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ABSTRACT. Murine class alpha glutathior&transferase A1-1 (NnGSTAL-1), unlike mammalian class alpha
GSTs, is the most efficient in the glutathione (GSH) conjugation of the ultimate carcinogenic metabolite
of benzof]pyrene, (-)-anti-7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobergpfrene [(+)-anti-BPDE]

[Hu, X., Srivastava, S. K., Xia, H., Awasthi, Y. C., and Singh, S. V. (192@iol. Chem 271, 32684~
32688]. Here, we report the crystal structures of mMGSTAL-1 in complex with GSH and with the GSH
conjugate of )-anti-BPDE (GSBpd) at 1.9 and 2.0 A resolution, respectively. Both crystals belong to
monoclinic space grou@2 with one dimer in the asymmetric unit. The structures reveal that, within one
subunit, the GSH moiety interacts with residues Y8, R14, K44, Q53, V54, Q66, and T67, whereas the
hydrophobic moiety of GSBpd interacts with the side chains of F9, R14, M207, A215, R216, F219, and
[221. In addition, the GSH moiety interacts with D100 and R130 from the other subunit across the dimer
interface. The structural comparison between mGSTAISH and mGSTA1-IGSBpd reveals significant
conformational differences. The movement of hel&brings the residues on the helix into direct interaction
with the product. Most noticeable are the positional displacement and conformational change of R216,
one of the residues located in hett®. The side chain of R216, which points away from the H-site in the
MGSTAL1-:GSH complex, probes into the active site and becomes parallel with the aromatic ring system
of GSBpd. Moreover, the guanidinium group of R216 shif8 A and forms a strong hydrogen bond
with the C8 hydroxyl group of GSBpd, suggesting that the electrostatic assistance provided by the
guanidinium group facilitates the ring-opening reaction -6j-anti-BPDE. The structure of mGSTA1-
1-GSBpd is also compared with those of h\GSTP1-1[V104,A433Bpd, hGSPA1-E-benzylglutathione,

and mGSTA4-44-S-glutathionyl-5-pentyltetrahydrofuran-2-ol. The comparison provides further evidence
that supports the functional roles of R216 and hel& The lack of mobility of helixa9 and/or the lack

of electrostatic assistance from R216 may be responsible for the relatively lower activity of hGSTA1-1,
MGSTA4-4, and hGSTP1-1 toward-J-anti-BPDE.

GlutathioneStransferases (GSTHC 2.5.1.18) catalyze  enzymes arises, in part, from the existence of at least seven
the addition of the tripeptide thiol glutathione (GSH) to distinct gene classes: alpha, mu, pi, theta, sigma, kappa, and
xenobiotic substrates that have an electrophilic functional microsomal GSTs. Although GST isozymes of each class
group. The catalytic diversity of this family of detoxification exhibit relatively broad substrate selectivity, most have
unique catalytic attributes that are important in defining their
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hydrocarbons (PAHSs), which are widespread environmental
pollutants ). The mutagenic and carcinogenic activities of
many PAHSs, including the prototypical member bemgo[
pyrene (BP), are attributed to their respective diol epoxides
(10—12), which are substrates for GSTEX-17). The GST
isozymes of various classes differ remarkably in their activity
toward PAH diol epoxidesl3—17). For example, previous
studies with purified human and rat GST isozymes have
shown that the class pi isozyme is relatively more efficient
than other classes of GSTs in the GSH conjugationtgf (
anti-7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydroberapy/-
rene [()-anti-BPDE] (13, 14), which is the ultimate
carcinogenic metabolite of BALL, 12). These studies have
also shown that{)-anti-BPDE is a poor substrate for class
alpha rat and human GSTE3~15). More recently, we have
demonstrated that mGSTAL-1, which is a class alpha murine
GST isozyme, is the most efficient in the GSH conjugation
of (+)-ant-BPDE (18). The catalytic efficiency of mMGSTA1-1

is approximately 3.3 655-fold higher than that of MGSTA2-

2, mGSTP1-1, mGSTA3-3, mGSTM1-1, or mGSTA4-4
(18—20). Moreover, the catalytic efficiency of mGSTA1-1
is approximately 4.5-fold higher than that of hGSTP1-1,
which among human GSTs is most efficient in the GSH
conjugation of ¢)-anti-BPDE (14). To elucidate the structure
and relatively higher catalytic efficiency of mGSTA1-1
toward (+)-anti-BPDE, we have determined the crystal
structures of MGSTA1-1 in complex with GSH and with the
GSH conjugate oft)-anti-BPDE (GSBpd).

