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(Bacl(ground: Why do ancestral GSTs utilize cysteine/serine as catalytic residues, whereas more recently evolved GSTs
Results: Only the more recently evolved GSTs display enough affinity to bind and make harmless the toxic DNDGIC (a natural

Conclusion: GST evolution could be linked to the defense against NO.
Significance: This represents a further piece in the puzzle of evolutive adaptation to NO toxicity.
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Glutathione transferases (GSTs) are protection enzymes
capable of conjugating glutathione (GSH) to toxic compounds.
During evolution an important catalytic cysteine residue
involved in GSH activation was replaced by serine or, more
recently, by tyrosine. The utility of these replacements repre-
sents an enigma because they yield no improvements in the
affinity toward GSH or in its reactivity. Here we show that these
changes better protect the cell from nitric oxide (NO) insults. In
fact the dinitrosyl-diglutathionyliron complex (DNDGIC),
which is formed spontaneously when NO enters the cell, is
highly toxic when free in solution but completely harmless when
bound to GSTs. By examining 42 different GSTs we discovered
that only the more recently evolved Tyr-based GSTs display
enough affinity for DNDGIC (K, < 10~° M) to sequester the
complex efficiently. Ser-based GSTs and Cys-based GSTs show
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affinities 10-10* times lower, not sufficient for this purpose.
The NO sensitivity of bacteria that express only Cys-based GST's
could be related to the low or null affinity of their GSTs for
DNDGIC. GSTs with the highest affinity (Tyr-based GSTs) are
also over-represented in the perinuclear region of mammalian
cells, possibly for nucleus protection. On the basis of these
results we propose that GST evolution in higher organisms
could be linked to the defense against NO.

Glutathione transferases (GSTs) are a superfamily of
enzymes expressed in almost all living organisms, from bacteria
to humans, and are devoted to cell protection, acting both as
catalysts and as ligandins (1, 2). Microsomal GSTs, mitochon-
drial GSTs, and cytosolic GST's are the three families that rep-
resent almost all GSTs in living systems. Based on sequence
similarity, substrate and inhibitor sensitivity, and immuno-
logical properties, cytosolic GSTs have been grouped into
more than 16 gene-independent GST classes identified by
Greek letters (3, 4). A common ability of all GSTss is to bind
reduced glutathione (GSH) and lower the pK, of its sulthy-
dryl group thereby increasing its reactivity toward danger-
ous alkylating toxins, hydroxy-nonenals, peroxides, and dis-
ulfides (1, 5). GSH activation is favored by a crucial residue at
the active site (Tyr, Ser, or Cys) whose hydroxyl or sulfhydryl
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group is within hydrogen bonding distance of the sulfur
atom of GSH.

From an evolutionary point of view, it is well accepted that
GSTs evolved from an ancestral thioredoxin-like protein simi-
lar to the proteins forming the thiol reductase superfamily (1,
6). Indeed, the most ancient GST's possess an important cys-
teine in the active site involved in the GSH activation. This
residue is present in the Beta class bacterial GST's, in the Omega
class (also present in mammals), and in other distinct GSTs
expressed in many parasites and microorganisms. In a parallel
or successive evolutionary step, a serine residue replaced Cys in
this activation role. This residue is found in the Theta, Tau,
Delta, Zeta, Epsilon, and Phi classes GSTs. Finally, the most
recently evolved GSTs possess a tyrosine residue involved in
GSH activation (e.g. Alpha, Pi, Mu, Sigma, Plasmodium falcip-
arum GST, Onchocerca volvulus GST, and Schistosoma GSTs).
No convincing explanations have been proposed for the evolu-
tionary necessity or utility of these replacements.

As will be shown here, these three distinct subfamilies (Cys-
based GSTs, Ser-based GSTs, and Tyr-based GSTs) are able to
bind GSH with similar affinities and also to cause a very effi-
cient activation of its sulthydryl group. Even the different co-
substrate specificity or ability to catalyze peculiar reactions
found in specific isoenzymes does not represent a reasonable
cause for the Cys/Ser/Tyr replacements because many GST's
display similar or different co-substrate specificity or peculiar
catalysis irrespective of the presence of Tyr, Ser, or Cys in the
active site. Here we show for the first time that these replace-
ments may be selected to better protect the organism from
nitric oxide (NO) insult.

NO is a multifunctional molecule that is used with different
degrees of complexity in all organisms. The high affinity of NO
for transition metal centers like heme, and the rapid reaction of
NO with thiols (to form S-nitrosothiols) and oxygen-derived
free radicals can explain many of its biological and pathological
properties (7). However, when NO enters the cell or is pro-
duced inside the cell, a further spontaneous reaction occurs,
involving endogenous thiols and labile iron, leading to the for-
mation of dinitrosyl-iron complexes. These compounds display
paramagnetic properties (¢ = 2.03) and can function as NO
carriers by virtue of their relatively high stability (minutes)
compared with free NO (seconds) (8). The low mass
dinitrosyl-diglutathionyl iron complex (DNDGIC)* (Fig. 14) is
probably the most abundant dinitrosyl-iron complex formed
inside the cell in case of NO insult, because GSH is always pres-
ent in the cytosol at high concentrations (1-10 mm). However,
DNDGIC is also dangerous to the cell because, even at micro-
molar levels, it inactivates irreversibly glutathione reductase, a
key enzyme fundamental for cellular redox balance (9, 10).

Thus it is not surprising that this iron complex has never
been found in vivo in the free state but always in a harmless
form bound to “unknown” proteins (8). In hepatocytes and in
other mammalian cells these proteins have recently been iden-
tified as GSTs (11-13). Mammalian GSTs, in particular the

“The abbreviations used are: DNGIC, dinitrosyl-glutathionyl-iron complex;
DFT, density functional theory; DNDGIC, dinitrosyl-diglutathionyl-iron
complex; EPR, electron paramagnetic resonance; PDB, Protein Data Bank.
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Alpha, Pi, and Mu class GSTs, can accomplish this function by
virtue of their high expression in all tissues (e.g. 0.5—0.8 mm in
liver) and their strong affinity for this complex (K, = 10"~
107° M) (12, 14). It was also noted that one Ser-GST
(GSTT2-2) and one Cys-GST (GSTB1-1) display less affinity
suggesting the possibility of an evolutionary development of
this interaction (12).

