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ABSTRACT: Three-dimensional structures of the apo form of human pi class glutathione transferase have
been determined by X-ray crystallography. The structures suggest the enzyme recognizes its substrate,
glutathione, by an induced-fit mechanism. Compared to complexed forms of the enzyme, the environment
around the catalytic residue, Tyr 7, remains unchanged in the apoenzyme. This observation supports the
view that Tyr 7 does not act as a general base in the reaction mechanism. The observed cooperativity of
the dimeric enzyme may be due to the movements of a helix that forms one wall of the active site and,
in particular, to movements of a tyrosine residue that is located in the subunit interface.

Glutathione S-transferases (GSTs,1 EC 2.5.1.18) are mul-
tifunctional enzymes involved in the detoxification of en-
dogenous and foreign toxins. The most important reaction
catalyzed by GSTs is the addition of glutathione (γ-
glutamylcysteinylglycine, GSH) to hydrophobic molecules
with electrophilic centers. Mammalian cytosolic GSTs can
be divided into seven classes: alpha, mu, pi, theta, sigma,
kappa, and zeta on the basis of sequence similarity, substrate
specificity, and three-dimensional structure (1-5). All of
the cytosolic isozymes are homo- or heterodimers; however
no interclass heterodimers have so far been observed (6).
The human pi class GST (hGST P1-1) is the most widely
distributed and the most abundant isozyme. GSTs have been
observed in both in vitro and in vivo studies to be overex-
pressed in a diverse range of neoplastic cells (for a review,
see ref7). These and other studies have implicated the
enzyme in the development and resistance of tumors toward
commonly used anticancer drugs. Understanding the struc-
ture and kinetics of the human P1-1 isoenzyme is therefore
of great interest (for recent reviews, see refs6, 7).

A number of pi class GST crystal structures have been
determined in recent years leading to an improved under-
standing of how the enzyme recognizes and reacts with a

broad range of substrates (8-16). Each monomer consists
of two domains and possesses one active site. The GSH
binding site is made up of residues mostly from the
N-terminal domain (Figure 1), while the binding site for
electrophilic substrates is made up of residues from both
domains. Studies on the kinetics of hGST P1-1 have
revealed the importance of structural flexibility to the
function of the enzyme (17-18). The crystal structures
suggest that helixR2 and its flanking regions (residues 35-
51) are a prime candidate for the flexible regions that
influence catalysis. This region forms one wall of the GSH
binding site and contributes a number of ligands (Trp 38,
Lys 44, and Gln 51) to GSH binding (Figure 1). Neverthe-
less, it is a highly flexible portion of the molecule as judged
by crystallographic temperature factors (9, 14). There is
biochemical evidence suggesting that this region is highly
flexible in the absence of GSH and is critical for activity.
The apoenzyme loses all activity when treated with trypsin,
which cleaves the peptide bond between Lys 44 and Ala
45, whereas the presence of GSH protects the enzyme against
proteolysis (19). Fluorescence experiments suggest that an
increase of about 4 Å in thedistance between helixR2 and
helix R4 occurs upon binding of GSH (18). Chemical
modification of a reactive cysteine residue, Cys 47, causes
inactivation of the enzyme (20). This residue is not located
in the active site but nearby, on the C-terminal end of helix
R2 where it is buried within a surface hydrophobic pocket.
Flexibility of helix R2 is required for this cysteine to become
accessible. Chemical modification would cause a shift in
the helix, disturbing the position of some essential GSH
ligands and hence causing inactivation. Mutation of all
cysteine residues in hGST P1-1 to serine has shown that they
are not essential for catalytic activity (21); however oxidation
results in the formation of an intramonomer disulfide bond
between Cys 47 and Cys 101, with subsequent inactivation
of the enzyme (22, 23). This is remarkable because the sulfur
atoms of these residues are separated by 18.4 Å in the crystal
structure (9), indicating that helixR2 must be highly flexible.
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Further investigation revealed that the mutation Cys 47 to
Ser or Ala reduces GSH affinity in the apoenzyme and
induces positive cooperativity for GSH (24). The molecular
basis for the structural communication between the subunits
is not known.

There are now numerous reported structures of the pi class
GST from human, pig, and mouse in complex with a variety
of substrates and inhibitors (8-16). However, there has been
no report of an apo structure because of difficulties met in
crystallizing this form of the enzyme. Since the biochemical
evidence suggests that helixR2 plays a vital role in the
catalytic mechanism of hGST P1-1, the structure of the
apoenzyme is of great importance toward understanding the
mechanism of catalysis in the enzyme. Here we report two
different structures of the apoenzyme, called Apo1 and Apo2.
These structures show that the substrate, GSH, is recognized
by an induced-fit mechanism, supports the view that a key
tyrosine residue does not play a role as a general base in the
catalytic mechanism, and provides structural insights into
understanding the observed cooperativity of the enzyme.

