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Molecular docking and ANS-displacement experiments indicated that 8-anilinonaphthalene sulfonate (ANS)
binds the hydrophobic site (H-site) in the active site of dimeric class Mu rGST M1-1. The naphthalene moiety
provides most of the van der Waals contacts at the ANS-binding interface while the anilino group is able to
sample different rotamers. The energetics of ANS binding were studied by isothermal titration calorimetry
(ITC) over the temperature range of 5-30 °C. Binding is both enthalpically and entropically driven and displays
Keywords: a stoichiometry of one ANS molecule per subunit (or H-site). ANS binding is linked to the uptake of 0.5 protons
ANS at pH 6.5. Enthalpy of binding depends linearly upon temperature yielding a AC, of -804 cal K™' mol™"
indicating the burial of solvent-exposed nonpolar surface area upon ANS-protein complex formation. While
ion-pair interactions between the sulfonate moiety of ANS and protein cationic groups may be significant for
other ANS-binding proteins, the binding of ANS to rGST M1-1 is primarily hydrophobic in origin. The binding
properties are compared with those of other GSTs and ANS-binding proteins.
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1. Introduction

In addition to their catalytic functions, cytosolic glutathione
transferases (GSTs) are intracellular binding proteins for a wide
variety of structurally diverse non-substrate ligands such as bilirubin,
haem, steroids, bile salts, carcinogens, dyes and drugs [1]. This
ligandin function has implicated these ubiquitous and high capacity
binding proteins in the intracellular storage and transport of
hydrophobic and amphipathic compounds, many of which inhibit
catalytic function (see [2] and references therein). Although their
catalytic mechanisms have been investigated extensively (see [3,4] for
reviews), relatively little is known about the structural and thermo-
dynamic basis of their ligandin functions.

GSTs are dimers with an active site on each subunit [5]. An active
site consists of two adjacent regions; a polar G-site for reduced
glutathione and a promiscuous nonpolar H-site for hydrophobic
substrates. Crystallographic studies have shed light on the locations

Abbreviations: ANS, 8-anilinonaphthalene-1-sulphonic acid; FRET, fluorescence-
resonance energy transfer; G- and H-sites, glutathione and hydrophobic substrate
binding sites; GSH, reduced glutathione; GSO3, glutathione sulfonate; GST, glutathione
S-transferase; ITC, isothermal titration calorimetry; rGST M1-1, rat glutathione
transferase class Mu with two type-1 subunits; TCEP, Tris(2-carboxyethyl)-phosphine.
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and properties of non-substrate binding sites on some GSTs; namely,
the H-site of class Pi GST P1-1 [6], the dimer interface of the
schistosomal Sj26GST [7] and class Sigma GST [8], and other regions of
GSTs to which sulfonate buffer compounds bind [6,9,10]. Other
techniques employed to locate the position of and characterize non-
substrate binding sites include fluorescence resonance energy transfer
[11,12], affinity labelling [13], inhibition kinetics [2,14,15], and
isothermal titration calorimetry [16-19].

Very little is known about the ligandin function of class Mu GSTs. In
1975, Ketley et al. [14] reported that 8-anilinonaphthalene sulfonate
(ANS), a non-substrate ligand, inhibits competitively class Mu GSTs
with respect to the H-site substrate CDNB. ANS, an amphipathic anion,
is extensively used to characterize ligand binding sites of proteins.
Although generally considered to be a hydrophobic probe, ANS forms
ion pairs between its negatively charged sulfonate group and cationic
protein groups in most ANS-protein interactions [20-22]. These
Coulombic interactions are deemed the primary determinants of
ANS binding [23].

In this study, we have employed molecular docking and ligand-
displacement experiments as well as isothermal titration calorimetry
to identify and characterize the binding sites for ANS on rGST M1-1.
Like GSTs from other classes [6,11], ANS binds to the nonpolar H-site,
but unlike class Alpha [19] and schistosomal [18] GSTs and other ANS-
binding proteins [20-22], hydrophobic interactions govern binding
with little contribution from ion pairing involving the sulfonate group
of ANS.
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2. Materials and methods
2.1. Materials

8-Anilinonaphthalene sulfonate (ANS), glutathione sulfonate
(GS03) and reduced glutathione (GSH) were purchased from Sigma.
All other chemicals were of analytical grade. rGST M1-1 was over-
expressed using the pET-20b(+) plasmid in Escherichia coli BL-21
(DE3) pLysS cells [24], and was purified by S-hexylglutathione-affinity
chromatography. The affinity column was pre-equilibrated with
10 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 0.02% sodium azide, pH
7.8, and the bound GST was eluted with 50 mM glycine-NaOH bulffer,
pH 10 [25]. The protein was buffer-exchanged into 20 mM sodium
phosphate, 150 mM NaCl, 1 mM EDTA, 1 mM TCEP and 0.02% sodium
azide, pH 6.5. Purity of the protein was confirmed by SDS/PAGE [26]
and size-exclusion HPLC. The concentration of dimeric protein was
determined spectrophotometrically at 280 nm using a molar absorp-
tion coefficient of 81480 M~ cm™ .

