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ABSTRACT. We have previously identified a novel Alpha class murine glutathione (GStrfnsferase
isoenzyme (designated mGSTAI-2) which is exceptionally efficient in catalyzing the GSH conjugation of
(+)-anti-7,8-dihydroxy-910-epoxy-7,8,9,10-tetrahydrobenajgyrene [(+)-anti-BPDE], the ultimate
carcinogen of widespread environmental pollutant besjpgfene. Furthermore, we have demonstrated
that the Al-type subunit of this isoenzyme is significantly more active towadapti-BPDE than the

other subunit (INGSTA2). To establish the basis for catalytic differences between mGSTAI and mGSTA2,
which differ in their primary structures by 10 amino acids [distributed in three sectioit)(&s clusters

of two (residues 65 and 95), three (residues 157, 162, and 169), and five (residues 207, 213, 218, 221,
and 222) amino acids], three chimeric enzymes were expressed and tested for their activity #oward (
anti-BPDE. These studies revealed that amino acid substitution(s) in section Il determined the high catalytic
activity of mGSTAI. Molecular modeling studies suggested that amino acid substitutions at positions 207
and/or 221, but not at positions 213, 218, and 222, may be responsible for such a difference. To test this
possibility, amino acids at positions 207 and 221 of mGSTAI were mutated with the equivalent residues
of MGSTA2. Kinetic analysis of the wild type and the mutant enzymes revealed that both methionine-
207 and isoleucine-221 are critical for higher activity of mMGSTA1-1 towaiignti-BPDE compared

with that of mMGSTA2-2.

Benzop]pyrene (BP) is the prototypical and best- believed to be a crucial event in BP-induced tumorigenesis
characterized member of the polycyclic aromatic hydrocar- (7). Several different mechanisms have been identified which
bon (PAH) family of environmental pollutants, which are can inactivate<)-anti-BPDE and, therefore, reduce its level
suspected human carcinogeis. (The tumorigenic activity of interaction with DNA. The known mechanisms of )¢
of BP is attributed to its metabolite-)-anti-7,8-dihydroxy- anti-BPDE inactivation include spontaneous hydrolysis to
9,10-epoxy-7,8,9,10-tetrahydrobenalglyrene [(t+)-anti- tetrols and ketodiols, nonenzymatic as well as cytochrome
BPDE] @2, 3), which is formed through catalysis by P450-catalyzed conversion to triols and triolepoxides, hydra-
cytochrome P450-dependent monooxygenases and epoxidgon by epoxide hydrolase, and glutathione (GSH)
hydrolase 4—6). Covalent interaction of the epoxide function transferase (GST)-catalyzed conjugation with GBH13).
of (+)-anti-BPDE with nucleophilic centers in DNA is  However, GST-catalyzed conjugation ef)anti-BPDE with
GSH is believed to be the most important mechanism of its
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distinct classes, namely Alpha, Mu, PL9), Theta @0),
Sigma @1), Kappa g2), and Zeta23). GST isoenzymes of
the above classes exhibit overlapping but discrete substrate

Table 1: Amino Acid Differences between mGSTAL1 and mGSTA2
section amino acid residue mGSTAL mGSTA2

preferencesi(g). | 65 alar_1ine vr?line _
Previous studies with purified rat and human GSTs have 12? iiiﬁﬁfcme f,aﬁ?ﬁg ne

shown that while Pi class isoenzyme (GSTP1-1) is highly 162 valine leucine

efficient in catalyzing the GSH conjugation of-f-anti- 169 phenylalanine  leucine

BPDE, this diol epoxide is a poor substrate for Alpha class i 220173 rgﬁtgr%?r'ge 'glﬂ‘t:;ﬁic acid

isoenzymesi1, 12). Recently, we have characterized a novel 218 alanine valine

Alpha class mouse GST isoenzyme (previously designated 221 isoleucine phenylalanine

by us as GST 9.5)24), which is exceptionally efficient 222 glutamine -

toward (+)-anti-BPDE (13). For example, the catalytic

efficiency keafKm) of this isoenzyme towardi)-anti-BPDE 157162 169 207213218 221 222