In the present work we have studied the interaction of GST's
with DNDGIC by means of EPR, kinetics, and site-directed
mutagenesis experiments on many purified GST isoenzymes,
whose structures (in complex with GSH) have been solved pre-
viously, in combination with ab initio calculations and docking
studies. Our data demonstrate that only the more recently
evolved GSTs, i.e. the Tyr-based GSTs, are able to protect the
cell efficiently from the cytotoxic activity of DNDGIC. The
structural and electrostatic properties of Cys-based GST's and
Ser-based GSTs provide the explanation for their lower affinity
for DNDGIC. Interestingly, the GSTs with the greatest affinity
are also localized in the perinuclear region suggesting that,
beside key cytosolic enzymes, further targets of protection may
be DNA or the transcription machinery localized inside the
nucleus.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—GSTs were expressed
and purified as reported previously. In particular, Tyr-GST:
hGSTA1-1 (12), hGSTM2-2 (12), hGSTP1-1 (12), hGSTA2-2
(15), and hGSTA3-3 (16), O. volvulus GST2 (17), Schistosoma
hematobium GST (18), P. falciparum GST (19), and squid GST
(20); Ser-GSTs: hGSTT2-2 (21), Phi 1 GST Mais (22), hGSTZ
(23), Anopheles dirus GSTD3-3 (24), A. dirus GSTD4-4 (25), A.
dirus GSTD5-5 (26); Cys-GSTs: hGSTO1-1 (27) Proteus mira-
bilis GSTB1-1 (12), Sphingomonas paucimobilis GST (supple-
mental Methods), Burkholderia xenovorans GST (28), Ochro-
bactrum anthropi GST (29), and Coccidioides immitis GST
(30). Mutant GSTs were expressed and purified as follows: Y7F
hGSTP1-1 (31), Y7C hGSTP1-1 (31), S11A hGSTT2-2 (32),
C10A GST from P. mirabilis (33), and C10A GST from O.
anthropi (34).

DNDGIC Synthesis—DNDGIC was prepared essentially as
described previously (14). Briefly, 1 ml of 0.5 mm FeSO, (dis-
solved in degassed water to avoid rapid oxidation to the ferric
state) was added to 10 ml (final volume) of 0.1 mM potassium
phosphate buffer, pH 7.4, containing 20 mm GSH and 2 mMm
GSNO (25 °C). After 10 min, the reaction was almost complete,
and the resulting stock solution of DNDGIC (50 wm) was stable
for at least 3 h.

DNDGIC Binding—The interaction of DNDGIC with Tyr-
GSTs and Ser-GSTs has been studied by means of inhibition
experiments using the classical enzymatic reaction, i.e. GSH (1
mM), 1-chloro-2,4-dinitrobenzene (1 mm) in 0.1 M potassium
phosphate buffer. The procedure was identical to that
described previously (12). Inhibition kinetic data were fitted to
the classical equation of competitive inhibition by assuming
that the binding of DNGIC competes with the binding of free
GSH in the G-site. As demonstrated previously, this approach
provides K, values very similar to those obtained using
stopped-flow or fluorescence quenching methods (12). As
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many GSTs show negative cooperativity in DNDGIC binding,
for the sake of simplicity we only reported K, values for the high
affinity binding site.

EPR Experiments—Due to the very low affinity of many Cys-
GSTs for DNDGIC, EPR binding experiments was the pre-
ferred approach to determine K, values, because it is per-
formed with enzyme and complex concentrations 10-100
times higher than those used for kinetic studies. Still, for some
GSTs a detectable amount of bound DNGIC could not been
obtained. In these cases we assumed that the bound species was
less than 5% and this percent has been used to calculate a limit
value for K, as reported in Table 1. This limit value is not
identical for all low affinity GSTs as it also depends on the
enzyme concentrations used in the EPR experiments. In a typ-
ical EPR experiment, GST samples were prepared in 0.1 M
potassium phosphate buffer, pH 7.4, with DNDGIC added from
a freshly made stock solution. EPR measurements were made at
room temperature (22—25 °C) with a Bruker ESP300 X-band
instrument (Bruker, Karlsruhe, Germany) equipped with a high
sensitivity TM,;,-mode cavity. To optimize instrument sensi-
tivity, spectra were recorded using samples of 80 ul contained
in flat glass capillaries (inner cross-section 5 X 0.3 mm). Unless
otherwise stated, spectra were measured over a 200 G range
using 20 milliwatt power, 2.0 G modulation, and a scan time of
42 s; typically 4 — 40 single scans were accumulated to improve
the signal to noise ratio. High resolution spectra were recorded
with 0.1 G modulation and 2 milliwatt power.

Geometry of the DNGIC-GST Complexes—DNGIC-GST
complex geometry and partial charges were obtained by per-
forming density functional theory (DFT) calculations in the
Kohn-Sham ansatz (35, 36). Because these calculations are
computationally demanding, our calculations were limited to a
partial GST-DNGIC complex, including the iron atom, NO
groups, and the side chains of the GSH cysteine and GST cata-
lytic residue. Minimum energy geometry and charges for each
DNGIC-GST complex (i.e. with Tyr, Ser, or Cys as the catalytic
residue) were evaluated with the “Broken Symmetry” approach
(37), using ORCA software (38, 39), and following the method
previously used for a similar system (40). The comparison
between the only available crystallographic structure of a
DNGIC-GST complex (human GSTP1-1, PDB code 1ZGN) and
the results of the DFT calculations reveals a similar geometry
(Fig. 1 and Table 1), except for the position of NO groups, which
are coordinated to protein residues in GSTP1-1 (which are
obviously absent in the DFT calculations) (31).

