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ABSTRACT. The ultimate diol epoxide carcinogens derived from polycyclic aromatic hydrocarbons, such
as benzdj]pyrene (BP), are metabolized primarily by glutathione (GSH) conjugation reaction catalyzed
by GSH transferases (GSTs). In human liver and probably lung, thess GSTs are likely to be responsible

for the majority of this reaction because of their high abundance. The catalytic efficiency for GSH
conjugation of the carcinogenid-§-anti-benzop]pyrene-7,8-diol-9,10-epoxidef()-anti-BPDE] is more

than 5-fold higher for \hGSTA1-1 than for hGSTA2-2. Here, we demonstrate that mutation of isoleucine-
11 of hGSTA2-2, a residue located in the hydrophobic substrate-binding site (H-site) of the enzyme, to
alanine (which is present in the same position in hGSTA1-1) results in about a 7-fold increase in catalytic
efficiency for (+)-anti-BPDE-GSH conjugation. Thus, a single amino acid substitution is sufficient to
convert hGSTA2-2 to a protein that matches hGSTA1-1 in its catalytic efficiency. The increased catalytic
efficiency of hGSTA2/I11A is accompanied by greater enantioselectivity for the carcinogeyani-

BPDE over (-)-anti-BPDE. Further remodeling of the H-site of hGSTA2-2 to resemble that of hGSTA1-1
(S9F, I111A, F110V, and S215A mutations, SIFS mutant) results in an enzyme whose catalytic efficiency
is approximately 13.5-fold higher than that of the wild-type hGSTA2-2, and about 2.5-fold higher than
that of the wild-type hGSTA1-1. The increased activity upon mutations can be rationalized by the
interactions of the amino acid side chains with the substrate and the orientation of the substrate in the
active site, as visualized by molecular modeling. Interestingly, the catalytic efficiency of hGSTA2-2 toward
(—)-anti-BPDE was increased to a level close to that of hGSTA1-1 upon F110V, not I111A, mutation.
Similar to (+)-anti-BPDE, however, the SIFS mutant was the most efficient enzyme for GSH conjugation
of (—)-anti-BPDE.

BenzoR]pyrene (BP) is the prototype and best character- so forth (). PAHs are tumorigenic in experimental animals
ized member of the polycyclic aromatic hydrocarbon (PAH) and suspected human carcinogehsJ). The tumorigenic
family of environmental pollutants that are abundant in activity of BP is mainly attributed to its diol epoxide isomer
cigarette smoke, automobile exhaust, barbecued food, and7R,89-dihydroxy-(%5 10R)-epoxy-7,8,9,10-tetrahydrobenzo-
[a]pyrene [(+)-anti-BPDE] (refer to Figure 1 for the structure
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7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobemipjrene; CDNB, of BP have been shown to inhibit mutagenic and/or tumori-

1-chloro-2,4-dinitrobenzene; GSH, glutathione; GSBpd, GSH conjugate genic activity ofanti-BPDE (13-16). However, the GST-
of (+)-anti-BPDE; GSEa, GSH conjugate of ethacrynic acid; hGSTAL- catalyzed GSH conjugation of+)-anti-BPDE is believed

1, a class human GSH transferase Al-1; hGSTA2:Zlass human ; : ; ;
GSH transferase A2-2; mGSTAL-1, murineclass GSH transferase .tO b(.a the most |mportqnt enzymatic mechgnlsm fo_r Its
Al-1: PAH, polycyclic aromatic hydrocarbon; TKE buffer, 50 mm  inactivation (0—12). The importance of GSTs in protection

Tris—HCI (pH 7.5) containing 2.5 mM KCl and 0.5 mM EDTA. against {+)-anti-BPDE is supported by the following ob-
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(+)-(7R.8S,9S,10R)-BPDE

(-)-(7S,8R,9R,105)-BPDE

Ficure 1: Structure and absolute configuration &f)¢ and ()-
enantiomers oénti- BPDE.

servations: (a) the GSH conjugation of)tanti-BPDE is
significantly increased in the presence of purified GST
isozymes {0—12), (b) ectopic expression of GSTs offers
significant protection against interactionarfti-BPDE with
DNA (17—-19), and (c),p,L-buthionine-§R)-sulfoximine-
mediated depletion of tissue GSH levels, which is likely to
compromise GSH conjugation of-j-anti-BPDE, increases
sensitivity of mice to BP-induced tumorigenesi).