EXPERIMENTAL PROCEDURES

Crystallization and Xray Diffraction Data Collection
MGSTAL-1 was expressed and purified as described previ-
ously (19, 20). GSBpd was synthesized and purified as
reported elsewherel®). The hanging drop vapor diffusion
technique was used to grow both complex crystals. For the
MGSTA1-2GSH complex, the initial drop contained 3.7%
MGSTAL-1, 7.5% PEG 4000, and 3.75% 2-propanol in 37
mM Na/HEPES (pH 7.5). The drops were equilibrated at
15°C against the well solution [7.5% 2-propanol, 15% PEG
4000, and 75 mM HEPES (pH 7.5)]. Diffraction-quality
crystals were grown within 2 days. The cryoprotectant was
composed of 15% glycerol, 17% PEG 4000, and 8.5%
2-propanol in 85 mM HEPES (pH 7.5). For the mGSTA1-
1-GSBpd complex, similar conditions were used except that
2.6 mM GSBpd was present in the drops.

X-ray diffraction data were collected from single crystals
at beamline X9B of the National Synchrotron Light Source
at Brookhaven National Laboratory (Upton, NY). Crystals
were flash-frozen and were kept frozen at 100 K. A CCD
detector was employed in all data collection runs. The raw
data images were processed and scaled using Denzo an
ScalepackZl). Data collection statistics are summarized in
Table 1.

Crystal Structure Determination and Refinememhe
structure of the mGSTA1-GSBpd complex was determined
by molecular replacement using the program AmoR®.(
The search model was one subunit of the crystal structure
of the dimeric mMGSTA2-Z5SH complex with all the water
molecules excluded. The rotation function was calculated

2Y. Gu, S. V. Singh, and X. Ji, unpublished results.
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Table 1: Summary of Data Collection for the mGSTAIGEBpd
and mMGSTA1-1GSH Complexes

MGSTAL-:GSBpd mGSTA1-IGSH

wavelength (A) 1.01 0.92
space group Cc2 c2
unit cell parameters
a(h) 99.08 99.30
b (A) 93.19 93.64
c(A) 51.94 52.22
B (deg) 91.75 91.80
resolution (A) 40.6-2.0 30.0-1.9
redundancy 3.15 3.71
overall completeness (%) 98.6 98.0
last shell completeness (%) 97.5 93.8
overalll/o(l) 9.05 15.7
last shelll/o(1)? 2.42 2.90
Rscalingb 0.133 0.075

aValues of 2.0%2.00 A for the mGSTA1-4GSBpd complex and
1.97-1.90 A for the mGSTA1-4GSH complex® Rcaiing= || — OO
3. Friedel pairs were merged.

using data within the resolution range of 49 A. The
rotational search resulted in two outstanding peaks; the higher
peak had a correlation coefficient of 0.234. After the
translational search for the first solution, the second solution
was obtained with the first solution fixed. The correlation
coefficient was 0.55, and the crystallograpRdactor was
0.41 for both subunits. Rigid-body refinement within AmoRe
improved the correlation coefficient to 0.701 and the
crystallographic R-factor to 0.34. The structure of the
MGSTA1-+GSH complex was determined by the difference
Fourier technique, using the refined mMGSTALSBpd
structure as the starting model with the GSBpd and solvent
molecules excluded.

The crystal structure refinement was initiated with the
X-PLOR 3.851 package2@). A total of 5% reflections were
randomly chosen for th&qee calculations. Global energy
crystallographic refinement and individuBtfactor refine-
ment were employed. Very strict noncrystallographic re-
straints were applied for the two subunits of the dimeric
molecule. The starting model of the mGSTA4SEBpd
complex had the uniformly assigned temperature factor of
20.0 A, and the first round of refinement resulted inRRe
of 0.38 and arR-factor of 0.34 for reflections of 10-62.2
A with an 1/o(l) of 2. Maps with F, — F. andF, — F
Fourier coefficients were calculated, which revealed the
position of GSBpd in both subunits. The whole model was
checked and adjusted against the electron density maps and
the primary amino acid sequence of mGSTAL-1. Residues
with incomplete density were replaced with alanine or
glycine, which were mainly located in the C-terminal helix
starting from M207. No density was found for residues 221

nd 222. The weight for the noncrystallographic restraints

as gradually reduced along with the refinement. After four
rounds of refinement, thBy.. andR-factor dropped to 0.33
and 0.29, respectively. The electron density was well-defined
except for the last portion of the polypeptide chain. Water
molecules were picked up from the difference Fourier maps
as peaks higher than 3i0and the data for refinement were
progressively extended to 2.2 A. Simulated annealing omit
maps were calculated to locate and verify the positions of
C-terminal residues. After eight rounds of refinement with
X-PLOR 3.851, theRyee and R-factor dropped to 0.31 and
0.26, respectively. The refinement was continued using the
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Table 2: Summary of Refinement Statistics for the
MGSTAL1-:GSBpd and mMGSTA1-GSH Complexes