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection.All crystals were
grown using the hanging drop technique (25). For Apo1, a
2 µL droplet of an 8 mg/mL protein solution containing 10
mM phosphate buffer (pH 7.0), 1 mM EDTA, and 2 mM
â-mercaptoethanol was mixed with 2µL of 1 mM adria-
mycin-GSH solution (where the solution was made by
dissolving solid powder in distilled water) and allowed to
stand for up to 30 min before adding 2µL of reservoir
solution. The adriamycin-GSH sample was a gift from Dr.
Giorgio Gaudiano (Istituto di Medicina Sperimentale, CNR,
Rome, Italy). The reservoir solution consisted of 28% (w/
v) ammonium sulfate, 65-75 mM DTT, 100 mM MES
buffer (pH range 6.4-6.8), and 5% (v/v) dimethyl sulfoxide.

The trials were carried out at a constant temperature of 22
°C. The drops were allowed to equilibrate for 2 days before
they were streak-seeded with a cat’s whisker from drops
containing crystals grown under similar conditions. Maroon-
colored crystals appeared in the shape of plates after one
week and grew to maximal dimensions of 0.1 mm× 0.4
mm × 0.4 mm. For Apo2, a 2µL droplet of a 12 mg/mL
protein solution containing 10 mM phosphate buffer (pH 7.0),
1 mM EDTA, and 2 mMâ-mercaptoethanol was mixed with
2 µL of reservoir solution. This protein had been passed
over a G-25 column in an attempt to remove the GSH. The
reservoir solution consisted of 23% (w/v) ammonium sulfate,
55 mM DTT, and 100 mM MES buffer (pH 5.8). The drops
were allowed to equilibrate for 2 days at 22°C before they
were streak-seeded with a cat’s whisker from drops contain-
ing crystals grown under similar conditions. After the
crystals were fully grown, the anticancer drug, chlorambucil
(obtained from Sigma Chemical Co, St. Louis, MO), was
added as a powder to the drop. The crystals were then left
for 24 days before data collection.

All X-ray diffraction data were collected on a MAR-
Research area detector with Cu KR X-rays generated by a
Rigaku RU-200 rotating anode X-ray generator. An Oxford
Cryosystems Cryostream Cooler was used to maintain Apo2
crystals at low temperature, whereas the Apo1 data were
collected from crystals at room temperature. The diffraction
data were processed and analyzed using programs in the HKL
(26) and CCP4 (27) suites. The statistics showing the quality
of the X-ray data are presented in Table 1.

Structure Solution and Refinement.The initial analysis
of the data included examination of difference Fourier maps
calculated with σA-weighted Fo - Fc and 2Fo - Fc

coefficients (28) where native amplitudes and phases were
calculated from the final 2.0 Å resolution model of hGST
P1-1 complexed with GSH (14) after ligands and solvent

FIGURE 1: A ribbon picture of the GSH binding domain of hGST P1-1 (14). The GSH molecule is shown in ball-and-stick. HelixR2 is
denoted, and residues from this helix and its flanking regions that directly contact GSH are also shown in ball-and-stick. Tyr 49, a residue
implicated in the cooperativity of the enzyme, is also shown in ball-and-stick. This figure was produced by the computer program INSIGHT
II (Molecular Simulations Inc., San Diego, CA).
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molecules were removed. The 2Fo - Fc electron density
maps were further improved by 10 cycles of 2-fold non-
crystallographic symmetry (NCS) averaging using the RAVE
package (29). If there was uncertainty in the correct
interpretation of density, omit maps were created by deleting
the relevant region of the protein, subjecting it to positional
refinement, and generating maps from the resulting model.
X-PLOR (30) was used for the refinement of all structures.
The initial models were subjected to rigid body refinement
before being subjected to NCS-restrained positional and
temperature factor refinement. Subsequent cycles of refine-
ment consisted of model rebuilding with O (31) followed
by positional and temperature factor refinement. The tem-
perature factors were refined in all cases with NCS restraints,
and the weights were chosen on the basis of the behavior of
Rfree and sensible temperature factor trends. In the early
cycles of refinement, all reflections between 8.0 Å and the
high-resolution limit were used. In the final cycles, all
reflections were used for refinement, in conjunction with a
bulk solvent correction.