GSTs are a superfamily of multifunctional isozymes that
can detoxify a wide variety of electrophilic xenobiotics
primarily by catalyzing their conjugation with GSI2X, 22).
Cytosolic GST activity is due to multiple isozymes, which
have been grouped into several classes, naragly, (23),

0 (24), 0 (25), « (26), andC (27). At least fouro. class GST
gene products (hGSTA1-1, hGSTA2-2, hGSTAS3-3, and
hGSTA4-4) are expressed in human tiss@&3-31), which
differ remarkably in their substrate specificit§q; 32, 33).

For example, both hGSTA1-1 and hGSTA2-2 exhibit high
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gifts from Prof. Y. C. Awasthi (University of Texas Medical
Branch, Galveston, TX)33). Single mutants of hGSTA2-2
encoding S9F, 111A, F110V, and S215A were obtained using
the QuickChange Site-Directed Mutagenesis Kit (Stratagene)
with the sense primers &£C AAG CTC CAC TAC TIC
AAT ATA CGT GGC AG, 5-CAC TAC TCC AAT GCA

CGT GGC AGA ATG, B-TC CTT CTT CTG CCCGTT
ACT CAA CCT GAG, and 5G GAT GAG AAATCT TTA
GAA GAA GCA AGG AAG ATT TTC AGG, respectively,
together with the corresponding antisense primers (mutation
sites are italic). Primers used to introduce the S9F and I11A
mutations also introduced a silent mutation of A12 (CGG
to CGT) to prevent a run of four G’s, which presents
problems in oligonucleotide synthesis (the changed nucleo-
tides are shown in bold). To obtain the quadruple mutant
SOF+ I11A + F110V +S215A, the S9F- 111A mutation
was introduced (sense primérGCC AAG CTC CAC TAC
TTC AAT GCA CGT GGC AGA ATG GAG TCC ATC)

to the plasmid pET30a/hGSTA2(F110VS215A) that was
obtained first by the QuickChange Multi Site-Directed
Mutagenesis Kit (Stratagene) with two sense primefs (5
5Phos/TC CTT CTT CTG CCGTT ACT CAA CCT GAG

and 3-/5Phos/G GAT GAG AAA TCT TTA GAA GAA
GCA AGG AAG ATT TTC AGG). All mutations were
confirmed by sequencing of the entire open reading frame
of hGSTA2. TheE. coli expression host BL-21 Star(DE3)-
pLysS (Invitrogen) was transformed with wild-type hGSTA1
or hGSTA2 as well as the mutant hGSTA2 plasmids, and
cultured in the presence of 5@/mL kanamycin and 34g/

selenium-independent GSH peroxidase activity toward fatty ;| chloramphenicol at 37C. At a cell density 0fAsp =

acid hydroperoxides and phospholipid hydroperoxi@ss, (
whereas hGSTA3-3 is a highly efficient catalyst of double-

bond isomerization of intermediates in steroid hormone

biosynthesis, e.gA®>androstene-3,17-dion8@). The GSH
conjugation of alkenals is preferentially catalyzed by the
hGSTA4-4 isoform 81, 32). Distribution ofa class GSTs

is highly variable in human tissues. For instance, hGSTA1-1

and hGSTA2-2 isoforms are the predominantlass GSTs
in human liver (the major site for xenobiotic biotransforma-
tion) and lung (a target organ for PAH-induced canca4) (

0.6, IPTG was added to a final concentration of 0.5 mM,
and the cells were colleaes h later.

GST Purification A bacterial pellet was suspended in 22
mM potassium phosphate buffer, pH 7.0, containing 1.4 mM
2-mercaptoethanol (affinity buffer), sonicated, and centri-
fuged at 14009 for 45 min. The supernatant fraction was
dialyzed overnight against affinity buffer and subjected to
GSH affinity chromatography according to the method of
Simons and Vander JagB&) with some modifications
described by us previously39). The GST was eluted with

35), whereas the message for hGSTA3 is not detectable in10 mmM GSH in 50 mM Tris-HCI (pH 9.5) containing 1.4

human liver 80).

hGSTA1-1 and hGSTA2-2 are structurally closely related
with about 95% amino acid identity, yet the two isoforms
differ significantly in their activity toward )-anti-BPDE
(36). The crystal structure of hGSTA1-1 has provided

mM 2-mercaptoethanol. Purification of the GST protein was
monitored by determining the enzyme activity toward
1-chloro-2,4-dinitrobenzene (CDNB) as described by Habig
et al. @0). The protein content was measured by Bradford'’s
method 41). The purity of each GST preparation was

insights into the amino acid residues that constitute the gscertained by sodium dodecy! sulfaglyacrylamide gel

hydrophobic-substrate-binding site (H-site) and the GSH-

binding site (G-site) 7). The amino acid sequences of
hGSTAL-1 and hGSTA2-2 differ at 10 position23( 29).

