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ABSTRACT. Murine class alpha glutathior&transferase subunit types A2 (INGSTA2-2) and A1 (nGSTA1-

1) have high catalytic efficiency for glutathione (GSH) conjugation of the ultimate carcinogenic metabolite
of benzop]pyrene, (-)-anti-7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobergpfrene, [(+)-anti-BPDE].

Only 10 residues differ between the sequences of MGSTAL-1 and 2-2. However, the catalytic efficiency
of mMGSTA1-1 for GSH conjugation off{)-anti-BPDE is >3-fold higher as compared with mGSTA2-2.

The crystal structure of mMGSTA1-1 in complex with the GSH conjugatetgtanti-7,8-dihydroxy-
9,10-oxy-7,8,9,10-tetrahydrobenafijyrene (GSBpd) reveals that R216 and 1221 in the last helix play
important roles in catalysis [Gu, Y., Singh, S. V., and Ji, X. (20B@chemistry 3912552-12557]. The

crystal structure of mMGSTA2-2 in complex with GSBpd has been determined, which reveals a different
binding mode of GSBpd. Comparison of the two structures suggests that residues 207 and 221 are
responsible for the different binding mode of GSBpd and therefore contribute to the distinct catalytic
efficiency of the two isozymes.

GlutathioneStransferases (GST,sEC 2.5.1.18) catalyze  binding site (H-site) are defined by these crystal structures.
the addition of glutathione (GSH) to xenobiotic substrates The G-site is very well-defined for the cytosolic GSTs, and
that have an electrophilic functional group. The catalytic three different GSH-binding modes have been summarized
diversity of this family of detoxification enzymes arises, in by Ji et al. 8). In contrast, the binding modes of xenobiotic
part, from the existence of at least 14 distinct gene classes:substrates and product molecules are much more complex
alpha, beta, delta, kappa, lambda, mu, omega, phi, pi, sigmaand class specific. For example, the H-site in rGSTM1-1 is
theta, tau, zeta, and microsomal GSTs9). Although GST 3 hydrophobic cavity9), whereas in hGSTP1-1 it is half-

isozymes of each class exhibit relatively broad substrate pygrophobic and half-hydrophilic with functionally important
selectivity, most have unique catalytic attributes that are \,5ier molecules§, 10).

important in defining their physiological significance . . .
(1, 3—6). The extent of understanding the precise enzyme GSTs_pIay an important role in thg cellular defense against
substrate interactions responsible for the catalytic propertiest® carcinogenic effects of polycyclic hydrocarbons (PAHS),

has been greatly increased by the recent determinations ofVhich are widespread environmental pollutaritd)( The
many three-dimensional structures of GSTs7). Both the mutagenic and carcinogenic activities of many PAHs,
GSH-binding site (G-site) and the xenobiotic substrate- including the prototypical member benafijyrene (BP), are
attributed to their respective diol epoxide2{-14), which
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and CA55589 (to S.V.S.). various classes differ remarkably in their activity toward
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STYmn, class Y (A, alpha; M, mu; P, pi; T, theta; S, sigma; K, kappa) dfefm.on?tr?tid tl’llat mGGSS_I:I'Al %hangSmHGSTAZ 2t are_bhlghly
GST with subunit typen-n (mandn =1, 2 ...) from x (m, murine; h, eilicient alpha class S Inthe ( conjugation j'(_
human; r, rat; s, squid; b, bovine); BP, berglpjrene; ¢-)-anti-BPDE, anti-BPDE 0). The catalytic efficiency of mGSTA1-1 is
(+)-ant-7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydroberspyrene; GSB- i _ i i
pd, GSH conjugate off{)-anti-BPDE; G-site, GSH-binding site; H-site, approm_ma:tilly 3.3655-fold higher than that of other murine
xenobiotic substrate-binding site; PAH, polycyclic aromatic hydrocar- GSTS, including mGSTA2-2, mGSTP1-1, mGSTA3-3, mG-