is approximately 74625-fold higher than those of other 65 95

Alpha class murine GSTs (MGSTA3-3 and mGSTA448) ( - ' ' L R

Furthermore, GST 9.5 is approximately 66- and 9-fold more : 1 11 n— W

efficient in catalyzing the GSH conjugation of-)-anti- Bglll Bglll Stul BamHI

BPDE than mGSTM1-1 (Mu class) and mGSTP1-1 (Pi 0 3(|)0bp 545 bp 669 bp

class), respectivelyl@). More recently, we have demon-

strated 25) that GST 9.5 is a dimer of Al and A2 subunit /

types, which differ in their primary structures by 10 amino Bglll BamHl

acids. In addition, we have shown that the catalytic efficiency
of recombinant mGSTAL1-1 towardH)-anti-BPDE is >3-
fold higher than that of the recombinant mGSTA225)(

In the study presented here, we have used chimeric enzyme
construction, molecular modeling, and site-directed mutagen-Ficure 1: Restriction sites used to prepare chimeric constructs of
esis techniques to identify the amino acid residue(s) respon-mGSTA1 and mGSTA2. The solid line represents the mGSTAI
site for cataytc diferences between MG TAL L A O e e eporeof 10 s ok
MGSTA2-2 toward )-anti-BPDE. Here, we report that ;
methionine-207 andgoleucine-221 in the mGST,pAl-l struc- differences between_mGSTAI and mGSTA. . )
ture (the corresponding amino acid residues in mGSTA2-2 Were separated with a 1% agarose gel, purified using the
are leucine and phenylalanine) are critical for its high activity Prep-A-Gene DNA purification kit according to the manu-

pET-11d/
mGSTAI

(6.3kb)

toward ()-anti-BPDE. facturer’s instructions, and ligated using T4 DNA ligase. The
resultant construct contained section | of mMGSTAI and
EXPERIMENTAL PROCEDURES sections Il and Il of mMGSTA2. To replace section Ill of

MGSTAZ2 with the equivalent section of mGSTAI, both pET-

Materials. Restriction endonucleases and T4 DNA ligase 11d/mGSTA1 and pET-11d/mGSTA2 plasmids were di-
were purchased from New England BioLabs, Inc. (Beverly, gested withStu and BanHI. The Stu restriction site is
MA). Tag DNA polymerase and BL21(DE3) competent cells  |ocated 545 bp downstream of the ATG start codon, whereas
were obtained from Promega (Madison, WI) and Novagen, the BanHl site is on the pET-11d vector downstream of the
Inc. (Madison, WI), respectively. The Prep-A-Gene DNA mGSTA cDNA insert location. The above digestions resulted
purification kit was purchased from Bio-Rad Laboratories in a small fragment (about 160 bp) containing section Il of
(Hercules, CA). Epoxy-activated Sepharose 6B, GSH, and the mGSTA cDNA insert and a small portion of the vector,
isopropyl 3-p-thiogalactopyranoside (IPTG) were obtained and a large fragment containing rest of the mGSTA cDNA
from Sigma (St. Louis, MO).{)-anti-BPDE was procured insert and the vector. The small fragment of MGSTA1 was
from the National Cancer Institute, Chemical Carcinogen ligated with theStu—BanH|I large fragment from pET-11d/
Reference Standard Repository (Chemsyn Science LaboramGSTA2. Therefore, the resultant construct contained sec-
tories, Lenexa, KS). tions | and Il of MGSTA2 and section Il of mMGSTAL.