The starting model for Apo1 had anRfactor of 41.7% (Rfree

) 34.2%). Maps generated from this model after rigid body
refinement revealed no density in the H-site or the G-site or

for residues 36-48 inclusive. The missing residues were
omitted from the model. Otherwise, the density for the rest
of the protein was of good quality. Density was visible for
two MES molecules, which stacked against residue Trp 28
in each monomer. These were built into density. After 4
rounds of positional and B-factor refinement, theRfactor was
21.5% (Rfree ) 27.4%). At this stage, a bulk solvent
correction was applied. After two more rounds of positional
and temperature factor refinement, theRfactor was 19.0% (Rfree

) 24.0%). At no time was electron density observed for
any part of the adriamycin-GSH molecule. 2Fobs - Fcalc

electron density maps calculated at very low contour levels
(<0.5σ) indicate the complete absence of GSH in the G-site.

The starting model for Apo2 (Rfactor ) 37.2%, Rfree )
37.2%) was subjected to rigid body refinement to give a
model withRfactor ) 34.2% (Rfree ) 33.7%). Two rounds of
refinement were performed during which water molecules,
two MES molecules, and a sulfate ion were built into the
structure. Good density for the entire protein was observed
with the exception of the region about helixR2 and its
flanking regions which was poor. However, the density for
this region was interpretable and hence was included in the
model. After two rounds of refinement, with a bulk solvent
correction, the final model had anRfactor of 22.7% (Rfree )
26.3%). At no time was electron density observed for any
part of the chlorambucil molecule. 2Fobs - Fcalc electron
density maps calculated at very low contour levels (<0.5σ)
indicated a few small spheres of electron density compatible
with the presence of water molecules in the G-site but
showed no evidence of any bound GSH.

The final refinement statistics of all models are presented
in Table 1. Stereochemical analysis with PROCHECK (32)
demonstrated the high stereochemical quality of the refined
structures. The coordinates have been deposited in the
Broohaven Protein Data Bank with accession numbers 14GS
(Apo1) and 16GS (Apo2).

RESULTS

Our initial attempts to crystallize the apoenzyme were
frustrated by the fact that the enzyme is purified by elution
with GSH from affinity columns, and attempts to remove
GSH from the enzyme proved difficult. Here we present
two apoenzyme structures which we call Apo1 and Apo2
(Table 1). The structures were derived from GSH-bound
crystals that were soaked in the presence of inhibitors. In
Apo1, the crystals had been grown in the presence of
adriamycin-GSH, the GSH conjugate of the anticancer drug.
However, no density was observed in the active site, with
the exception of density for water molecules, at any stage
during the refinement. In hindsight, we suspect the carrier
solvent, dimethyl sulfoxide, used in the crystallization trials
was responsible for the production of the apoenzyme. We
hypothesize that adriamycin-GSH displaced the GSH that
was bound to the enzyme, and then, upon addition of the
organic solvent, the GSH conjugate was removed from the
active site. In Apo2, the crystals were soaked in the
anticancer drug, chlorambucil. Again there was no evidence
of any ligand in the active site. In this case the treatment of
the protein on the G-25 column may have successfully
produced the apoenzyme, and the crystallization conditions
did not favor binding of the poorly water soluble chloram-

Table 1: Data Collection and Refinement Statisticsa

Apo1 Apo2

Data Collection Statistics
space group C2 C2
data collection temperature (K) 288 100
cell dimensions

a (Å) 78.7 77.5
b (Å) 91.8 89.8
c (Å) 69.1 68.7
â (deg) 98.3 97.8

maximum resolution (Å) 2.8 1.9
total no. of observations 17 349 96 823
no. of unique reflections 10 691 34 323
completeness of data (%) 88.6 (91.3) 95.1 (91.5)
completeness of data>3σI (%) 57.8 (17.0) 72.4 (33.1)
I/σI 6.6 (1.5) 17.7 (2.6)
multiplicity 1.6 2.8
Rmerge(%)b 7.5 (40.7) 5.3 (32.9)

Refinement Statistics
non-hydrogen atoms

protein 3054 3262
buffer 24 24
sulfate 0 5
solvent 5 298

resolution (Å) 2.8 1.9
Rfactor (%)c 19.0 (29.5) 22.7 (36.6)
Rfree (%) 24.0 (35.5) 26.3 (36.0)
reflections used inRfactor

calculations
number 10 236 32 594
completeness (%) 80.6 88.5

rmsd’s from ideal geometry
bonds (Å) 0.007 0.007
angles (deg) 1.27 1.28
dihedrals (deg) 22.20 23.17
impropers (deg) 1.29 0.82
bondedB’s (Å2) 4.95 2.94

residues in most favored regions
of ramachandran plot (%)

91.5 94.1

a The values in parentheses are for the highest-resolution bin
(approximate interval of 0.1 Å).b Rmerge) ∑hkl ∑i |Ii - 〈I〉|/|〈I〉|, where
Ii is the intensity for theith measurement of an equivalent reflection
with indicesh, k, and l. c Rfactor ) ∑hkl ||Fobs| - |Fcalc||/∑|Fobs|, Rfree

was calculating using 5% of the data.
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bucil molecule. Both structures have been crystallized in
the C2 space group where there are no crystal contacts
involving helixR2 and its flanking regions in either monomer
(14).