electrophoresis4@) prior to the kinetic studies. A single
protein band was observed for each preparation.
GST Actiity DeterminationThe GST activity towar@nti-

While the G-site-defining residues are conserved betweengppg was determined as described by us previousdy (

hGSTA1l-1 and hGSTA2-2, the H-site-defining residues

44). Briefly, the reaction mixture in a final volume of 0.1

between these isoforms differ at four positions (positions 9, | contained 50 mM TrisHCI pH 7.5, containing 2.5 mM

11, 110, and 215). Here, we provide experimental evidence k| and 0.5 mM EDTA (TKE buffer), 2 mM GSH, 2@g/
to indicate that the catalytic difference between hGSTAL-1 1, (wild-type hGSTA1-1) or 40/ug/,mL (wild-typ,e hG-

and hGSTA2-2 towardH)-anti-BPDE is solely attributable
to the amino acid substitution in position 11 (alanine in
hGSTAL1-1 and isoleucine in hGSTA2-2).

MATERIALS AND METHODS

Site-Directed Mutagenesi$he bacterial expression vec-

STA2-2 and mutants of hGSTA2-2) GST protein, and the
desired concentration ofH)-anti-BPDE. The reaction was
initiated by adding{)-anti-BPDE, and the reaction mixture
was incubated for 30 s at 3. The reaction was stopped
by rapid mixing with 0.1 mL of cold acetone, followed by
extraction with ethyl acetate saturated with TKE buffer. The

tors pET30a/hGSTAL and pET30a/hGSTA2 were generous GSH conjugates off)- and (-)-anti-BPDE in the aqueous
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Ficure 2: Reversed-phase HPLC elution profile for water-soluble i
products resulting from the reaction of 2 mM GSH and (i)_ antJ-BPDE (”M)_ _
(4)-anti-BPDE in the absence of GST protein (panel a) and in the FIGURE3: Rate of GSH conjugation of{)-anti-BPDE as a function
presence of 20ug/mL hGSTA1-1 (panel b) and 4@g/mL of varying diol epoxide concentration (3120uM) in the presence
hGSTA2-2 (panel c). The GSH conjugates éf){anti- and )- of 20 ug/mL wild-type hGSTA1-1 (empty triangle, dotted line),
anti-BPDE eluted at retention times of 4.0 and 4.6 min, respectively 40ug/mL wild-type hGSTA2-2 (filled triangle, dotted line), 4@/
(denoted by the numbers 1 and 2, respectively, in panel a). ThemL hGSTA2/S9F mutant (empty circle, solid line), 4@/mL
identity of the GSH conjugates was ascertained by reversed-phaséddGSTA2/I11A mutant (filled circle, solid line), 4@g/mL hGSTA2/
HPLC analysis of authentic standards. F110V mutant (empty square, solid line), 4@/mL hGSTA2/
S215A mutant (filled square, solid line), and 46/mL hGSTA2/

C,SIFS mutant (empty tilted square, solid line).
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phase were resolved and quantified by reversed-phase HPL
as described by us previous§3 44). A blank was included

to account for nonenzymatic GSH conjugatioraofi-BPDE
enantiomers. The GST activity was determined as a function
of varying (£)-anti-BPDE concentrations (10120 uM) at

a fixed saturating concentration of GSH (2 mM) to determine
the kinetic constants. For determination of the kinetic
constant toward CDNB, the GST activity was determined
as a function of varying CDNB concentrations (61.2 mM)