Docking Calculations—Docking calculations were per-
formed using AutoDock4, and its graphical user interface
AutoDockTools (41). To mimic the real system, in which a coor-
dination bond exists between the catalytic residue and the
DNGIC, docking simulations were performed according to the
recently developed method called “covalent” docking (42). In this
technique a bond is formed between the ligand and the side
chain of the proper receptor binding site residue (the catalytic
residue in the case of GSTs). The ligand-side chain structure is
then treated as flexible, allowing the rotation around some
dihedrals. In our system we selected those involving the iron
atom, GSH cysteine, and GST catalytic residue side chain. To
determine the DNGIC/protein interaction free energy differ-
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ence, the free energy of the ligand in solution and the interac-
tion between the free catalytic side chain and the rest of GST in
the unbound protein must be subtracted from the ligand-side
chain/protein interaction free energy. Bond geometry and atom
charges obtained in the DFT calculations were used for the
ligand-side chain complex (iron atom, NO groups, Cys side
chain of GSH, and catalytic residue of GST). With regard to the
remaining atoms of the complex, in the single available struc-
ture of a DNGIC-GST complex (human GST P1-1, PDB code
1ZGN) the GSH of DNGIC is located in the same position of the
GST-GSH complex (PBD code 6GSS), with a root mean square
deviation of ~0.8 A. For this reason, in the docking simulations
GSH (with the exclusion of the Cys side chain) was left in the
same conformation of the corresponding GST-GSH complex
crystallographic structure, and Gasteiger charges were used for
these atoms (43). Control simulations on selected GST's showed
that releasing the GSH rotational degrees of freedom did not
significantly improve the docking free energy. With the excep-
tion of the catalytic residue, no flexibility was taken into
account for protein atoms, for which Kollman charges were
used (44). The cubic grid used in potential calculations was
formed by 70 X 70 X 70 points (0.375 A spacing), and was
centered on the hydroxyl oxygen or sulfur atom of the GST
catalytic residue. The docking was performed with the
Lamarckian Genetic Algorithm, and default parameters.

Docking simulations, as described above, included an energy
of interaction between GST and DNGIC, which lacks contribu-
tion of the Tyr, Ser, or Cys coordination bond. Based on site-
directed mutagenesis of GSTP1-1, it was assumed that the
coordination due to its Tyr residue (pK, = 9.8) gives a contri-
bution of —4.1 kcal/mol. This energy value has been properly
modified as a function of the different pK, of Tyr in each Tyr-
GST (Table 2) according to the following expression.

E = —4.1 — (RTIn10)(9.8 — pK,) (Eq. 1)

The mutant of the essential cysteine in O. anthropi GST (pK, =
7.6) is about 270 times lower affinity than the wild-type (see
Table 2), which correspond to an energy contribution due to
this residue of —3.3 kcal/mol. As above, this value must be
corrected considering the specific pK, of each Cys-GSTs,
according to Equation 2.

E = —3.3 — (RTIn10)(7.6 — pK,) (Eq.2)

As suggested by a specific mutant of the essential Ser in the
human GSTT2-2, no energy contribution has been considered
due to this residue because of very high pK, of Ser in all
Ser-GSTs.

pK, values of Tyr, Ser, and Cys catalytic residues within the
active site of each available GST structure were evaluated using
Poisson-Boltzmann electrostatic calculations performed with
APBS software (45), assuming pK,, values of 10.1, 13.0, and 8.7,
respectively, for the isolated Tyr, Ser, and Cys residues. APBS
input files were generated on the PDB2PQR server (46) using
PARSE continuum electrostatics force field (47).

Isoelectric points (pI) of GST's were evaluated based on PDB
codes as folded structural values obtained by PDB2PQR, using
PARSE continuum electrostatics force field and the PROPKA
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FIGURE 1. Formula of DNDGIC and structures of GSH bound to GSTs. A, chemical structure of DNDGIC. B, superimposition of GSH in the crystallographic
structures of GSTs (for the 20 Tyr-GSTs, 14 Ser-GSTs, and 8 Cys-GSTs listed in Table 2). Catalytic residues are also shown. The only divergent crystal structures are

hGSTZ1-1 (a Ser-GST) and hGSTO1-1 (a Cys-GST).

calculator (46). Molecular graphics pictures were created by
UCSF Chimera (48).

RESULTS

Binding and Activation of GSH in the Three GST Subfamilies—
GSTs are dimeric proteins that display a characteristic fold very
similar in both the more ancient isoenzymes (Cys-GSTs and
Ser-GSTs) as well as in the more recently evolved GSTs (Tyr-
GSTs) (1). GSH binds to a specific protein region, termed the
G-site, assuming an extended conformation that is very similar
in all GST subfamilies (Fig. 1B). One of the most significant
differences among the three subfamilies is that the essential Tyr
residue involved in GSH activation is part of B-strand 1,
whereas critical residues in Ser-GSTs and Cys-GSTs are located
in the loop, which connects the first S-strand and the a-helix 1
(Fig. 2A). This difference, however, does not appear to have
important effects on the affinity for GSH. In fact, K, values for
GSH were determined experimentally in the present study for
10 different GSTs and those obtained from the literature (21
GSTs), display values ranging from 0.5 to 5 X 10~ * m without
any significant difference among subfamilies (average K, val-
uesare 2.4 (* 0.6) X 10" %M, 4.1 (+0.8) X 10 *Mm,and 3 (+ 1) X
10~ * M for Tyr-GSTs, Ser-GSTs, and Cys-GSTs, respectively)
(Table 1). Considering that the GSH levels in most cells range
from 1 to 10 mm (49), it is clear that all these GST's work in vivo
under nearly saturating conditions (Fig. 2B). Moreover, the
facilitated deprotonation of GSH, a fundamental event to enhance
its chemical reactivity, occurs efficiently in representative mem-
bers of all these GST subfamilies. For example, in the Alpha, Pi, and
Mu GSTs (all Tyr-GSTs) the pK, of the bound GSH shifts from 9.0
t0 6.0—6.8 (50, 51), but similar lowered values have been found for
the P. mirabilis GSTB1-1 (Cys-GST) both in the reduced (pK,, =
5.2) and oxidized form (pK, = 6.4) (33), and in the Lucilia cuprina
GST and in the human GSTT2-2 (both Ser-GSTs) (pK, = 6.6 and
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6.2, respectively) (21, 51). In conclusion, the Cys/Ser/Tyr replace-
ments during evolution have not been selected to reach a better
affinity or activation of GSH.