Portions of the electron density maps in the vicinity of
the active site of hGST P1-1 are shown in Figure 2.
Surprisingly, the two apo structures show significant differ-
ences. In Apo1, the region spanning residues 36-48 has
no convincing density in either monomer (Figure 2a). In
the case of Apo2, good quality electron density was observed
for all of the enzyme, except for helixR2 (residues 35-44)
and its flanking regions where the density was poor (Figure
2b). However, omit maps of this region showed sufficient
density to be able to include the helix in the model. No
density was seen for residues 39-41, and only poor density
was observed for residues 35-39 and 41-47. Good density
was observed for the side chain of residue Trp 38 and for
residues Leu 48 and Tyr 49. The observation of poor or no
visible electron density in regions of both structures is
indicative of either high mobility or multiple conformational
states of those regions. We suspect that one of the reasons
for the differences in the structures of Apo1 and Apo2 is
the temperature of data collection and the use of glycerol as
a cryoprotectant. Apo1 was measured at room temperature,
whereas Apo2 was measured at 100 K. Glycerol has been
used previously as a viscosogen in studying the effect of
viscosity on kinetics of the enzyme (18). The results showed

that the affinity for GSH increased with increasing glycerol
concentration. The low temperature of data collection and
the use of glycerol in the Apo2 crystal experiments may
explain the better density for helixR2 compared to that of
Apo1. Because helixR2 is well-defined in the complexed
form of the enzyme, determined at the same resolution and
temperature as Apo1 (9), the binding of GSH must lock this
region into place.

Another intriguing difference between the structures is a
movement of the side chain of residue Tyr 49. In the
structure of the complexed enzyme, the hydroxyl group of
this residue is in hydrogen bonding distance (2.8 Å) of the
main chain carbonyl oxygen of Met 91 from the opposing
monomer. Whereas in Apo2, the distance is the same within
experimental error, this is not the case for Apo1 where the
distance is 4.3 Å (Figure 3). This represents a 2.4 Å
movement of the hydroxyl group away from its position in
the complexed enzyme. (In Apo2 the hydroxyl group moves
by 0.7 Å, but this is close to the estimated coordinate error.
It is however tempting to suggest that Tyr 49 has moved in
this structure correlating with the increased flexibility of the
helix R2 region.) In the GSH complex, Tyr 49 is involved
in 15 van der Waals and hydrogen bonding contacts with
the other monomer, while in Apo1 there are only 8 such
contacts. As well as the loss of the hydrogen bonding
interaction, van der Waals interactions are lost with Val 92
and Pro 128 of the opposing subunit. In summary, the

FIGURE 2: Stereo diagrams of the final 2Fobs - Fcalc electron density maps of the apoenzyme structures showing the GSH binding domain
of hGST P1-1. The maps were calculated using all reflections (see Table 1) and contoured at the 1.0σ level. The view is the same as shown
in Figure 1. The electron density is indicated in light gray shading, and the alpha carbon backbone of the enzyme, as observed in the GSH
complex (14), is shown in thickened lines. HelixR2, indicated by the arrow, is strictly made up of two helices (residues 35-40 and 42-44)
with a break at residue Gly 41; (a) Apo1; (b) Apo2.
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disappearance of helixR2 in the electron density maps
appears to be associated with movement of Tyr 49 and the
loss of some intersubunit contacts.

Besides the movement of the tyrosine side chain and the
differences in the helixR2 region, the apo structures
superimpose closely with the previously determined GSH
complex (14). The rms differences in the position of CR
atoms between the structures of the dimers are 0.44 and 0.17
Å for the Apo1 and Apo2 structures, respectively. In the
higher-resolution Apo2 structure, water molecules are located
in the position where GSH would bind and a chain of three
water molecules link Tyr 7 to Tyr 108 (another catalytic
residue). The temperature factor trends (data not shown)
for all structures are similar, with the exception of helixR2
and the helical towers in the dimer interface which show
varying temperature factors. The structures can be placed
in order of decreasing temperature factors for helixR2 as
follows: Apo1 > Apo2 > GSH complex (14). The
temperature factors for the C-terminal end of helixR4, the
following coil, and the N-terminal region of helixR5 follow
a trend similar to those for helixR2.