Preparation of Chimeric Construct®lasmids pET-Ild/ Preparation of a construct containing section Il of MGSTA1
MGSTALl and pET-11d/mGSTA2 containing the coding and sections | and Il of MGSTA2 was achieved similarly
regions of MGSTAL1 and mGSTA2Y), respectively, were  using the restriction enzymes described above. The ligation
isolated from DM1 bacterial cells using standard procedures. mixtures containing chimeric constructs were transformed
As shown in Table 1, mGSTAIl and mGSTA2 differ by 10 into BL21(DE3) competent cells, and the colonies were
amino acids which are distributed in three sectionslI() screened by plasmid analysis and GST activity determination
as clusters of two, three, and five amino acids, respectively. using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate.
Restriction enzyme8glll, Std, and BanHI| were used to  The GST activity toward CDNB was determined by the
prepare chimeric constructs (Figure 1). To replace section | method of Habig et al. 26). The protein content was
of MGSTA2 with the corresponding section of mMGSTAL, determined by Bradford’s metho@7).
plasmids pET-11d/mGSTAI and pET-11d/mGSTA2 were  Molecular Modeling.Molecular modeling studies were
digested wittBglll, which resulted in a small fragment (about carried out with program suites X-PLORSE) and O @9)
400 bp) and a large fragment. The small fragment of pET- on an SGI Indigo2 Impact 10000 workstation. The initial
11d/mGSTAZ1 and the large fragment of pET-11d/mGSTA2 model of the GSH conjugate of{-anti-BPDE (GS-BPD)
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Table 2: Primers Used for Site-Directed Mutagenesis

mutation direction oligonucleotide sequefce
MGSTA1-M207L forward a2 'SCTCCCtTGGATGCAAAACAAA-3
reverse bl 5GCTTTCTCTGGCTGCCAG-3
forward a® 5-CGGATAACAATTCCCCTCTAGAA-3
reverse b2 5-CAGCTTATCATCGATAAGCTT-3
MGSTA1-1221F forward a2 'BAGGCTTTCAAGITTCAGTGAA-3
reverse bl BTCCTTGCTTCTTGAATTTGTTT-3
MGSTA2-L207M forward a2 '5GAAAGCCTCCCaTGGATGCAA-3
reverse bl S5TCTGGCTGCCAGGCTGTAGAAA-3
MGSTA2-F2211 forward a2 '"BECAAGGAAGGTTTTCAAGATTTAG-3
reverse bl BCTTCTTCAATTTGTTTTGCATCC-3

2The desired mutations in forward primer a2 are shown in loweréa@gmer pair al,b2 was common for each mutation.

was taken from the crystal structure of hGSTP1-1[V104,AlI13]
in complex with GS-BPD? Guided with the binding mode

min followed by 35 cycles at 95C for 1 min, 60°C for 1
min, and 72°C for 2 min. Finally, the reaction mixture was

of various GSH conjugates observed in the crystal structuresincubated at 72C for 7 min. The reaction was terminated

of five complexes, hGSTAL-1 witB-benzylglutathione30),
hGSTAI-1 with the GSH conjugate of ethacrynic acgi),
hGSTA121-121 withShexylglutathione §2), hGSTA4-4
with iodobenzylglutathioné and mGSTA4-4 with the GSH
conjugate of 4-hydroxynon-2-enathe GS-BPD molecule
was docked into the active site of MGSTA2-2, the crystal
structure of which has been determined in the form of a
MGSTA2-2GSH complex. The initial model of MGSTA1-
1-GS—BPD was constructed from the initial model of
MGSTA2-2GS-BPD with the mutation-replace protocol
embedded in the O graphics suig9). Both complexes were
built in the form of a dimeric molecule considering the fact
that GSH interacts with the side chains from both subunits
in the mGSTA2-2GSH complex. All the water molecules
of the crystal structure were excluded in model building. The
models were subjected to geometry optimization using the
conjugate gradient method of Powel3j. The geometric
parameters of Engh and Hub&4j were used as the basis
of the force field.

Site-Directed Mutagenesid-he amino acid residues at
positions 207 and 221 of mMGSTAL were replaced with the
corresponding amino acids of mMGSTA2 by PCR-based site-
directed mutagenesis. The mGSTAL cDNA insert in vector
pET-11d was amplified by two PCRs using primer pairs
al,bl and a2,b2, which are shown in Table 2. Forward primer
al and reverse primer b2 were common for both mutations.