DNDGIC Binding to GST Subfamilies—The paramagnetic
DNDGIC probably has the highest affinity of any natural low-
mass compound for the Tyr-GSTs (e.g human GSTP1-1,
GSTA1-1, and GSTM2-2) (12, 14). The dissociation constants
found for these Tyr-GSTs range between 10~ '° (GSTA1-1) and
107° M (GSTP1-1 and GSTM2-2), values near those found for
hormone/receptor interactions and 100 lower than that dis-
played by the most potent GST inhibitors designed as drugs to
lower the GST-mediated resistance against chemotherapeutics
(52). The present study examines the DNDGIC binding to
many GST isoenzymes including the Ser-GST and Cys-GST
subfamilies. As shown in Table 1 and Fig. 2C, K, values
obtained in the present study for 16 different GSTs, using kinet-
ics and/or EPR approaches, or coming from our previous study
(11), depict a convincing scenario of differential affinity.
Although almost all examined Tyr-GSTs show extraordinary
affinity for DNDGIC (K}, ranging from 10~ "' to 10~° m), the
Ser-GST subfamily displays 10°~10* times lower affinity (K,
from 10~7 to 10~ ° m). The Cys-GSTs show even higher disso-
ciation constants (K, > 10”7 m). Thus, it is evident that the
most competent GSTs for the binding of DNDGIC are the Tyr-
GSTs, which are also the more recently diverged isoenzymes,
suggesting that an evolutionary pressure has selected this resi-
due for optimization of this interaction. An interesting excep-
tion among the Tyr-GSTs is represented by the P. falciparum
GST. This particular transferase shows structural properties
similar to the Mu class GSTs but 100 times less affinity for
DNDGIC than all other Tyr-GSTs (Table 1). As discussed
below, this exception may confirm the link between GST evo-
lution and NO protection.
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FIGURE 2. Orientation of the catalytic residue and kinetic constants for the three GSTs subfamilies. A, representative structures for Tyr-GSTs (PDB code
1K3L) (red), Ser-GSTs (PDB code 3LJR) (green), and Cys-GSTs (PDB code 1EEM) (blue). The segment of protein backbone containing the catalytic residue is shown
in a ribbon representation, whereas GSH is reported as sticks. The Tyr residue is located on the 31 strand, whereas Ser and Cys residues are on the B1a1 loop.
B, experimental K,,, values for GSH binding to Tyr-GSTs (red circle), Ser-GSTs (green square), and Cys-GSTs (blue triangle); starting from the left: data refer to GSTs
in the same sequence as reported in Table 1 (excluding the five mutants). C, experimental K, values for DNGIC/GST interaction. Tyr-GSTs (red circle), PfGST (red
open circle), Ser-GSTs (green square), Cys-GSTs (blue triangle). For a few GSTs lacking detectable amounts of bound DNGIC, only a limiting lower value of K, is
reported. Red arrow indicates that the true K,, could be even higher (red arrow |, ) or lower (red arrow 1 ). Starting from left: data refer to GSTs in the same

sequence as that reported in Table 1 (excluding the five mutants).

Useful information about the role of each catalytic residue in
all three GST subfamilies came from isosteric point mutations
(Table 1). The replacement of Tyr-7 by Phe in #GSTP1-1 and
Cys-10 by Ala in O. anthropi GST lower strongly the affinity for
DNDGIC (about 1000 and 300 times, respectively), suggesting a
crucial role of -OH and —SH moieties of these residues in the
DNDGIC binding. Additional thermodynamic computations
about these mutants are reported below. Conversely, the isos-
teric point mutation of Ser-11 by Ala in #/GSTT2-2 indicated a
scarce contribution of this residue in the DNDGIC stabilization
in the G-site.

Structure of the G-site and Acid-base Properties of the Tyr/
Ser/Cys Residues Are the Causes of Different Affinities—Only
one crystal structure of DNDGIC bound to a protein has been
solved, i.e. that involving the human GSTP1-1 (a Tyr-GST)
(31). The complex binds to the G-site so that the iron center is
ligated to two NO ligands, to one GSH occupying the same
position as found in structures of other GST-GSH complexes,
and to the deprotonated hydroxyl group of Tyr-7 that com-
pletes the coordination shell. Thus, in this interaction
DNDGIC looses one GSH molecule, which is replaced by the
Tyr-7 residue (31). It is likely that all other Tyr-GST's bind the
complex in an identical way. Considering the similarity of
the EPR spectra (Fig. 3), it is also plausible that a similar binding
modality is also adopted by the other two GST subfamilies,
where a Ser or Cys residue replace Tyr. To obtain structural
models of the complex in the different GST's and to estimate the
binding affinity of DNDGIC to isoenzymes for which experi-
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mental data could not be gathered, docking calculations were
performed. For determining the complex bond length, angles,
and partial charge distribution needed for these studies, we first
performed ab initio calculations for the three different com-
plexes involving the DNGIC moiety and the active site Ser, Cys,
or Tyr residue as a fourth ligand (see “Experimental Proce-
dures” and also supplemental Methods for a more detailed
description). This theoretical approach was validated with
GSTP1-1 in which the resultant model showed an almost per-
fect overlap with that observed in the crystal structure of
DNGIC-GSTP1-1 complex (Fig. 44 and supplemental Table
S1). The corresponding DNGIC structures with Ser and Cys are
shown in Fig. 4B and their geometric, electrostatic and mag-
netic properties reported in supplemental Tables S1-S3.
These theoretical models have been employed for docking
calculations using AutoDock software (41) in the “covalent
docking” mode (42), i.e. by forming the coordination bond, and
then exploring the different conformations resulting from rota-
tion of dihedrals of the complex and the side chain (see “Exper-
imental Procedures”). The resulting free energies of interaction
(Fig. 4C and supplemental Table S4) indicate a significantly
weaker interaction for Cys-GSTs as compared with the Tyr-
GSTs, while Ser-GSTs exhibit an intermediate behavior. Obvi-
ously these data, which consider only electrostatic, van der
Waals, and hydrophobic interactions, do not take into account
the energy contribution due to the formation of the coordina-
tion bond between iron and the critical residue. However, an
estimate of the free energy involved in this metal-ligand bond
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TABLE 1