bon; rms, root-mean-square. STM1-1, or mGSTA4-470-22).
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Table 1: Summary of Data Collection for MGSTA2&SBpd Table 2: Summary of Refinement Statistics for MGSTAZ3Bpd
wavelength (A) 0.92 resolution range (A) 30:01.9
space group Cc2 number of reflections with/o(l) = 0 37774
crystal-detector distance (mm) 150 working set for refinement 35892
total frames collected 190 test set foiRqee Ccalculation 1882
Ag (deg) 1.0 R-factor (%} 20.0
unit cell parameters Riree (%0) 24.9

a b c(A) 99.07, 93.90, 52.60 number of protein atoms 3566

p (deg) 92.28 ligand molecules 2 GSBpd
resolution (A) 30.6-1.9 other molecules 2 isopropanol
redundancy 4.59 water molecules 327
completeness (%): overall/ 99.7/99.2 rms deviations from ideal geometry
last sheft bond distances (A) 0.010
1/o(1): overall/last shefl 18.68/2.44 bond angles (deg) 1.38
Rmergd 0.062

a CrystallographicR-factor = S nul|Fo| — |Fel[/3hklFol. ° Last re-
21.97-1.90 A.P Ryerge= || — VY. Friedel pairs were merged.  cordedRyee

MGSTAL-1 is highly homogeneous to mGSTA2-2. Only mGSTA1-+*GSBpd @5) with all the water molecules
10 residues differ between the two isozymes, among which removed. The rotation function was calculated using data
five are located in the last helix. However, the catalytic within the resolution range of 204 A and resulted in one
efficiency of mMGSTAL-1 is approximately 3.3-fold higher outstanding peak with a correlation coefficient of 0.468. The
than that of mMGSTA2-2. Previous enzymatic studies on result of translational search had a correlation coefficient of
MGSTAL-1 have also shown that double mutation of 207 0.598 and a crystallographR-factor of 0.385. Rigid-body
and 221 brings the activity of mMGSTA1-1 down to that of refinement within AmoRe improved the correlation co-
MGSTA2-2 toward GSH conjugation oftj-anti-BPDE efficient and crystallographi®-factor to 0.705 and 0.332,
(22—24); our crystal structure of mMGSTA1-1 in complex with  respectively.
the GSH conjugate offf)-anti-BPDE (GSBpd) suggests that The crystal structure refinement was initiated with the
R216 is also important in both substrate binding and catalysisCNS_0.9 package?), with the maximum likelihood target
(25). To elucidate the relationship between residues 207, 216,function. About 5% of reflections were randomly chosen for
and 221 and the distinct catalytic efficiency of mMGSTAL1-1 Ry cCalculations. The starting model of mMGSTA225Bpd
and 2-2 toward €)-anti-BPDE, we have determined the had the uniformly assigned temperature factor of 2020 A
crystal structure of mGSTA2-2 in complex with GSBpd at The first round of refinement resulted in &ee of 0.355

1.9 A. and anR-factor of 0.307 for reflections of 30-€2.0 A with
Flo(F) = 2. Maps with the Fourier coefficients=2 — F
EXPERIMENTAL PROCEDURES andF, — F. were calculated. The whole model was checked

Crystallization and X-ray Diffraction Data Collection. —and adjusted according to the electron density maps and the
mGSTA2-2 was expressed and purified as described previ-Primary amino acid sequence of mGSTA2-2. Residues with
ously @1, 22). GSBpd was synthesized and purified as incomplete densﬂy were replaced Wlth ala_nlne or glycine.
reported elsewhere(). The hanging drop vapor diffusion The electron densrcy_ for the C-termmaln helix starting from
technique was used to grow crystals. The drop contained-207 to the C-terminus was poor. With the progress of
10.0 mg/mL mMGSTA2-2, 56% PEG4000, and 3% 2-pro- refln(_ament, water molecu_les were picked from the d|ffergnce
panol in 20 mM NaHepes (pH 7.5). The molar ratio of Fourier maps as peaks higher than @.&nd were deleted if
GSBpd to protein was maintained at about 4:1. The drops the B-factor became higher than 45 after the refinement. The
were equilibrated at 18C against the well solution that data for refinement were progressively extended to 1.9 A.
contains 30% PEG4000, 15% 2-propanol, and 100 mM Simulated-annealing omit maps were calculated to locate and
NaHepes (pH 7.5). Diffraction-quality crystals grew within verify the positions of C-terminal residues. The density of
a week. residues 207221 was significantly improved. The GSBpd