2.2. Molecular docking

The crystal structures of rGST M1-1 (pdb code 6gst [27]) and ANS
(pdb code 2ans [20]) were used for the docking studies. Molegro
Virtual Docker [28], which performs flexible ligand docking, was used
to predict the interaction of ANS with rGST M1-1. PyMol [29] was used
for the visualization of the docked ANS conformations.

2.3. ANS displacement studies

The displacement of ANS bound to rGST M1-1 by various active site
ligands was measured by monitoring the fluorescence of ANS at
483 nm (excitation at 390 nm) [19]. A solution of 2 uM rGST M1-1 and
200 puM ANS was titrated with increasing concentrations of GSH, GSO3,
and ethacrynic acid. All experiments were carried out in 20 mM
sodium phosphate, 150 mM NaCl, 1 mM EDTA, 1 mM TCEP and 0.02%
sodium azide, pH 6.5. The concentrations of ligand stock solutions
were 5 mM GSH, 1.5 mM GSO3 and 6 mM ethacrynic acid. Data were
corrected for blanks (no protein) and for dilution (<10%).

2.4. Isothermal titration calorimetry

Calorimetric studies with a VP-ITC calorimeter from Microcal
(Northampton, MA, U.S.A.) and data analysis were performed as
described [16,38]. Protein was extensively dialysed against 20 mM
sodium phosphate buffer (pH 6.5) containing 150 mM NaCl, 1 mM
EDTA, 1 mM TCEP and 0.02% sodium azide, and used at a subunit
concentration of 70 uM. ANS was prepared as a stock of 3.3 mM in the
final dialysate buffer. Total observed heats were corrected for heats of
dilution, and the corrected data analysed by non-linear regression
with Origin 5 (MicroCal). The resulting fit of the data gives observed
apparent dissociation constant, Ky, the enthalpy of binding, AH,ps,
and the stoichiometry of the reaction per subunit, N. The Gibbs free
energy and binding entropy were calculated using the conventional
relations AGgps=RTIn(Ky) and TASgps=AHLs— AGops.

To determine whether the observed enthalpy of ANS binding to rGST
M1-1 is coupled to protonation effects, titration experiments were
performed at 25 °C and pH 6.5 in buffers with different ionization
enthalpies [54]. The buffers used were phosphate (AHin=1.22 kcal mol ™),
Pipes (AHion=2.74 kcal mol™!), Mes (AHion=3.71 kcal mol™!), Mops
(AHion=5.22 kcal mol™!) and imidazole (AHo,=8.75 kcal mol 1) [55].

3. Results and discussion
Although the structures of GST*ANS complexes have not been

elucidated, molecular docking and ligand-displacement experiments
indicate that ANS binds at the H-site of rGST M1-1. The molecular

model of the comple, as predicted by Molegro Virtual Docker [28], is
shown in Fig. 1. Whereas ANS has been reported to affect the
conformation of some proteins [30], our docking experiments were
performed with the assumption that ANS binding does not alter the
structure of rGST M1-1. This assumption is supported by the findings
that show the anionic dye not to impact the conformational stability of
GSTs ([15,18,31], R. Ohlemeyer, W.H. Kaplan and Dirr, unpublished
results). The hydrophobic anilino and naphthyl rings of ANS are within
4 A of Tyr6, Trp7, Val9, Gly11, Met34, Ile111, Tyr115, lle207, Phe208,
Ser209 and Leu21l. While the naphthalene ring system is buried
within the H-site pocket, the anilino ring is exposed and dynamic and
samples different locations between Met108 in helix 4 and Tyr 115 in
the bend between helices 4 and 5 (Fig. 1B). The H-site was previously
identified in the crystal structures of rGST M1-1 complexed with
various ligands [32]. The negatively charged sulfonate group of ANS is
also exposed and points towards the side chain of Arg42. The solvent
accessible and flexible guanidinium group of Arg42 is a good
candidate for interacting electrostatically with ANS. lon pairing
between the sulfonate of ANS and an arginine side chain is also
observed for hGST A1-1 [19] and other ANS-binding proteins [20-22].
The hydrophobic nature of the class Mu binding site for ANS is
consistent with the enhanced emission intensity and blue shifted
(from 530 nm to 495 nm) fluorescence spectrum of the dye when
bound to rGST M1-1 [33]. These spectral features are generally
attributed to the hydrophobicity of an internal binding site and
restricted mobility of ANS (other ANS-binding proteins [20-22]). The
spectroscopic data, however, suggests that the class Mu ANS-binding