K, for GSH (determined experimentally in the present study or available from the literature) and K, values for DNGIC-GST complex coming from
kinetic or EPR experiments
For many Cys-GSTs, the lack of detectable amounts of bound DNGIC in EPR experiments allows us to report only a lower limiting value for K.

PDB ID GSTs Experimental K, for GSH** Experimental K, for DNGIC-GST binding”
M M
Tyrosine subfamily
6GSS hGSTP1-1 15X 10°* 1.5X107°
hGSTP1-1Y7C 73X 10" 1.3X10°°¢
hGSTP1-1Y7F 1.6X10°* 15X 10°°
1GLP mGSTYfYf 0.9 X107
1TU8 O. volvulus GST2 0.5 X 107*
1K3L hGSTA1-1 1.3X10°* 8.0x 1071
2WJU hGSTA2-2 2.0 X 107 2.0 X 1071
1TDI hGSTA3-3 2.0 X 107* 7.0 X 107!
1GUL hGSTA4-4 1.0X 1073
1GSU ¢GSTM1-1 0.5x107*
2AB6 hGSTM2-2 1.1x10°* 1.2 X 107°
6GST rGSTM3-3 1.3X10°*
1IM9A S. japonicum GST 43 x107*
10E7 S. haematobium GST 4,0 X 107* <5.0 X 107
1Q4J P. falciparum GST 1.5 X 10°* 3.0 X 1077
1U3I S. mansoni GST 3.7 X107
1GSQ Squid GSTS 4.5x107* 4.0 X 1071'°
Serine subfamily
1AXD Phi 1 GST Mais 2.0 X 107* 2.0 X 1077
L. cuprina GST 50X 10
1JLV AdGSTD3-3 40X 10°* 1.4 X 1077
3LJR hGSTT2-2 5.0 X 107 % 3.0x 1077
hGSTT2-2 S11A 3.0 X 107* 4.0 X 1077
1FW1 hGSTZ1-1 1.3 X 10 >>10"°
1GWC TaGSTU4-4 6.2 X 10"
1PN9 AgGSTD1-6 8.0 xX10°*
1R5A AdGSTD5-5 21X 10°* 1.1 X 1077
2C3Q hGSTT1-1 1.0 X 10~ *
3F63 AdGSTD4-4 6.7 X 10 22X 1077
Cysteine subfamily
1EEM hGSTO1-1 0.6 X 107 1.1 X 1077
2PMT P. mirabilis GSTB1-1 3.0X 107" >107°
P. mirabilis GSTB1-1 C10A 8.0 xX10°* >>2 X 107°
1F2E S. paucimobilis GST 9.0 X 107* >>10"°
2DSA B. xenovorans GST 2.4 X 107* >10"°
2NTO O. anthropi GST 1.3X10°* 22X 1077
O. anthropi GST C10A 140 X 107* 6.0 X 107°
3N50 C. immitis GST 1.5 X 107" >>10"°

“Values determined in the present study are reported in bold, whereas values in normal characters are obtained from literature. References reported in the supplemental

Methods.

» The co-substrate used for K,,, determination is 1-chloro-2,4-dinitrobenzene.
¢ The co-substrate used for K, determination is 1-menaphtyl sulfate.

4 The co-substrate used for K, determination is (+)-2—2bromo-3-(4-nitrophenyl) propanoic acid.

¢ The co-substrate used for K,,, determination is iodohexane.
/The co-substrate used for K,,, determination is S-(phenacyl)glutathione.

can be made from experimental data of certain GST's belonging
to the three subfamilies. It is known that replacement of Tyr-7
by Phe in #GSTP1-1 lowers the affinity of the enzyme for
DNDGIC from a K, of 10~° to 10~° M (31) (see Table 1). Thus
the contribution to the stabilization of the complex in the
G-site due to the coordination link of the iron with Tyr-7 can be
estimated to be ~4.1 kcal/mol. Replacement of Cys-10 by Ala in
P. mirabilis GSTB1-1 (Cys-GST) also lowers the affinity,
although a precise estimation value of the energy contribution
cannot be calculated due to the poor affinity of both native and
mutated enzymes (Table 2). More reliable data have been
obtained using the mutant of a second Cys-GST enzyme, O.
anthropi GST. The affinity of C10A is about 270 times less than
in the native enzyme, corresponding to a loss of 3.3 kcal/mol.
On the contrary, the mutation of Ser-11 (pK,, = 11.3) by Ala in
hGSTT2-2 (Ser-GST) does not modify significantly the affinity
for the complex (Table 1), suggesting a null or very scarce
involvement of this residue in the stabilization of the complex
in the active site. To calculate this energy contribution for all
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other GSTs present in this study, a further refinement must be
made by considering the different pK, of Tyr and Cys in each
Tyr- and Cys-GSTs (see “Experimental Procedures”). The cor-
rected theoretical values (Table 2) are in good agreement with
the experimental values for 20 purified GSTs (Fig. 4D). Thus,
we extended our theoretical analysis to other 22 GSTs, con-
firming that only the Tyr-GSTs have greatly optimized their
binding to DNDGIC.