X-ray diffraction data were collected at beamline X9B of Molecule was built into the difference density at 2:0n
the National Synchrotron Light Source at Brookhaven the active center. The following refinement with CNS_1.0
National Laboratory. Crystals were flash-frozen and were Nas reduced th&k. and R-factor to 0.249 and 0.200,
kept frozen at 100 K. The cryoprotectant was 0.085 M respectively. The final model contains 3566 protein atoms,
NaHepes (pH 7.5), 12.8% MPD, and 25.5% PEG4000. The 2 GSBpd molecules, and 327 oxygen atoms of water
crystal was annealed in the cryoprotectant for 10 min becausgmelecules. All X-ray diffraction data were included in
the original test showed severe ice rings. The annealed crystaf!€ctron density map calculations, and the program suite O
diffracted to 1.9 A. A Quantum-4 ADSC detector was used (29 was used to check and modify models. A detailed
for data collection. The raw-data images were processed angUmmary of the crystallographic refinement is shown in
scaled using Denzo and Scalepa@6)( Data collection Table 2.
statistics are summarized in Table 1.

Crystal Structure Determination and Refinememhe RESULTS AND DISCUSSION
structure of the mGSTA2-55SBpd complex was solved by Overall Structure.The final structure has good geometry
molecular replacement using the program Amo&4.(One with reasonable root-mean-square (rms) deviations (Table
dimer is present in the asymmetric unit. The search model 2). As revealed by the protein structure validation program
was the dimeric molecule of the crystal structure of PROCHECK 80), 93.1% of the residues exhibit the most
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Ficure 1: Overall structure of MGSTA2:&SBpd. (a) Schematic
representation of dimeric mMGSTA2&@SBpd. Green spirals are
o-helices, orange arrows aflestrands, and gray tubes are loops.
Ball-and-stick model with atomic color scheme (carbon, black;
oxygen, red; nitrogen, blue; and sulfur, yellow) represents GSBpd,
the GSH conjugate offf)-anti-BPDE. (b) Final E, — F electron
density (green net, contour level &)for GSBpd, which is shown

as a ball-and-stick model with the atomic color scheme used in
panel a with one exception: carbon is shown in gray. The figure
was prepared with the program BOBSCRIP3B)(and Raster3D
(39).

favorable¢—¢ relationship, and no residue has disallowed
¢—q relationships. The N-terminal alanine residue in both
subunits was not included because of insufficient electron
density.

The overall structure of MGSTA2-@SBpd is schemati-
cally illustrated in Figure la. There is one dimer in the
asymmetric unit. Each subunit is composed of rireelices
and fourf-strands, which are organized into two domains.
The smaller N-terminal domain contains the secondary-
structure elements2, al, 51, a2, 53, f4, anda3, and the
larger C-terminal domain contains sixhelices (Figure 1a).
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hGSTA1-1 81). The whole model has well-defined electron
density. The final &, — F. electron density map of GSBpd
molecule in the A subunit is shown in Figure 1b.

GSBpd Binding in the Aateé Center of mMGSTA2-ZThe
GSBpd molecule in both subunits has the same conformation.
As found in other structures of alpha class GSTs complexed
with GSH or GSH conjugate, the GSH moiety of GSBpd in
MGSTA2-2GSBpd is bound to the G-site via comprehensive
electrostatic interactions. Most of the polar atoms in GSH
are involved in the formation of hydrogen bonds and/or salt
bridges. Atom SG2 of the GSH moiety is pointing away from
the OH of Y8; the distance between SG2 and atom OH of
Y8 is 5.5 A. A water molecule bridges SG2 of GSH and
OH of Y8 (Figure 2a). The distance from the water oxygen
to SG2/OH is 4.3/2.7 A in subunit A and 4.1/2.6 A in subunit
B, respectively.