Met108
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Fig. 1. Simulated binding of ANS to rGST M1-1. Molegro Virtual Docker (A) Stick
representations of GSH bound at the G-site (pdb 6gst), and ANS bound at the H-site as
simulated by Molegro Virtual Docker [28]. rGST M1-1 is represented by the molecular
surface. (B) Binding modes of ANS displaying different conformations of the ligand. The
side-chains of Arg42 near the sulfonate group of ANS, Met108, Tyr115 and Ser209 are
shown. The broken line represents hydrogen bonding between Tyr115 and Ser209.
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site is less hydrophobic (smaller blue shift) and more solvent exposed
(lower enhanced intensity) than the class Alpha site. The helix that
covers the H-site in the class Alpha structure is not present in class Mu
GST making its H-site more exposed to solvent and therefore, ANS at
this site is more prone to fluorescence quenching by water.

That ANS binds at the H-site of rGST M1-1 is demonstrated by its
displacement by ethacrynic acid, an H-site ligand [25,34,35] (Fig. 2).
This is supported by the finding that ANS inhibits rat class Mu GSTs
competitively with respect to the H-site substrate CDNB [14].
Interestingly, GSO3 but not GSH, also displaces ANS (Fig. 2). While
both tripeptides are G-site ligands, the displacement of ANS by GSO3
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Fig. 2. Displacement of ANS bound to rGST M1-1 by (A) GSH, (B) GSO3 and (C) ethacrynic
acid. Samples, consisting of 200 pM ANS and 2 pM protein, were titrated with the active
site ligands and the fluorescence of bound ANS followed at 483 nm (excitation at
390 nm).
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Fig. 3. Representative calorimetric profile of the binding of ANS to rGST M1-1 (25 °C).
The protein (subunit concentration of 70 M) was titrated with increasing amounts of
ANS from a stock solution of 3.3 mM. Panel A shows the raw exothermic heats
associated with ANS binding. Panel B shows the integrated data in (A) after correction
for heats of dilution. The solid line represents the non-linear least squares fit to the data
according to a single binding site per monomer model.

can be explained by the intrusion of the larger, negatively charged
sulfonate group of GSO3 into the adjacent H-site resulting in steric and
coulombic repulsion between the sulfonate groups. The close
approach of the groups is evident in our structural model (Fig. 1)
and the crystal structures of GST*GSO3 complexes [36,37]. Simply put,
the binding space for ANS and GSO3 would overlap resulting in
displacement.

The energetics of ANS binding to the H-site of rGST M1-1 was
investigated by ITC over the temperature range of 5-30 °C. The
interaction between ANS and rGST M1-1 is exothermic (Fig. 3A) and
the binding isotherm follows a model for a single binding site per
subunit (Fig. 3B). A binding stoichiometry of one molecule of ANS at
this site was observed for the temperature range used. Whereas class
Alpha hGST A1-1 also binds a single molecule of ANS at each H-site
[16,19,38], the schistosomal Sj26GST displays a binding stoichiometry
of one ANS per dimer at a site that is distinct from the active sites of
the enzyme [18]. Whether this site is the same as that observed for the
drug praziquantel at the dimer interface of Sj26GST [7], remains to be
determined. The affinity of rGST M1-1 for ANS (Kq=27%12 puM) is
slightly higher than that of hGST A1-1 (Kq=65 uM; [16]) but is 13-fold
tighter than that of Sj26GST (Kq=357 puM; [18]). The free energy of
rGST M1-1-ANS complex formation remains relatively constant
throughout the temperature range employed (Fig. 4). This is due to
the increasingly negative enthalpy compensating for the decreasingly
positive entropy. Enthalpy-entropy compensation [39] is character-
istic of weak intermolecular interactions [40] and solvent reorganiza-
tion accompanying the formation of protein-ligand complexes
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Fig. 4. Temperature dependence of the thermodynamic parameters for the binding of
ANS to rGST M1-1. The solid lines represent linear regressions to the experimental data
for AHps (@; R?=0.961), TASS,s (A; R*?=0.686) and AGZ,s (M; R>=0.603). The heat
capacity change associated with ANS binding was determined from the slope of AH
versus temperature.