The relatively poor affinity found experimentally for the Ser-
GSTs is straightforwardly explained on the basis of the very
high pK, of Ser (pK, = 13) given that only the deprotonated
hydroxyl group may bind the iron ion. A structure-based calcu-
lation of the pK, of the Ser residue in all the Ser-GSTSs (by
executing Poisson-Boltzmann electrostatic calculations with
the Adaptive Poisson-Boltzmann Solver (APBS) software (45))
indicated that the protein environment only slightly increases
the acidity of this residue (the average pK, for all tested Ser-
GSTsis 12). Therefore, only traces of deprotonated Ser residues
can be present at physiological pH values. Conversely, the
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FIGURE 3. EPR experiments. EPR spectra at 22-25 °C of DNGIC bound to
representative GSTs belonging to Tyr-GSTs (hGSTA1-1 and hGSTM2-2),
Ser-GSTs (GSTD1-3, GSTD4-4), and Cys-GSTs (hGSTO1-1 and OaGST).
Experiments were performed as described under “Experimental
Procedures.”
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strong affinity found in the Tyr-GSTs is, in part, due to a much
more pronounced deprotonation of their crucial residue (the
average pK, for Tyr = 8.9). The poor affinity found in the Cys-
GSTs is caused by different factors. The Cys residue should be
an ideal coordination ligand for the iron and the mean pK,
value of its sulfhydryl group in all Cys-GSTs studied is only 7.8.
However, the docked structure of DNGIC in these GST's shows
a GSH incorrectly bound to the G-site with a geometry signifi-
cantly different from the one observed in the crystal structures
of the Cys-GST-GSH complexes, as indicated by the relatively
high root mean square deviation of GSH from its crystallo-
graphic position (Table 2). It appears that the formation of the
fourth coordination link of the iron with the Cys residue does
not allow GSH to bind properly, loosing most of its favorable
interactions with the G-site. By contrast, in the final docked
conformation of most Tyr-GSTs the GSH was positioned
essentially in the same way as observed in the corresponding
crystal structures of GST-GSH complexes.

Isoelectric Points and Ky, for DNDGIC Are Correlated—A
surprising finding about the Tyr-GST isoenzymes is the corre-
lation between the net charge of these proteins and their affin-
ities for DNDGIC (r* = 0.92; p < 0.001) (Fig. 5A). In particular,
the isoenzymes with the greatest affinity among all Tyr-GST's
considered are also those showing the highest isoelectric points
(Table 2). For example, the human GSTA1-1 and GSTA3-3
(pI = 9.4.and 9.7) display K, values less than 10~ '° M, whereas
the #GSTP1-1 (pI = 6.0) has K, value about 25-fold higher.
This finding is likely related to the influence of positive charges
on the deprotonation of the crucial Tyr in the G-site, as indi-
cated by the correlation between pIand its pK, (Fig. 5B). On the
contrary, poor or even no correlation between pl and K, occurs
for the Ser-GSTs (r* = 0.74; p = 0.03) and Cys-GSTs (+* = 0.02;
p = 0.78) (not shown). In addition, we noted that a strong cat-
ionic character is almost exclusively observed in the more
recently evolved GSTs, i.e. in the Tyr-GSTs and, in particular, in
the Alpha class GST's reaching a pI of 9.5-9.7. Among all Ser-
GSTs only two isoenzymes show pl values higher than 8.0 and
only one Cys-GST displays pI > 7.5. As discussed below, the
correlation between net charge and affinity for DNDGIC as well
as the particular distribution of the positive residues in the Tyr-
GSTs (Fig. 5C) may have interesting physiological implications.

DISCUSSION

The present study, which includes experimental data for 23
purified GSTs and analysis of 42 crystal structures of different
isoenzymes belonging to the Tyr/Ser/Cys GST subfamilies,
provides coherent evidence that the Cys/Ser/Tyr replacements
during evolution have not been selected to improve binding or
activation of GSH, but to optimize the binding of DNDGIC and
thus increase the protection of the cell against NO toxicity.
Experimental data indicate that only the Tyr-GSTs members
reach the astonishing K, range of 107°-10""" M and, from
theoretical calculation, even 10~ * M for the mouse and chicken
GSTA1-1 (Table 2). Conversely, Ser-GSTs display affinities
10>-10* times lower and even less affinity has been observed for
the Cys-GST members. The reasons for this poor affinity are
the very low acidity of the hydroxyl group of the Ser residue
and the unfavorable stereochemical factors for the Cys-GSTs, as
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FIGURE 4. Experimental and theoretical studies of DNGIC binding to GSTs. A, DNGIC-GST complex structure as obtained from DFT calculations (green)
superimposed on the crystallographic model (red) (PDB code 1ZGN). B, structures of DNGIC with Tyr (red), Ser (green), and Cys (blue) as fourth ligands, obtained
from DFT calculations. C, free energy of the GST/DNGIC interaction obtained from docking calculations. Tyr-GSTs (red circle), Ser-GSTs (green square), and
Cys-GSTs (blue triangle). D, free energies of GST/DNGIC interaction as in C were corrected for the energy of the coordination bond involving the Tyr residue
(—4.1 kcal/mol for a Tyr with a pK, = 9.8 as in GSTP1-1) and the Cys residue (—3.3 kcal/mol for a Cys with pK, = 7.3 as in GSTB1-1). Coordination energy due to
Tyr or Cys residues with different pK, have been calculated as described under “Experimental Procedures.” Symbols are as described in C. Black symbols are
experimental K, values, whereas the corresponding theoretical K,, values are reported with the same vertical alignment. Starting from left, data refer to GSTs
in the same sequence of that reported in Table 1 (excluding the five mutants), red open circle and black open circle are the theoretical and experimental energy
values for the atypical PfGST. Red arrow indicates that the true AG® value could be even more (red arrow | ) or less (red arrow 1) negative (higher or lower

affinity, respectively).

confirmed by site-directed mutagenesis data and docking stud-
ies. Furthermore, an additional property of the Cys-GSTs
makes this subfamily unsuitable to bind DNDGIC efficiently. In
vivo, most of the Cys-GSTs exist mainly in a mixed disulfide
form involving GSH and the essential Cys. It has been found
that this oxidized disulfide is strongly favored even when the
GSH/GSSG ratio is higher than 100, i.e. when only traces of
GSSG are present in the cell (53). In this form the G-site is not
able to accommodate DNGIC. The NO sensitivity of bacteria
that express only Cys-GSTs could be related to the low or null
affinity of their Cys-GST's for DNDGIC.