The identity of the peak eluting at a retention time of about
9.2 min, which was observed only ifH)-anti-BPDE was
present in the reaction mixture, could not be established. As
can be seen in Figure 2a, the GSH conjugatiorofgnti-
BPDE was very low in the absence of GST protein, and was
increased by about 15- and 10-fold in the presence of
hGSTA1-1 (Figure 2b) and hGSTA2-2 (Figure 2c), respec-
at a fixed 1 mM GSH concentration at 28 essentially as tively. Similarly, the GSH comuggtlon of—()-anu—BPDE
described by Habig et al4g). (den_qted by_the number 2 in Flgurg 2a) was increased
significantly in the presence of both isoforms. Moreover,
RESULTS AND DISCUSSION while hGSTA1-1 exhibited slight preference toward GSH
conjugation of the )-anti-isomer [about 57% vs 43% for
Enantioselectiity and Catalytic Efficiency of hGSTA1-1 (—)-anti-BPDE) (Figure 2b), hGSTA2-2 was equally effec-
and hGSTA2-2 toward anti-BPDE:igure 2 depicts the tive in catalyzing the GSH conjugation of both isomers [51%
reversed-phase HPLC elution profiles of water-soluble and 49% for {)-anti-BPDE and {)-anti-BPDE, respec-
products resulting from the reaction of 2 mM GSH and 120 tively, Figure 2c).
uM (£)-anti-BPDE in the absence of GST protein (panel a)  Activities of hGSTA1-1 and hGSTA2-2 were determined
and in the presence of wild-type hGSTAL-1 (panel b) and as a function of varying diol epoxide concentration {10
wild-type hGSTA2-2 (panel c). The GSH conjugates-bj 120uM) at a fixed saturating concentration of GSH (2 mM)
anti-BPDE and {-)-anti-BPDE, which were identified by  to determine the kinetic constants. As shown in Figure 3,
reversed-phase HPLC analysis of authentic standards, elutedhoth hGSTA1-1 and hGSTA2-2 followed Michaelisenten
at retention times of about 4.0 and 4.6 min, respectively kinetics when GST activity was measured as a function of
(Figure 2a). Other peaks in the HPLC tracings were identified varying (£)-anti-BPDE concentrations. The kinetic constants
by analysis of the components of the reaction mixture for wild-type hGSTA1-1 and hGSTA2-2 toward-J-anti-
individually [e.g., TKE buffer alone, GSH alone, ot)- BPDE are summarized in Table 1. The catalytic efficiency
anti-BPDE alone] or in combination [e.g., TKE buffef of hGSTA1-1 (1.1 mM? s %) was>5-fold higher compared
GSH, TKE buffer+ (+)-anti-BPDE, or TKE buffer+ GSH with that of hGSTA2-2, which was attributable to an
+ (4)-anti-BPDE]. The peak eluting at a retention time of approximately 2.6-fold highéVmaxand about 50% loweky,
about 1.5 min was GSH, whereas the peak at 2.5 min wasvalue for the former isoform than those for hGSTA2-2 (Table
an impurity of the GSH preparation (perhaps oxidized 1).
glutathione). Theanti-BPDE is highly unstable in aqueous Effects of Mutations of Variant H-Site Residues on the
solutions and rapidly converted to benajpyrene-7,8,9,10-  Activity of hGSTA2-2 towardH)-anti-BPDE.On the basis
tetrol (5), which eluted at a retention time of about 6.2 min. of the three-dimensional structure of the protein, the GSH-
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Table 1: Kinetic Constants for Wild-Type hGSTA1-1 and hGSTA2-2 and Mutants of hGSTA2-2 towah(i-BPDE

Vmax Km kcat kca{Km
isozyme [(nmol/min)/mg] (uM) (s (mM~1s™)
Wild-Type Isozymes
hGSTA1-1 59+ 8* 47 + 16 0.05+ 0.007* 1.14 0.22**
hGSTA2-2 23+ 4* 98 + 30 0.024+ 0.003* 0.2+ 0.03**
Mutants of nGSTA2-2
hGSTA2/S9F 12+ 2* 49 4+ 22 0.01+ 0.002* 0.2+ 0.06
hGSTA2/111A 624 4** 35+6 0.05+ 0.003** 1.4+ 0.2*%*
hGSTA2/F110V 15+ 1* 36+ 10 0.012+ 0.001* 0.3+ 0.06**
hGSTA2/S215A Ot 4** 143 + 114 0.008+ 0.003** 0.064+ 0.02**
hGSTA2/SIFS 67 + 5** 22 +6 0.06+ 0.004** 2.7+ 0.5%

aWild-type hGSTA1-1 (2Qug/mL), wild-type hGSTA2-2 (4@g/mL), and each mutant of hGSTA2-2 (4@/mL) were incubated with 16120
UM (£)-anti-BPDE and 2 mM GSH in 50 mM TrisHCI (pH 7.5) containing 2.5 mM KCI and 0.5 mM EDTA (TKE buffer) for 30 s at 7.
The GSH conjugate oft)-anti-BPDE was resolved and quantified by reversed-phase HPLC as described by us pred®)ddly Kinetic parameters
were estimated by fitting a hyperbolic function to the experimental data points through nonlinear regression analysis, and dreshmptotic
standard error. For the wild-type isozymes, a single asterisk denotes that the parameter is different between hGSTA1-1 and h@STAD2; at
a double asterisk denotps= 0.001. The statistical significance between a given mutant and wild-type hGSTA2-2 is denoted as foflows:. 1%
**p < 0.05. Kinetic determinations were performed in triplicate, and the experiment was repeated to ensure reprodUthuliyGSTA2-2
mutant with combined mutations of S9F, 111A, F110V, and S215A.

