non-interacting sites.
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experimental data to a model of two equal and
independent sites, with values for the microscopic
association constant (K,,) and the standard enthalpy
change (AH,ps) of 3.73 x 10* M~ and —33.82+0.71
kJ mol ~', respectively. The equilibrium constant ob-
tained is one order of magnitude higher than those
obtained at pH 6.5 without salt [22], and is also in good
agreement with the equilibrium constant measured by
fluorescence titrations. Globally, the observed binding
constants (K,ps) are practically insensitive to salt con-
centration for NaCl, Na,SO, and MgSO,. However,
K,ps depends upon MgCl, concentration. Fig. 5 shows a
titration of 40.51 uM Sj26GST with aliquots (5 pl each)
of GSH (stock concentration of 12.55 mM) in 20 mM
TAPS, 0.4 M MgCl, and 2 mM DTT at pH 8.5 and
24.9 °C. By comparing this titration with those in Fig.
4, it can be observed that in this case the saturation is
reached at a higher ligand/protein ratio, which indicates
a lower affinity constant.

On the other hand, as the salt concentration of any of
these salts is increased the enthalpic contribution
remains approximately constant (Table 2), and it is the
entropic contribution which follows the pattern given by
the binding constants for every salt studied.

This behavior can be explained taking into account
the chaotropic or kosmotropic nature of the ions
involved. The salts used in this study form the following

Time (min)
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T T T T T T T T
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1 1 PR " 1 n I
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[GSH)/[Sj26GST]
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Fig. 5. Titration of Sj26GST by GSH in 20 mM TAPS (pH 8.5), 2 mM
DTT and 0.4 M MgCl, at 24.9 °C. The protein concentration was
40.51 pM, and was titrated with aliquots (5 pl each) of GSH (stock
concentration of 12.55 mM). The solid smooth line represents the best
fit of the experimental data to a model of two equal and non-
interacting sites with values for the microscopic association constant
(Kops) and the standard enthalpy change (AH,p,s) of 0.53 x 10* M~ 1,
and —36.57+2.26 kJ mol ™!, respectively.

series with respect to kosmotropic nature: anions,
sulphate > chloride; cations, sodium > magnesium.
From the series, the most inert salt is NaCl, whose
ions lack a defined tendency to either one of these
characters. This inert nature is in good agreement with
our thermodynamic results for NaCl, which are the most
even among the salts studied. The opposite role is played
by MgCl,. The elevated chaotropic nature of the Mg® ™
cation and the inert nature of Cl1~ favor the solubiliza-
tion of the hydrophobic spots of the protein and the
ligand. In other words, the presence of Mg>™ makes
water interact more strongly with these hydrophobic
zones.

As can be seen in Table 2 and Fig. 6 the affinity of the
protein for the substrate decreases with increasing
MgCl, concentration. There are at least two possible
reasons for this: (1) the protein denatures partially as a
consequence of the high chaotropic nature of Mg>™ or
(2) the binding is simply hindered because of the
presence of the interacting water molecules. We think
the first reason does not apply in this particular case,
since our denaturing experiments show no significant
difference among the results obtained for the various
salts we chose. So, the second reason may be the correct
one.

Although it is known that the binding of glutathione
to Sj26GST is not driven predominantly by hydropho-
bic forces [22], it is necessary to take them into account
when explaining the differences appearing under unlike
solution conditions, especially if the latter vary only in
free ion types and concentrations.

The hydrophobic interaction between the substrate
and the protein is weaker the greater the resistance is. As
the Mg?* concentration is raised, more water molecules
interact with the hydrophobic spots involved in the
substrate-protein binding, and the affinity decreases.

Thermodynamically, this lower affinity is observed
only as a more negative entropy change, since the
enthalpy change remains practically unaltered under
the MgCl, concentrations studied. This unfavorable
entropy change arises from a more ordered water
structure relative to the one existing before binding
(Fig. 6), as a consequence of the interaction of the water
molecules among them after they are released from the
hydrophobic patches.

The remaining two salts (MgSO,4 and Na,SO,) behave
similarly to NaCl. In the case of magnesium sulphate,
the sulphate anion is a strong kosmotrope and balances
the chaotropic magnesium effect, making the system
non-dependent upon this salt concentration. Finally,
sodium sulphate has also no effect fine-tuning the
binding, since none of its ions are chaotropes.