MGSTA1-:GSBpd mGSTA1-IGSH

resolution range (A) 40:02.0 30.0-1.9

no. of reflections with 31149 36861
anl/o(l) of 1

working set for refinement 29606 34998

test set folRyee calculation 1543 1863

R-factor (%} 17.6 19.1

Riree (%) 23.4 24.8

no. of protein atoms 3584 3546

no. of ligand molecules 2 GSBpd 2 GSH

no. of water molecules 523 450

rms deviations from
ideal geometry
bond distances (A) 0.014 0.015
bond angles (deg) 1.60 1.75

a CrystallographidR-factor = Sl |Fol — |Fel|/ZhilFol-

program suite CNS_0.48), using the maximum likelihood
target function and data within 20-@.0 A with bulk solvent
correction. The weight of noncrystallographic restraints was
dropped to 0 in a few steps. After a total of 37 rounds of
refinement, the density of residues 2221 in both subunits
was significantly improved. Th&qee and R-factor for the
final model were 0.234 and 0.176, respectively, for reflec-
tions within 40.0-2.0 A with anl/o(l) of 1. The two subunits
contain 3584 protein atoms, 2 GSBpd molecules, and 523
oxygen atoms of water molecules. The same strategy was
applied in the refinement of the mGSTA1d&SH structure.
The Ryee and R-factor for the final model were 0.248 and
0.191, respectively, for reflections within 36-0.9 A with

an l/o(l) of 1 (Table 2). The final model is a dimer,
containing 3546 protein atoms, 2 GSH molecules, and 450
water molecules. In the refinement of both structures, all
identifiable water molecules were verified by a series of omit
maps R4) with a set of 100 molecules deleted each time. Fyre 1: Overall structure of the MGSTALGSBpd complex.
All X-ray diffraction data were included in electron density (a) Schematic representation of the dimeric mGSTAGSBpd
map calculations, and the program suite25)(was used to complex. Each molecule contains ninehelices (cyan), four

check and modify models and to add and delete water:_‘?'hs”a.”ds.(dalrk pi?rlr), and gnezgr‘l’g“‘:t. m?'ﬁmf‘.'e (GSBpd, gree”é-
- ) e view is along the pseudo-2-fold axis. The figure was prepare
molecules. A detailed summary of the crystallographic . o program RIBBOBS34). (b) Typical & — F. electron

refinement is shown in Table 2. density (green net) contoured at & &round the GSBpd molecule,
which is shown as a ball-and-stick model with the atomic color
RESULTS AND DISCUSSION scheme (carbon in black, oxygen in red, nitrogen in blue, and sulfur

in yellow). The illustration was prepared with the program

Overall Structure The final structures have good geometry MOLSCRIPT @5).