Table 2: Differences in Amino Acid Sequences between hGSTA1-1 0.08
and hGSTA2-2 0.06 a
positior? hGSTA1-1 hGSTA2-2 H-site ' 1
9 phenylalanine serine yes 0.04
11 alanine isoleucine yes 0.02 2
18 threonine isoleucine no —_ J
88 arginine lysine no E e
110 valine phenylalanine yes S 0.08
111 cysteine threonine no ~ b
113 proline glutamine no (v\] 0.06
116 lysine glutamine no
124 lysine glutamine no ?: 0.04
215 alanine serine yes Q 0.02
a Excluding initiator methionine. §
binding-site (G-site) residues in hGSTA1-1 include Y8, R14, § 0.08 c
R44, Q53, V54, Q66, T67, D100, R130, and F219 (number- L 0.06
ing excludes initiator methionine). The amino acid residues < 0.04
assigned to the hydrophobic-substrate-binding site (H-site) '
of hGSTA1-1 are F9, All, G13, E103, L106, L107, P109, 0.02
V110, M207, L212, A215, and F22B7). The amino acid
sequence alignment of hGSTA1-1 and hGSTA2-2 reveals 1 2 3 4 5 6 7 8 9 10
10 substitutions (summarized in Table 2), but only 4 of these Retention time (min)

changes are located in the H-site (Table 2). On the other IGURE 4: Reversed-phase HPLC elution profile for water-soluble
hand, the G-site-defining residues are conserved betweerﬁroducts' resulting from the reaction of 2 mM GSH and

hGSTA1-1 and hGSTA2-2. We hypothesized that the H-site (1)-anti-BPDE in the presence of 4@y/mL hGSTA2/I11A (panel
amino acid substitution(s) might contribute to catalytic a), hGSTA2/F110V (panel b), and hGSTA2/SIFS (panel c). In panel
differences between hGSTA1-1 and hGSTA2-2 towardt ( a, the GSH conjugates of{-anti-BPDE and ¢-)-anti-BPDE are
anti-BPDE. We experimentally tested the above hypothesis respectively identified by the numbers 1 and 2.
by determining the{)-anti-BPDE-GSH conjugating activi-  (Table 1). The 111A mutation resulted in a pronounced
ties of the mutants of hGSTA2-2 in which amino acid increase in catalytic efficiency of hGSTA2-2 towardt)¢
residues in positions 9, 11, 110, and 215 were mutated toanti-BPDE. In fact, the catalytic efficiency of the hGSTA2/
the corresponding residues of hGSTAL-1 (hereafter desig-111A mutant was similar to that of the wild-type hGSTA1-1
nated as hGSTA2/SOF, hGSTA2/111A, hGSTA2/F110V, and (Table 1). This was due to a 2.7-fold increase in Yhex
hGSTA2/S215A). and about 64% reduction in th&, of the mutant protein
As shown in Figure 3, similar to the wild-type hGSTA1-1 compared with the wild-type hGSTA2-2. The reversed-phase
and hGSTA2-2, each mutant of hGSTA2-2 adhered to the HPLC elution profile for GSH conjugates @inti-BPDE
Michaelis—Menten kinetics. The kinetic constants for the enantiomers in the presence of hGSTA2/I11A mutant protein
mutants of hGSTA2-2 towardH)-anti-BPDE are also (40 ug/mL) is shown in Figure 4a. It is interesting to note
summarized in Table 1. The catalytic efficiency of hG- thatthe hGSTA2/111A mutant exhibited an almost exclusive
STA2-2 for GSH conjugation of+)-anti-BPDE was not preference toward+Hf)-anti-BPDE, with about 85% of the
affected by S9F mutation, although thg.x and theKy, GSH conjugation occurring with this enantiomer (Figure 4a,
values of the hGSTA2/S9F mutant were approximately 50% denoted as peak 1). Thé,.x and theK, values for the
lower compared with those of the wild-type hGSTA2-2 F110V mutant were lower by about 35% and 63%, respec-
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Table 3: Kinetic Constants for Wild-Type hGSTA1-1 and hGSTA2-2 and Mutants of hGSTA2-2 towyah(i-BPDE