DISCUSSION

It has long been accepted that ligands may stabilize native
structures of proteins. The evidence presented here suggests
that helix R2 of hGST P1-1 can become highly mobile in
the absence of GSH and is stabilized by substrate binding.
Helix R2 contains residues involved in binding the substrate
GSH, and the stabilization of this region upon GSH binding
may result in a lower free energy for the structure, thus
contributing to the enzyme’s affinity for this ligand. The
greatly increased flexibility of helixR2 observed in the
crystal structures presented here provides an explanation of
how a disulfide bond can form between Cys 47, which

resides on this helix, and Cys 101 in the oxidized form of
the free enzyme (22, 23). These residues are more than 18
Å apart in the complexed and Apo2 structures, and mobility
of helix 2 as seen here is required for them to get close
enough for disulfide bond formation.

The microenvironment around the catalytic residue, Tyr
7, appears identical in both apo and complexed structures
(14) of the enzyme. In the apo structures, Tyr 7 is in hydro-
gen bonding distance of the Nε atom of Arg 13 and of a
water molecule which occupies the position where the sulfur
atom sits in the GSH complex. These observations suggest
that Tyr 7 is protonated in the apoenzyme. The absence of
a nearby positively charged group in the apo structures and
the lack of movement of the side chain between apo and the
GSH complex support the proposal that Tyr 7 does not
become ionized in the reaction mechanism (6). Thus Tyr 7
does not appear to play a role as a general base to abstract
a proton from the thiol group of the substrate, GSH.

The alpha, mu, and pi class GSTs contain an aromatic
residue (Tyr 49 in the hGST P1-1) in the loop between helix
R2 and sheetâ3 which contacts the opposing monomer. This
residue acts as a hydrophobic lock in subunit dimerization
(6). Tyr 49 has less van der Waals contacts with the adjacent
monomer in the Apo1 structure than it does in the GSH
bound form of the enzyme (Figure 3). The reduced contacts
could, in part, account for the elevated temperature factors
observed for the regions spanning helicesR4 andR5 which
line the interface. The change in Tyr 49 contacts could be
one way in which the two active sites of the GST dimer
could affect each other. The observed cooperativity resulting
from mutation of Cys 47 (24) could be explained by
increased flexibility of the region around helixR2 and with
the resulting effects being transmitted through residue Tyr
49 to the opposing monomer.

The different apoenzyme structures presented here, in
conjunction with the structure of the GSH complex of the
enzyme (14), allow us to make some observations about the
changes that occur to the enzyme in the transition from
apoenzyme to GSH-bound form. First, helixR2, which is
essential for the binding of this substrate, is disordered in
the absence of the substrate. The nature of the disorder
(static versus dynamic versus a number of discrete confor-
mational states) cannot be determined from the data presented
here. However, the observation of density for the helix in
the apo structure at low temperature suggests that the helix
may stay relatively intact at physiological temperatures. The
results suggest that binding of GSH is accompanied by closer
association and stabilization of the monomers as shown by
a decrease in the temperature factors of the helical towers
and by a decreasing Tyr 49 hydroxyl to Met 91 carbonyl
oxygen distance. These changes may account for the kinetics
observed for the cooperative mutants.

There have been reports of three apoenzyme structures
from other GST classes: human alpha class GST (33), a
mu class GST fromSchistosoma japonica(34), and a theta
class GST from maize (35). In the first two cases no signifi-
cant changes were observed in the helixR2 region. In the
maize apoenzyme, this region exhibited poor electron density
and high mobility whereas in the complexed enzyme this
region appeared well-ordered (35, 36). These results mirror
those of the human pi enzyme reported here. All together,
these observations suggest that the helixR2 region performs

FIGURE 3: Superposition of the alpha carbon backbones of the two
apoenzyme and GSH complex structures in the vicinity of Tyr 49
which is located in the dimer interface. The view is the same as
shown in Figure 1. The side chains of Tyr 49 and Met 91 (from
subunit B) are shown, and the carbonyl oxygen of Met 91 is
indicated by an asterisk. The structures are colored as follows: gray
with Tyr 49 side chain in black, Apo1; yellow, Apo2; and green,
GSH complex (14).
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a class-specific role. In the pi and plant theta class enzymes
it acts by modulating the affinity of the active site for
substrate.
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