The hydrophobic ring system of GSBpd is located in the
H-site, a hydrophobic pocket constructed by the side chains
of F9, A11, L110, L207, 1212, A215, R216, and F221. As
depicted in Figure 2a, to the left side of the Bpd ring lie the
side chains of A215 and F221, with the side chain of F221
parallel to the ring system at the average distance of 3.5
4.0 A; on the right side of the Bpd ring are the hydrophobic
side chains of L110 and L207; on the top of the Bpd ring
lie the side chains of R216 and 1212; and the side chains of
Y8, F9, and All are located near the bottom of the
hydrophobic Bpd moiety. Among all the active site residues
that surround the Bpd moiety, Y8 and R216 have the
potential of forming hydrogen bonds with the substrate.
However, no hydrogen bonds are formed between Y8 or
R216 and GSBpd. The OH group of Y8 interacts with one
of the hydroxyl groups of GSBpd via a water molecule,
whereas the side chain of R216 lies perpendicular to the Bpd
moiety, and the distance between the guanidinium group of
R216 and any hydroxyl group of GSBpd3s7.5 A (Figure
2a).

Different Binding Modes of GSBpd in mGSTA1-1 and
MGSTA2-2The overall structure of mMGSTA2@SBpd is
very similar to that of mMGSTA1-GSBpd. However, the
conformation of GSBpd in mGSTA1-1 and mGSTA2-2
differs greatly, mainly because of the different conformation
around the CB2SG2 bond (Figure 2b). In mGSTA2-2
GSBpd, the CB2SG2 bond is pointing away from theOH
of Y8, whereas in mGSTA1-GSBpd, the CB2SG2 bond
is pointing toward the hydroxyl group of Y8, forming a
hydrogen bond (3.2 A) between SG2 ar®H.

In mMGSTA1-+GSBpd, the hydrophobic ring system of
GSBpd is sandwiched between the side chains of R216 and
F9, with the Bpd ring system parallel to the side chains of
F9 and R21625); whereas in mGSTA2-ZSBpd, the Bpd
ring system is almost perpendicular to the phenyl ring of F9
(Figure 2b). Consequently, the side chain of R216 is
perpendicular to the Bpd moiety, pointing away from the
active center in mGSTA2-2 (Figure 2b). Nevertheless, the
stacking interaction of the Bpd ring and a phenyl ring is
maintained for mGSTA2-2, of which F221 provides the
phenyl ring instead of F9 (Figure 2b).

Relationship between the GSBpd-Binding Mode and GST
Catalytic Actiity. The two GSBpd-binding modes in
MGSTAL1-2GSBpd and mGSTA2-5SBpd are also ob-

The overall and domain structures are very similar to those served in two variants of hGSTP1-1, hGSTP1-1[V104], and

of other class alpha GSTs, such as mGSTARE) @nd

hGSTP1-1[1104] (Figure 2c), where residue 104 in the H-site
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(a)

1212 1212

(C) mGSTAZ-2 mGSTAZ-2

Ficure 2: Stereoviews of the GST active center. (a) Active center architecture of mMGSTF&Bdd. Ball-and-stick model is used with

atomic color scheme (carbon, gray; oxygen, red; nitrogen, blue; and sulfur, yellow). Hydrogen bonds and electrostatic interactions are
shown as dashed lines. (b) Active center comparison of mGST&ERpd (red) and mGSTA2:&SBpd (blue). (c) Conformational
comparison of GSBpd in the crystal structures of mGSTAGSBpd (red), mMGSTA2-5SBpd (blue), hGSTP1-1[1104,A118SBpd