Vmax Km kcat kca{Km
isozyme [(nmol/min)/mg] (uM) (s (mM~1s™)
Wild-Type Isozymes
hGSTA1-1 23+ 3 46+ 17 0.019+ 0.002 0.41+0.1
hGSTA2-2 26+ 5 123+ 39 0.021+ 0.004 0.18+ 0.02
Mutants of nGSTA2-2
hGSTA2/S9F A 1 43 + 18* 0.006+ 0.001** 0.13+ 0.04
hGSTA2/111A 11+ 3** 96 + 44 0.009+ 0.002** 0.094 0.02**
hGSTA2/F110V 144 2* 36+ 12 0.011+ 0.001* 0.30+ 0.07*
hGSTA2/S215A 1Gt 6* 214+ 201 0.008+ 0.005* 0.044 0.01**
hGSTA2/SIFS 33+3 11+5 0.027+ 0.002 2.50+ 0.98**

aWild-type and mutant enzymes were incubated with-120uM (+)-anti-BPDE and 2 mM GSH in TKE buffer for 30 s at 3€. The GSH
conjugate of {-)-anti-BPDE was resolved and quantified by reversed-phase HPLC as described by us predigusly. Kinetic parameters were
estimated by fitting a hyperbolic function to the experimental data points through nonlinear regression analysis, and are asywptotic
standard error. The catalytic efficiency of the wild-type hGSTA2-2 was significantly different from that of the wild-type hGSA%-0.02),
while the null hypothesis could not be rejected k.« and K, (p > 0.02). The statistical significance between a given mutant and wild-type
hGSTAZ2-2 is denoted as follows:p*< 0.1; **p < 0.03. Kinetic determinations were performed in triplicate, and the experiment was repeated to
ensure reproducibility? hGSTA2-2 variant with combined mutations of S9F, I11A, F110V, and S215A.

Table 4: Kinetic Constants for Wild-Type hGSTA1-1 and hGSTA2-2 and Mutants of hGSTA2-2 toward TDNB

Vmax KITI kcat kca{Km
isozyme [(umol/min)/mg] (mM) (s (mM~ts™)
Wild-Type Isozymes
hGSTA1-1 56+ 4 0.3+ 0.07 46+ 3 153+ 18
hGSTA2-2 18+ 2 0.5+ 0.13 154+ 2 30+ 6
Mutants of hGSTA2-2
hGSTA2/S9F 53t 13** 1.6 £ 0.59* 44+ 11* 28+4
hGSTA2/111A 3+ 0.2% 0.06 + 0.02** 2.6+ 0.1** 43+ 13
hGSTA2/F110V 85t 50 544+ 3.7 71+ 42 13+ 1**
hGSTA2/S215A 2H1 0.3+ 0.04 17+ 1 574 5**
hGSTA2/SIFS 94 0.4%* 0.2+ 0.04* 8+ 0.3** 40+ 4

a GST activity was determined as a function of varying CDNB concentrations-(02lmM) at a fixed concentration of GSH (1 mM) at 26.
Kinetic parameters were estimated by fitting a hyperbolic function to the experimental data points through nonlinear regression analysis, and are
shown= asymptotic standard error. Except for te (p > 0.25), other kinetic parameters between the wild-type hGSTA1-1 and wild-type hGSTA2-2
were statistically significantly differenpp(< 0.001). The statistical significance between a given mutant and the wild-type hGSTA2-2 is denoted
as follows: * < 0.1; **p < 0.02.P hGSTA2-2 variant with combined mutations of S9F, 111A, F110V, and S215A.