with reasonable root-mean-square (rms) deviations for bond

lengths and bond angles (Table 2). As revealed by the protein Active Center and GSBpd Binding in mGSTAlifLboth
structure validation program PROCHECRE], more than subunits of the mGSTA1-GSH complex as well as those
90% of the residues in both structures exhibit the most of the mMGSTA1-1GSBpd complex, the GSH moiety is
favorable¢—g relationship and no residue has disallowed bound to the G-site via comprehensive electrostatic interac-
¢—q relationships. The overall structure of the mGSTA1- tions. Most of the polar atoms in GSH are involved in the
1-GSBpd complex is schematically illustrated in Figure 1a. formation of hydrogen bonds and/or salt bridg28(among
There is one dimer in the asymmetric unit, and both GSBpd which the hydrogen bond between atom SG2 of GSH and
molecules have well-defined electron density (for example, atom OH of Y8 is shown in Figure 2. The H-site in
see Figure 1b). Each subunit is composed of nirfeelices MGSTAL-1 is composed of conserved residues Y8, F9, and
and fourf-strands, which are organized into two domains. R14 and C-terminal residues M207, A215, F219, and 1221.
The smaller N-terminal domain contains the secondary- These hydrophobic side chains construct a hydrophobic
structure elements2, al, 51, a2, 53, f4, anda3, and the pocket for the binding of xenobiotic substrates suchias (
larger C-terminal domain contains sixhelices (Figure 1a).  anti-BPDE (Figure 1). The binding of the BPDE moiety of
The overall, subunit, and domain structures are very similar GSBpd in the active center is shown in Figure 2. The contact
to those of other class alpha GSTs, such as hGSTAZAL (  between the BPDE moiety and the H-site residues includes
and mGSTA4-478). both electrostatic and hydrophobic interactions. There are
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H-site and also to facilitate the ring-opening reaction of the
epoxide. Third, in the mGSTA1-GSH complex, 1221 is
partially disordered and Q222 is completely disordered,
whereas in the mGSTA1-GSBpd complex, both 1221 and
Q222 are well-defined. Th¢ and¢ angles of K220 in the
MGSTAL-:GSH complex are-99° and 114, respectively,
whereas in the mGSTA1-GSBpd complex, they are 48
and 97, respectively. Consequently, 1221 exhibits significant
positional changes upon xenobiotic binding and interacts
extensively with the bound substrate (Figure 2).

H-Site Comparison of mGSTA1l-1 with hGSTAl-1
hGSTA1-1 is abundant in human liver and kidne3).(
However, it has very low catalytic efficiency in the GSH
conjugation of {-)-ant-BPDE (L5) compared with mGSTA1-1
(19, 20). The amino acid sequences of isozymes hGSTA1-1
and mGSTA1-1 are 75.1% identical, and they have similar
three-dimensional folds. In the hGSTA1-1 structure, the
H-site is composed of hydrophobic residues F9, R14, M207,
A215, A218, F219, and F221, among which four are located
in the C-terminal helix (Figure 3a, A215 and A218 not
FiGure 2: Significant conformational changes of the H-site in  shown). When compared with the H-site in mGSTA1-1,
MGSTAL-1 upon xenobiotic substrate binding as revealed by the however, the C-terminal helix appears to squeeze into the

comparison of MGSTA1-GSH (orange) and mGSTA1-GSBpd . . - : " .
(blue) complexes. The side chains are represented as ball-and-stick1-SIt€ and is probably kept in this position by the salt bridge