In a physiological scenario, what is the utility or the necessity
to reach such extremely high affinities like those observed in the
Tyr-GST subfamily (107°-10""" m)? A plausible explanation is
given in the “traffic light” graph in Fig. 5D. This panel shows the
predicted inhibition of glutathione reductase, an enzyme cru-
cial for cell redox equilibrium, which is strongly inactivated by
the free DNDGIC with a K; = 3 um (10). In the case of DNDGIC
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production that is stoichiometric with GST, only the Tyr-GST's
confer efficient enzyme protection. A similar protection sce-
nario occurs in case of substoichiometric amounts of DNDGIC.
Obviously, a dramatic inactivation occurs even in the presence
of Tyr-GSTs when DNDGIC is in stoichiometric excess, as
demonstrated previously (11). As emphasized by Karplus and
co-workers, the cell needs to be efficiently protected from
DNDGIC (9) and it is now evident that only in the presence of
very efficient DNDGIC traps like Tyr-GSTs, the level of this
iron complex stays far below its lethal concentration (Fig. 5D).

It is likely that the Tyr adaptation occurred in a common
ancestor of the current metazoan species over 500 million years
ago (54) and has been maintained by selection during the sub-
sequent speciation. Gene duplication and mutation followed by
selection by other factors has likely generated the multiplicity of
Tyr-containing enzymes with different substrate specificities
that we find today. However, because DNDGIC remains an
intracellular toxin, the selection pressure to retain GSTs with
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TABLE 2

Thermodynamic and geometric parameters from docking studies of DNDGIC and pK|, of the essential residue

AG? for DNDGIC-GSTs Theoretical Root mean pK, of the
PDBID GSTs interaction K, DNDGIC square deviation” essential residue pl
kcal/mol M A
Tyrosine subfamily
6GSS hGSTP1-1 —12.04 1.5 %107 0.463 9.84 6.0
1GLP mGSTYfYf —14.17 41x107" 0.629 9.15 8.9
1TU8 O. volvulus GST2 —13.58 1.1x10°1° 0.614 9.38 7.7
1K3L hGSTA1-1 —15.61 3.6 X 10712 1.457 8.10 9.4
1F3A mGSTAIL-1 —18.82 1.6 X 107 0.353 7.81 9.6
1VF2 ¢GSTA1-1 —18.39 33x10° ' 0.806 7.90 9.4
2WJU hGSTA2-2 —14.28 34 X107 0.474 8.85 8.7
1TDI hGSTA3-3 —15.99 1.9 X 107" 0.751 7.31 9.7
1GUL hGSTA4-4 —12.00 1.6 x107° 0.874 9.17 7.3
1B48 mGSTA4-4 —12.00 1.6 X 107° 1.412 9.04 8.2
1GSU ¢GSTM1-1 —14.20 39x 107" 0.320 8.73 7.6
2AB6 hGSTM2-2 —12.82 4.0 X 107" 0.347 8.99 7.1
6GST rGSTM3-3 —13.70 9.0x 107 1.263 8.52 8.6
1IM9A S. japonicum GST —11.90 1.9%x107° 0.618 10.05 6.3
10E7 S. haematobium GST —14.08 4.8 X107 0.603 8.38 8.0
1Q4] P. falciparum GST —9.35 1.4 %1077 0.503 9.93 6.7
1U3I S. mansoni GST —12.08 1.4 x107° 0.624 10.18 7.3
20N5 N. americanus GST —11.27 55%x107° 2.016 8.68 8.6
2WB9 F. hepatica GST —15.66 33 x10°*? 0.488 8.94 9.4
1GSQ Squid GSTS —12.28 9.9 X107 0.758 8.88 8.6
Serine subfamily
1AXD Phi 1 GST Mais —3.48 28 X103 4.638 11.46 5.5
L. cuprina GST —4.17 88X 107* 0.919 13.16
1JLV AdGSTD3-3 -7.15 57X 107° 0.462 12.43 6.8
3LJR hGSTT2-2 —3.60 23x10°3 3.319 11.35 6.6
1FW1 hGSTZ1-1 —4.33 6.7 X 107* 11.162 9.32 9.1
1GWC TaGSTU4-4 =772 22X107° 0.788 11.69 6.0
1PN9 AgGSTD1-6 —6.51 1.7 x107° 0.453 13.11 6.5
1R5A AdGSTD5-5 —4.67 38X 107 0.770 13.65 6.1
2C3Q hGSTTI1-1 —4.04 1.1x10°? 8.110 11.94 8.6
2IMI AgGSTE2 —6.47 1.8x10°° 0.846 14.34 5.7
3F63 AdGSTD4-4 —6.82 1.0 X 107° 0.352 12.20 52
3MOF P. fluorescens GST —9.68 8.0x10°® 0.858 11.68 6.1
3UBL L. interrogans GST —7.64 25%X10°° 1.672 11.64 7.3
3TOU R. solanacearum GST —7.51 3.1X10°° 1.362 10.27 6.0
Cysteine subfamily
1EEM hGSTO1-1 —9.69 79%x107% 3.165 6.69 8.0
2PMT P. mirabilis GSTB1-1 —6.31 24X107° 3.167 8.19 7.3
1F2E S. paucimobilis GST —4.68 37X 107 10.006 9.42 5.3
2DSA B. xenovorans GST —6.35 22X107° 1.290 9.06 6.1
2NTO O. anthropi GST —8.34 7.7 X107 1.210 7.63 6.8
2X64 X. fastidiosa GST —5.47 9.8 X 107° 3.886 9.06 7.5
3N50 C. immitis GST —11.40 44 %1077 7.019 5.98 7.2
3UAR M. capsulatus GST —8.94 28X 1077 8.000 6.23 49

“ Root mean square deviation between crystallographic and “docked” GSH structures obtained from DNGIC docking.