(green), and hGSTP1-1[V104,A12&SBpd (black). The figure was prepared with BOBSCRIB3)(

dictates the binding modes of GSBpLD). In mMGSTA1-% the (+)-anti-BPDE molecule binds to the H-site in the same
GSBpd and hGSTP1-1[V1043SBpd, a hydrogen bond (3.2 way the GSBpd molecule does, the electrophilic center of
A) is formed between-OH of the catalytic tyrosine (Y8  (+)-anti-BPDE is aligned perfectly with the sulfur atom of
and Y7 in mGSTA1-1 and hGSTP1-1, respectively) and SG2 GSH, and the catalytic tyrosine may be able to participate
of GSBpd; whereas in mGSTA2-@SBpd and hGSTP1- in catalysis as expected, suggesting that mGSTA1-1 and
1[1104]-GSBpd, this hydrogen bond does not existc(5 hGSTP1-1[V104] have higher catalytic activity toward){

A) (Figure 2 of this work, Figure 3 in ref0). Provided that anti-BPDE than mGSTA2-2 and hGSTP1-1[1104]. It is
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indeed the case. The turnover number of MGSTA1-1 is 4.5
times that of mMGSTA2-222), and the turnover number of
hGSTP1-1[V104] is 3.4 times that of hGSTP1-1[11032)
Residues 207 and 221 in mGSTA1-1 and 2-2 Are Respon-
sible for GSBpd-Binding Modén the H-site of mMGSTA1-1
and mGSTA2-2, two amino acid variations are present:
M207/1221 in mGSTA1-1 and L207/F221 in mGSTA2-2,

AW N
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respectively. It appears that these two residues are responsible

for the different binding modes of GSBpd. First, in both
structures, the shortest distance between the Bpd moiety and
residue 207 is-3.4 A. However, this distance would become
2.9 A if residue 207 were a methionine in MGSTA2-2
(Figure 2b). Thus, the steric interaction between the side
chain of M207 and the Bpd ring system in mGSTA1-1 is
likely the driving force to push the Bpd ring system down
and deep into the H-site. Second, in mMGSTAB3Bpd, the
favorable stacking interaction between the phenyl ring of
F221 and the Bpd moiety of GSBpd contributes also
significantly to the GSBpd-binding mode (Figure 2b). It has
been shown that the M207L/1221F mutant of mGSTA1-1
has a comparable catalytic efficiency as mGSTA222) (
probably because the mutant protein of mMGSTA1-1 binds
(+)-anti-BPDE the same way as wild-type mGSTA2-2.

R216 in mGSTA2-2 May Not Be Able to Pide Elec-
trostatic Assistance in Catalysi®ur previous studies have
shown that MGSTAL1-1 is about 3.3-fold more efficient than
MGSTAZ2-2 in catalyzing the GSH conjugation af)tanti-
BPDE @1). We also found that R216A mutation results in
a marked decrease in the formation of GSBpd for both
MGSTAL-1 and 2-2. Mutation of R216 to alanine results in
a 58% decrease in the catalytic efficiency of mGSTA1-1;
the same mutation results in a 45% decrease in the catalytic
efficiency of mMGSTA2-2, suggesting that R216 contributes
more in the catalysis of mMGSTA1-128). The crystal-
lographic studies of mMGSTA1-GSH and mGSTAl-1l
GSBpd suggest that R216 plays important roles in both
substrate binding and catalysis by providing electrostatic
assistance in the epoxide-ring opening react@).(

The structure of mMGSTA2-55SBpd, however, reveals a
significantly different conformation of R216 such that its
side chain is pointing away from the H-site, and its
guanidinium group does not interact with any hydroxyl group
of GSBpd (Figure 2b). Therefore, R216 cannot provide any
electrostatic assistance in the epoxide-ring opening reaction
catalyzed by mGSTA2-2, which may account for its rela-
tively lower catalytic efficiency in comparison with mG-
STA1-1. Indeed, the R216A mutant of mMGSTA1-1 has a
catalytic efficiency that is comparable to that of MGSTA2-2
(23).
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