models, and the electrostatic interactions are illustrated as dottedbetween R220 and D41 (Figure 3a). Consequently, the H-site
white lines. of hGSTA1-1 is too narrow to accommodate the bulky-(
anti-BPDE. The unavailability of R216 and the narrow H-site
three hydroxyl groups on the BPDE moiety, among which are probably responsible for the very low catalytic efficiency
the C7 hydroxyl forms a hydrogen bond with N3 of the GSH of hGSTA1-1 toward {)-anti-BPDE (15).
moiety, whereas those of C8 and C9 form hydrogen bonds H-Site Comparison of mGSTA1-1 and mGSTA4-4
with R216 and R14, respectively (Figure 2). Previously, it mGSTA4-4, which is another murine class alpha GST
has been demonstrated that R14 is indeed a catalytic residugsozyme 8), exhibits high activity in conjugating the lipid
in various GST isozymes. We found, in the present study, peroxidation product 4-hydroxynon-2-enal with GSBO)
that R216 from the C-terminal helix interacts with the product However, @)-anti-BPDE is a very poor substrate for this
and/or substrate molecule(s). It appears that R216 has twdsozyme (8). The sequences of isozymes mGSTA4-4 and
roles in catalysis: participating in the binding of the substrate, mGSTA1-1 are 64.3% identical, and they have very similar
intermediate, and/or product molecule(s) and providing three-dimensional structures (this work and &8). In
electrostatic assistance in the epoxide ring-opening reaction.addition, R14 is available in both mGSTA1-1 (this work)
As shown in Figure 2, the BPDE moiety is sandwiched and mGSTA4-428) for catalysis. A closer examination of
between the hydrophobic portion of the R216 side chain and the two structures reveals that two additional proline residues
the phenyl ring system of F9. The distance from the F9 in mGSTA4-4, P207 and P210, may contribute to its low
phenyl ring to the BPDE polycyclic aromatic system is 4.0 activity toward @)-anti-BPDE (Figure 3b). The residue
A, and that from BPDE to the R216 side chain is 3.8 A. In corresponding to P207 in mGSTA1-1 is M207, which has
addition, the BPDE moiety is surrounded by the hydrophobic been proven to be very important in catalysis by both
side chains of M207, A215, F219, and 1221 with contact structural analysis (this work) and kinetic analysis of site-
distances of 4.5, 3.9, 3.5, and 3.5 A, respectively. Among directed mutants20). The change of M207 to P207 results
the side chains interacting with the BPDE moiety of GSBpd, in three consecutive proline residues (P205, P206, and P207)
those of R216 and 1221 exhibit the largest conformational and thereby alters the flexibility of the loop before the
changes upon substrate or product binding (Figure 2). C-terminal helix. Residue K210 in mGSTA1-1 corresponds
XenobiotieInduced Conformational Changes in mGSTAL- to P210 in mGSTA4-4, which is located at the N-terminus
1. The unique C-terminus of class alpha GSTs plays of the C-terminal helix and thereby alters the direction of
important roles in catalysis and, therefore, has been recog-the C-terminal helix (Figure 3b). Consequently, R216, which
nized as the critical component of the active sié&, (29). is important in {+)-anti-BPDE catalysis, is blocked by V215
The active site of mMGSTA1-1 exerts significant conforma- (Figure 3b) and F110 (not shown in Figure 3b), and therefore,
tional changes upon the binding of GSBpd (Figure 2). First, it is impossible for R216 to reach the active center of
the C-terminalo9 helix moves toward the H-site. Second, mMGSTA4-4.
along with the shift of the C-terminal helix, theoGaitom of H-Site Comparison of mMGSTA1-1 and hGSTPIFhe
R216 moves-2.3 A and the side chain shifts from pointing class piisozyme hGSTP1-1 is overexpressed in preneoplastic
away from the H-site to protruding into the active center. and tumor tissues and is believed to contribute to human
The guanidinium group of R216 moves?.7 A and forms cell resistance to alkylating agent31( 32). Moreover, this
a strong hydrogen bond (2.76 A) with the C8 hydroxyl group isozyme is also important in the metabolism and detoxifi-
of BPDE (Figure 2). This electrostatic interaction may serve cation of many carcinogenic xenobiotics in humaBgsl(z,
to orient and position the substrate)fanti-BPDE in the 33). The catalytic efficiency of hGSTP1-1 towardt)-anti-
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(a)

shift

M207
GSBen
R14

(c)

M207 M207

=~. R14R13

Ficure 3: H-Site comparison of mMGSTAL-1 (blue) with (a) hGSTAL-1 (orange), suggesting that the salt bridge between R220 and D41
in hGSTA1-1 is responsible for the low mobility of the C-terminal helix and, therefore, the squeezed H-site; (b) mMGSTA4-4 (orange),
indicating that P205, P206, P207, and P210 in mGSTA4-4 may be responsible for the rigidity of its C-terminal helix and, therefore, the
narrow H-site; and (c) hGSTP1-1 (orange), implying that the Y108R mutant of hGSTP1-1 has an improved catalytic efficiency toward
(+)-anti-BPDE. The illustration was prepared with RIBBONS4Y.

BPDE, however, is about 4.5-fold lower than that of C-terminal helixin mMGSTAL1-1 is not present in hGSTP1-1;
mGSTAL1-1 (4, 18). Figure 3c depicts the active site therefore, residues A215 (not shown in Figure 3c), R216,
differences between the structures of mMGSTAL1-1 and and 1221 are not available to interact with the bound
hGSTP1-1, both of which are in complex with GSBpd. The xenobiotic substrates. Second, the BPDE moiety in the
comparison reveals the following differences. First, the mGSTA1-2GSBpd complex is sandwiched between the F8
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and R216 side chains, whereas it is between the F9 side chain

and the G205 backbone (not shown) in the hGSTP1-1 12.
GSBpd complex. Third, the guanidinium group of R216 in
MGSTAL-1 forms a hydrogen bond with the C8 hydroxyl
group of BPDE, whereas in hGSTP1-1, the Y108 hydroxyl

may provide electrostatic assistance in the addition of GSH

to the epoxide &). Although in the three-dimensional
structure the R216 guanidinium group in mGSTA1-1 and

the

area, the difference in the charge of the two side chains may

Y108 hydroxyl group in hGSTP1-1 fall into the same

result in significant differences in catalysis, given that the

assistance provided by this residue is of an electrostatic

nature. Molecular modeling has shown that the Y108R
mutant of hGSTP1-1 may be able to offer stronger electro-

static assistance to the ring-opening reaction and, therefore,

may have improved activity towardH)-anti-BPDE.
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