tively, in comparison with those of the wild-type hGSTA2- ingly, the F110V mutation caused an approximate 1.7-fold
2, leading to an approximate 1.5-fold increase in catalytic increase in the catalytic efficiency of the enzyme towary (
efficiency of the mutant protein (Table 1). On the other hand, anti-BPDE. Similar to the +)-anti-BPDE isomer, the
the S215A mutation caused a pronounced decrease ithGSTA2/SIFS mutant exhibited the highest catalytic ef-
catalytic efficiency of the protein (0.06 mM s™1) due to ficiency for (—)-anti-BPDE-GSH conjugation (Table 3).
an approximate 61% reduction in th&,.x and about 1.5- Kinetic Constants for the Wild-Type and the Mutant
fold increase in th&,, of the mutant protein (Table 1). The Enzymes toward CDNBhe kinetic constants for the wild-
enantioselectivity of hGSTA2-2 was not significantly altered type and the mutant enzymes toward model GST substrate
upon F110V mutation (Figure 4b) or SOF or S215A mutation CDNB were also determined, and the data are summarized
(data not shown). We also generated a quadruple mutant ofin Table 4. The catalytic efficiency of the wild-type hG-
hGSTA2-2 to mimic the H-site of hGSTA1-1 by mutating STA1-1 toward CDNB was approximately 5.1-fold higher
S9F, I11A, F110V, and S215A together (hGSTA2/SIFS). compared with that of the wild-type hGSTA2-2. Interestingly,
Interestingly, the hGSTA2/SIFS mutant was a more efficient the catalytic efficiency of hGSTA2-2 toward CDNB was
catalyst of ()-anti-BPDE-GSH conjugation than either moderately increased upon I11A (about 43% higher) and
wild-type hGSTAL-1 or wild-type hGSTA2-2 (Table 1). S215A (about 90% higher) mutations. However, the catalytic
Similar to the wild-type hGSTAL-1, the hGSTA2-2/SIFS efficiency of the hGSTA2/SIFS mutant, which exhibited the
mutant protein exhibited a preference toward GSH conjuga- highest efficiency toward both isomers aiti-BPDE, was
tion of the (+)-anti-BPDE enantiomer (Figure 4c). only slightly different from that of the wild-type hGSTA2-
Kinetic Constants for the Wild-Type and the Mutant 2. The catalytic efficiency of the hGSTA2/F110V mutant
Enzymes toward—)-anti-BPDE. Table 3 summarizes the was about 57% lower compared with that of the wild-type
kinetic constants for the wild-type and the mutant enzymes hGSTA2-2 (Table 4).
for GSH conjugation of{)-anti-BPDE. Similar to the{)- Structural Interpretation of the Kinetic DataRecently,
anti-BPDE isomer, the wild-type hGSTA1-1 isozyme was a we solved the crystal structures of murine GSTA1-1 in
relatively more efficient catalyst of<)-ant-BPDE-GSH complex with GSH conjugate oft{)-anti-BPDE (GSBpd)
conjugation compared with the wild-type hGSTA2-2. The (45, mGSTA2-2GSBpd complex46), and the two naturally
catalytic efficiency of hGSTA2-2 was statistically signifi- occurring allelic variants of hGSTP1-1 in complex with
cantly reduced upon I111A and S215A mutations. Interest- GSBpd @7). However, only two distinct binding modes of
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Ficure 5: Stereoview showing the active center of hGSTAL in complex with GSEa, the GSH conjugate of ethacryri@aditlg G

trace of protein is illustrated as gray pipes, the side chains of F9, Al1l, V110, and A215 are illustrated as ball-and-stick models in atomic
color scheme (carbon in black, nitrogen in blue, oxygen in red, and sulfur in yellow), and GSEa (two conformations) is illustrated as
thinner stick models. Also shown is GSBpd, the GSH conjugatet-pfapti-BPDE in the conformations of binding mode 1 (see the text

for details), as a thicker stick model, which is adjusted and superimposed with GSEa. The closest distances (A, in red) between the four
sides chains and the BPDE moiety are indicated with dotted lines. This figure was generated with MOLSEIRET RASTER3D%2).

GSBpd were observed in the four structures, one in mG- Table 5: Catalytic Efficiencies of Different Classes of Human GST
STA2-2 and hGSTP1-1[1104,A113] (binding mode 1) and Isozymes and Murine Class GSTs toward +)-anti-BPDE

the other in mGSTAL-1 and hGSTP1-1[V104,A113] (binding KealKm _ KealKm |
mode 2) (see Figure 2c in rd for the alignment of the isozyme  (mM™*s™) ref isozyme (mM~'s™) ref
four structures). We also found that binding mode 1 of HGSTALL 1 Human G?Ttlsdozyrr?gSSTMl L 108 "
GSBpd is associated with lower catalytic activity most likely 225" 05 E:gi:gt oy d§ heSTP11 37 1o
because the GSH sulfur is beyond the hydrogen bond _

. , . . Murine GST Isozymes
distance of the hydroxyl group of GST’s catalytic tyrosine | ssta1-1 131 50 MGSTA3-3 17 43
residue 46). In the present study, we have docked the GSBpd mGsTA2-2 40 50 MGSTA4-4 0.2 43
molecule into the active site of hGSTA1-1 in complex with
the GSH conjugate of ethacrynic acid (GSE) (However, of these three residues in the structure is taken into account.