[39,41-43]. The relationship between enthalpy and entropy is linear
and equal to unity (data not shown), indicating complete compensa-
tion and a single interaction mechanism [41,43]. At 25 °C, rGST M1-
1-ANS complex formation is both enthalpically (AH3,s=-2.2%
0.02 kcal mol™!) and entropically (TASS,s=4.04+0.02 kcal mol™!)
driven. The situation is different for both hGST A1-1 and Sj26GST for
which ANS binding is enthalpically favourable (AHS,s —7.3 kcal mol ™!
and -12.5 kcal mol™!, respectively) but is entropically unfavourable
(TASS,s=-1.7 kcal mol™! and -7.7 kcal mol™!, respectively). Experi-
ments at 25 °C using buffers with different ionization enthalpies,
AHiqp, indicate that 0.5 protons were taken up during the binding of
ANS to rGST M1-1 (data not shown). The intrinsic binding enthalpy,
AHg;,q, taking the number of protons exchanged, ny;, into account was
calculated as —2.81+0.18 kcal mol™! from the equation [54]:
AHng = AHgincl + nﬁAHi%n
The extent to which proton exchange is linked to the binding of
ANS to other GSTs is not known. The positive entropy change for the
class Mu GST indicates a net favourable entropy change of solvation, in
that restrained waters hydrating nonpolar surfaces of the H-site and
ANS are released into bulk solvent upon complex formation [44].
Further, desolvation of the interacting surfaces compensates for
binding-induced losses in the conformational entropy of the protein
and the dye. It is likely that the configurational entropy lost upon ANS
binding to rGST M1-1 is less than that for both hGST A1-1 and Sj26GST.
ANS is relatively constrained and has only two degrees of freedom
(about the dihedral angle of the anilino moiety with respect to the
naphthyl ring and the torsion angle by which the phenyl ring is
rotated about the N-C1' axis) (see [16]). Molegro Virtual Docker
simulations of the ANS-rGST M1-1 complex show that, while the
naphthalene moiety remains positioned in the hydrophobic pocket of
the H-site, the anilino group is dynamic (Fig. 1B). It is possible that,
unlike the Alpha and Sj26GST class H-sites, the class Mu site does not
effectively restrict ANS. It is also unlikely that ANS binding interferes
with the hydrogen bond interactions between Tyr 115 and Ser 209 that
inhibit the segmental dynamics of the C-terminal tail and helices 4
and 5 [32,45,46] (see Fig. 1B). Regarding the entropically unfavourable
binding of ANS to hGST A1-1, its C-terminal tail is highly dynamic and
delocalized in the apo protein [25,47]. However, when ligands bind
the H-site, the tail forms a helix that covers the active site [25,47,48],
an event that likely contributes towards the unfavourable entropy of
ANS binding [19]. Mutants in which helix 9 remains delocalized in

ANS-complexed protein display an interaction that is both enthalpi-
cally and entropically favourable [49].

The linear temperature dependence of enthalpy (Fig. 4) yields a
heat capacity change, AC,, of ~80%4 cal K™! mol™! for the rGST M1-
1-ANS interaction. Inasmuch as a change in heat capacity originates
primarily from the changes in the hydration of molecular surface areas
[50], the larger negative AC, values of -201 cal K™' mol™! and
-295 cal K™! mol ™! for hGST A1-1 [16] and Sj26GST [18], respectively,
indicate that the binding of ANS to these proteins is accompanied by
the burial of more hydrophobic surface area [51]. Two lipid-binding
proteins, IFABP and ALBP, also display larger negative AC, values
(=282 cal K'! mol™! [52] and -220 cal K™! mol™! [20], respectively)
upon binding ANS as compared to that for rGST M1-1. The burial of
less solvent-exposed nonpolar surface area during the formation of
the rGST M1-1-ANS complex appears to be consistent with the dye's
greater exposure to solvent than when bound to the less exposed
internal sites of hGST A1-1[16] and ALBP [20]. Enthalpic van der Waals
contacts formed between the anilinonaphthalene moiety and the H-
site most likely contribute more significantly towards binding energy
than potential electrostatic interactions since the latter have been
reported not to account for the micromolar binding affinities for ANS
binding [16,20,52]. The smaller negative AC, for the rGST M1-1-ANS
interaction might be due to the high mobility of ANS bound to rGST
M1-1, as suggested by the docking results, which would result in a
smaller reduction in enthalpy fluctuations upon binding.

The hydrophobic effect is most likely the principal driving force
behind formation of the rGST M1-1°ANS complex, but due to the
presence of a charged sulfonate and potential electrostatic effects, it may
not be a conventional hydrophobic interaction [53]. This is contrary to
the findings of Matulis and Lovrien [23] who claim that the binding of
ANS to proteins is primarily dependent on ion-pair formation where the
sulfonate group is the major binding determinant and that the
anilinonaphthalene moiety only serves to reinforce binding.
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