Moreover, in order to figure out the role of the
substrate’s thiol group of sulfhydryl, ITC experiments
were carried out at low and high MgCl, concentration
using S-methylglutathione as ligand. In this case, the



Z. Yassin et al. | International Journal of Biological Macromolecules 31 (2003) 155—162 161
Table 2
Thermodynamic data for the interaction of Schistosoma japonicum glutathione S-transferase with glutathione at pH 8.5 and 25.2 °C for different
salts
[Salt] (mM) [GSH] (mM) Kops (10* M1 AG® (kJ mol ™) AH s (kJ mol™ 1) TAS® (kJ mol™1)
Sodium sulphate
26.14 7.48 6.91+0.04 —27.5040.08 —30.30+1.88 —2.76 +0.08
150.97 7.48 4.38+0.10 —26.384+0.50 —29.51+1.38 —3.13+0.50
400.92 7.48 3.12+0.07 —25.5440.26 —30.10+0.92 —4.51+0.29
Sodium chloride
11.25 7.48 2.5440.12 —25.0440.33 —27.88+1.25 —2.8440.37
101.10 7.48 2.42+0.02 —24.91+0.08 —26.42+0.29 —1.46+0.08
500.82 7.46 2.30+0.05 —28.9740.12 —28.42+0.46 —3.5940.12
Magnesium sulphate
10.97 12.15 3.82+0.11 —26.04+0.16 —24.83+0.50 1.214+0.12
100.94 12.15 6.14+0.10 —27.214+0.46 —33.31+1.08 —5.10+0.42
500.82 15.00 1.3440.07 —23.4540.12 —26.92+0.46 —3.4740.08
Magnesium chloride
15.85 8.02 6.80+0.05 —27.4640.07 —38.12+1.34 —10.66+0.29
150.82 7.22 2.22+0.07 —24.704+0.02 —29.97+0.38 —5.27+0.08
500.78 12.55 0.444+0.07 —12.9240.01 —36.57+2.30 —23.66+0.04

For further clarity, this table shows only the titrations carried out at three salt concentrations: low, medium and high. However, in Fig. 6 all of the
experiments at all the salt concentrations are displayed. The errors shown correspond to the standard deviation of the non-linear least squares fit of

the data points of the titration curve.
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Fig. 6. Dependence of the thermodynamic parameters for the binding
of GSH to Sj26GST on Na,SO, (@), NaCl (O), MgSO, (M) and
MgCl, (a) concentrations. The lines represent the linear regression
analysis of the experimental data for the four salts studied: Na,SOy,
(—-—), NaCl (—), MgSO, (---), and MgClL (...).

affinity decreases as well (Kops = (2.00+0.04) x 10° and
Kops =1(0.104+0.04) x 10° at 0.5 and 400 mM, respec-
tively), which indicates the thiol group of sulthydryl or

the enzyme residues interacting with it were not the salt-
affected zones for this decreased affinity.

As can be observed in Fig. 6, for the NaCl, Na,SO,
and MgSOy salts, there is no enthalpy-entropy compen-
sation with increasing salt concentration over the range
studied, and both the entropy and the enthalpy changes
for the binding are practically unaffected under these
conditions.

Stevens et al. [32] studied the influence of ionic
strength in class o GST. In this case, the activity and
fluorescence of the protein is affected by the NaCl
concentration. When comparing the structures of both
transferases, there are several likely structural reasons
for the insensitivity of Sj26GST to ionic strength, the
main origin of which is the hydrophobic (hydrophilic in
class o transferase) nature of the subunit interface. This
result shows the low significance of electrostatic inter-
actions in keeping the active-site region active in
contrast with class o transferase. These results are in
agreement with our previous studies pointing out that
the forces and the contributions responsible for the
association between the substrate or several inhibitors
and the protein are van der Waals interactions and H-
bonds [22,23].

4. Conclusions

The Schistosoma japonicum GST is not completely
insensitive to the ionic strength, since its binding
properties depend upon the chaotropic nature of the
ions in solution. Thus, the enzyme activity decreases as
the salt concentration increases, being the relative
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decrease at a given concentration in the order Na,SO4 <
NaCl < MgSO4 <MgCl,, i.e. the decrease is higher as
the chaotropic nature increases. The binding constants
of GSH to Sj26GST, obtained by fluorometric and
calorimetric experiments, are practically insensitive to
salt concentration for NaCl, Na,SO4 and MgSO, but
not for MgCl, where the affinity decreases as the salt
concentration increases. The binding of substrate to
enzyme is favored enthalpically, and this enthalpic
contribution is unaffected by salt type and concentra-
tion. Therefore, the lower Sj26GST-ligand affinities
found when these salts are present are due to changes
in the entropy change, as a result of the chaotropic
nature of the solution ions. This unfavorable entropy
change arises from a more ordered water structure, as a
consequence of the interaction of the water molecules
among them after they are released from the hydro-
phobic areas.
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