Tyr residues also remains. Indirect but convincing evidence for
the link between GST evolution and NO is given by the anom-
alous poor affinity of P. falciparum GST for DNDGIC. This
Tyr-GST shows 100 times less affinity than all other Tyr-GSTs
and an appealing explanation for this peculiarity is that the
parasite, living in an environment containing a very high hemo-
globin concentration, is strongly protected from NO, given that
hemoglobin is an efficient scavenger of this compound (55).
Thus, this enzyme did not need to refine its affinity for DNDGIC
during evolution or, alternatively, in an early stage of evolu-
tion this parasite developed an efficient NO defense (with a
Tyr-GST), which became redundant when it installed itself
inside the erythrocyte. Inspection of its G-site reveals an unfa-
vorable charge distribution near the binding site (not involving
the essential Tyr, which display a K, very similar to that of
GSTP1-1). We conclude that the presence of Tyr in the active
site of GST's is a necessary but not sufficient condition to reach
affinities in the low nanomolar range. Obviously, our data do
not provide any definitive proof for the link between GST evo-
lution and NO or DNDGIC protection; we cannot exclude that
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the observed parallelism (i.e. only the more recently evolved
GSTs may efficiently inactivate dinitrosylsiron complexes)
could be merely coincidental.

A second important finding from this study is that the most
avid GSTs acting as scavengers for DNDGIC are also those with
the most prominent cationic character, i.e. those having the
highest pI values (Fig. 54). The positive electrostatic potential
in the Tyr-GSTs may have a double function. First, the presence
of discrete positively charges localized near the G-site lowers
the pK, of the essential Tyr residue (from 10.2 to 7.3 with an
average value of 8.9) favoring its coordination with iron. The
second function is related to the involvement of the cationic
GSTs in a peculiar intracellular structure. It has been demon-
strated recently that, in mammalian liver cells, highly cationic
Tyr-GSTs (GSTA1-1, GSTA2-2, and GSTA3-3) are present in
the cytosol, but are also over-represented in a perinuclear
crowd of cationic enzymes termed the “nuclear shield.” This
structure, about 300 nm thick around the nuclear membrane, is
promoted by electrostatic interactions, and it is possibly
selected for DNA protection (56). In fact, the local concentra-
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circle) (* = 0.92; p < 0.001) excluding the anomalous PfGST. B, correlation
between pland pK, values of the catalytic residues of Tyr-GSTs. Linear regres-
sion shows positive correlation (> = 0.78, p = 0.009). Tyr-GSTs, red circle;
PfGST, red open circle. Ser- and Cys-GSTs did not show correlations. C, coulom-
bic potential on the dimer surface of selected Tyr-GSTs facing the two G-sites
(models on /eft) and opposite to the G-sites (models on right). Glutathione is
represented as yellow spheres. The protein surface is colored based on the
electrostatic potential values, as red (negative values), blue (positive values),
or white (near zero values) in the range —5 to +5 kcal/(mol-e). D, “traffic light”
graph. Predictive dependence of GR inhibition (%) in the presence of a stoi-
chiometric amount of GSTs (site at high affinity) and DNDGIC, as a function of
experimental K, for DNDGIC. On the basis of the K, the unbound DNDGIC
and then the percentage of GR inhibition (K; = 3 um) (continuous line) (9, 10)
were calculated. Good protection is assumed for inhibition less than 10%.
Low or no protection is assumed for inhibition >30%. Tyr-GST (red circle),
PfGST (black open circle), Ser-GST (green square), and Cys-GST (blue triangle).
Arrow indicates that K, measured by EPR experiments could be even lower
(«<=) or higher (—). See also Table 1.

tion of GST's in the shield is 7— 8 times higher than that found in
the cytosol (56). GSTA4-4 and Mu class GST's, which are abun-
dantly expressed in hepatocytes but with less cationic character
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and also less affinity for DNDGIC, are absent in this structure
(56). Conversely, other important protection enzymes with
strong cationic character form part of this perinuclear structure
that probably uses the nesprins (large anionic proteins localized
on the outer nuclear membrane) as an electrostatic counterpart
(56). The particular distribution of positively charged residues
observed in the dimer surface of Alpha GSTs (Fig. 5C), i.e. in the
side apposite to the G-sites, appears to be convenient for the
involvement of these proteins in the nuclear shield: it makes an
efficient electrostatic protein-protein interaction somehow
without obscuring the active site used for DNDGIC binding or
catalysis.

Thus, we speculate that GST's evolved to protect not only key
cytosolic enzymes like glutathione reductase against NO
insults, but possibly even DNA or intra-nuclear related
enzymes. It has been reported that dinitrosyliron complexes
induce the SOS DNA repair response in Escherichia coli and
that DNDGIC is the most potent SOS inducer (57). Recently, it
has been found that in E. coli the DinG (4Fe-4S) cluster can
efficiently bind the dinitrosyliiron complex with the concomi-
tant inactivation of helicase activity in vitro and in vivo (58).
Because genetic defects in the human XPD gene (ERCC2) have
been associated with the increase of cancer incidence and aging
phenotypes (59-62), it is plausible that chronic NO or
DNDGIC exposure may inactivate the iron-sulfur cluster-con-
taining DNA repair enzymes such as DinG/XPD and contribute
to the initiation of the carcinogenic process and genomic insta-
bility (63, 64). Therefore, the accumulation of the most potent
DNDGIC scavengers (GSTA1-1, GSTA2-2, and GSTA3-3)
around the nucleus could be of paramount importance. Thus it
may not be coincidental that the cationic GSTs are exclusively
found in more recently evolved eukaryotes. In conclusion, we
propose a fascinating and novel hypothesis about GST evolu-
tion and protection against NO that opens up new perspectives
in cell physiology.
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