we can do so only when the GSBpd molecule assumes theThe mobility of a residue, suggested by Bsfactor, is
conformation of binding mode 1 (Figure 5), suggesting that correlated with the rigidity of the structural motif in which
hGSTA1-1 should have a generally low catalytic activity it is located. In the crystal structure of hGSTA1-1 in complex
toward (+)-anti-BPDE. Nevertheless, the catalytic activity with GSEa, theB factors of the @ atoms of residues 11,

of hGSTA1-1 is >5-fold higher than that of hGSTA2-2 110, and 215 are 19.6, 48.3, and 47.6 A, respectivéy. (
(Table 1). The H-site residues of the two isozymes differ in A similar trend of theB factors of these three residues is
four positions, including residues 9, 11, 110, and 215. In also observed in other crystal structures of hGSTA1-1.
hGSTA1-1, the four residues are F9, Al1, V110, and A215, Therefore, residue 11 is located in a more rigid structural
whereas the corresponding residues in hGSTA2-2 are S9motif, and the Alll mutation should have a much more
11, F110, and S215, among which residue 9 is smaller thanprofound steric impact on the BPDE moiety than the V110F
that in hGSTA1-1 but the rest become bulkier. As illustrated and A215S mutations. Our kinetic data of single mutants
in Figure 5, F9, A11, V110, and A215 of hGSTAL-1 provide have demonstrated that this is indeed the case (Table 1).
favorable hydrophobic interactions with the BPDE moiety. Structural interpretation of the kinetic data toware){anti-
Therefore, the bulkier side chains of 111, F110, and S215 BPDE is not possible in the absence of the actual three-
will impose unfavorable steric interactions with the BPDE dimensional structure of hGSTA1-1 or hGSTA2-2 in com-
moiety; although S9 of hGSTA2-2 is smaller than F9 of plex with GSH conjugate of-{)-anti-BPDE.

hGSTAL-1, 111 and S215 prevent the BPDE moiety from  Biological Releance of hGSTA1-1-Catalyzed GSH Con-
moving toward S9 (not shown). Consequently, hGSTA2-2 jugation of anti-BPDEThe catalytic efficiency of hGSTA1-1
should exhibit an even lower catalytic activity toward){ or hGSTA2-2 for GSH conjugation ofH)-anti-BPDE is
anti-BPDE, which is consistent with the kinetic data of the considerably lower compared with that of thdhGSTM1-
hGSTA2-2 variant with combined mutations of S9F, I11A, 1) orx (hGSTP1-1) class human GST isozymes (Table 5;
F110V, and S215A (Table 3). Among residues 11, 110, and 10—12, 49). Despite a lower activity, however, hGSTA1-1
215, residue 11 appears to have the biggest impact on thes likely to play a major role in protection against carcino-
catalytic activity of the enzyme toward+j-anti-BPDE genic effects ofanti-BPDE in human liver, which is the
(Table 1), which is readily explainable when the mobility major site of xenobiotic transformation, because the expres-
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sion of hGSTP1-1 is very low in adult human liver and
hGSTM1-1 is absent in about 50% of Caucasians due to gene
deletion @1, 22). hGSTA1-1 may also play an important
role in detoxification of ¢)-anti-BPDE in human lung,
which is a target organ for BP-induced carcinogenesis, due
to its higher abundancey).

As summarized in Table 5, the murine GSTA1-1 is
significantly more efficient than the corresponding human
GSTAI1-1 in catalyzing the GSH conjugation of \-anti-
BPDE (ref 50 and the present study). The amino acid
sequence similarity between murine and human GSTA1-1
is about 75%. The structural basis for such a high disparity
in activity of these enzymes towashti-BPDE was poorly
understood until recently when we were able to solve the
crystal structure of MGSTA1-1 in complex with GSBbY.
These studies revealed that, in comparison with that of
MGSTAL-1, the H-site of hGSTA1-1 is narrow due to
squeezing of the C-terminal heli%%). Consequently, bulky
substrates such astJ-anti-BPDE can be more readily
accommodated by the H-site of MGSTAL1-1 than that of
hGSTA1-1.

ConclusionsThe results of the present study demonstrate
that a single amino acid substitution in position 11 is
sufficient to convert hGSTA2-2 to a protein that matches
hGSTAL-1 in its catalytic efficiency for GSH conjugation
of the potent environmental carcinogeh){anti-BPDE. The
increased catalytic efficiency of hGSTA2/I11A mutant is
accompanied by a greater enantioselectivity for the carci-
nogenic (-)-anti-BPDE over {)-anti-BPDE. Further re-
modeling of the H-site of hGSTA2-2 to mimic that of
hGSTAL-1 (S9F, I11A, F110V, and S215A) results in an
enzyme whose catalytic efficiency is approximately 13-fold
higher than that of the wild-type hGSTA2-2. The increased
activity upon mutations can be rationalized by the interactions
of the amino acid side chains with the substrate and the
orientation of the substrate in the active site, as visualized
by molecular modeling.
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