The primers al and b2 were designed to be complementary

to the vector sequence on both sides of the mMGSTA cDNA
insert and contained restriction sitegad and Hindlll,
respectively. The forward primer a2 contained the desired
mutation. Reverse primers bl for both mutations were
designed to be next to the start base of the forward primer
a2. The PCR mixture in a total volume of a0 contained

1x PCR buffer [10 mM Tris-HCI (pH 9.0), 50 mM KClI,
and 0.1% Triton X-100], 3 mM MgG} dNTPs (200uM
each), primers (2.5uM each), 2.5 units of Tag DNA
polymerase, and 20 ng of the pET-11d/mGSTA1 plasmid.
PCRs were started by heating the mixture to°@4for 3—4

2X. Ji, J. Blaszczyk, B. Xiao, R. O’'Donnell, X. Hu, C. Herzog, S.
V. Singh, and P. ZimniakBiochemistry(submitted for publication).

8 C. M. Bruns, I. Hubatsch, M. Ridderstrom, B. Mannervik, and J.
Tainer, Protein Data Bank entry 1gul (layer 1 release).

4B. Xiao, S. P. Singh, Y. C. Awasthi, P. Zimniak, and X. Ji,
Biochemistry(submitted for publication).

5Y. Gu, B. Xiao, H. Xia, S. V. Singh, and X. Ji, manuscript in
preparation.

by incubation at 4°C for more than 10 min. Two PCR
products from al,bl and a2,b2 were gel purified and treated
with PK enzyme mix from Novagen to remove nucleotide
overhangs and to phosphorylate®H of the PCR products.
After purification using the QIAgen PCR purification Kit,
the al,bl and a2,b2 PCR products were digested Xith

and Hindlll, respectively, and purified again using the
QIAgen PCR purification kit. Subsequently, the two modified
PCR products were ligated with the pET-11d vector which
was also cut byXba and Hindlll. BL2I(DE3) competent
cells were transformed by the ligates, and the resulting
colonies were screened by plasmid analysis and GST activity
assay. The positive clones were confirmed by DNA sequenc-
ing. For double mutation, the methods that were used were
the same as those for single mutations except that the
template used for PCR was the single mutant mGSTAL-
M207L. Mutation of amino acid residues at positions 207
and 221 of mGSTA2 with equivalents of mMGSTA1 was
achieved similarly except that the template used for PCR
was pET-11d/mGSTA2. The PCR primers for generation of
MGSTA2-L207M and mGSTA2-F2211 mutants are also
shown in Table 2.

Bacterial Culture and GST PurificatiorBacterial clones
containing the desired mGST constructs were grown over-
night in Luria-Bertani (LB) medium with 10Qug/mL
ampicillin. Overnight cultures were diluted 1:50 with LB
medium and incubated further with shaking @ h at 37
°C. IPTG was then added to a final concentration of 2 mM,
followed by incubation with shaking for an additionat-3
h. Subsequently, bacteria was harvested by centrifugation
at 80@ for 5 min and kept frozen at80 °C until they were
used. Generally, bacteria from 400 to 500 mL of culture were
used for GST purification. The bacterial pellet was thawed,
resuspended in 50 mM Tris-HCI (pH 8.0) containing 5 mM
EDTA and 50ug/mL lysozyme, and incubated at room
temperature for 15 min. The samples were sonicated to shear
genomic DNA. The bacterial lysate was centrifuged at
1400@ for 30 min. The supernatant fraction was dialyzed
overnight against affinity buffer [22 mM potassium phos-
phate buffer (pH 7.0) containing 10 2-mercaptoethanol]
and subjected to GSH-linked epoxy-activated Sepharose 6B
affinity chromatography. The GSH affinity chromatography
was performed by the method of Simons and Vander Jagt
(35) with some modifications described by us previously
(36). The GST was eluted with 5 mM GSH in 50 mM Tris-
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Table 3: Specific Activities of the Wild Type and Chimeric Enzymes towak§t€nti-BPDE

enzyme specific activity (nmol mirt mg)
recombinant MGSTA1-1 3750+ 280
recombinant mGSTA2-2 760+ 20
chimeric enzyme (section | of mMGSTA2-2 replaced with section | of MGSTA1-1) 80
chimeric enzyme (section Il of MGSTA2-2 replaced with section Il of nGSTA1-1) 580
chimeric enzyme (section Ill of mGSTA2-2 replaced with section Ill of MGSTA1-1) 360G0

a Data represent means$D) of at least three determinations.

HCI (pH 9.5) containing 10«M 2-mercaptoethanol. The  section Ill of MGSTA2-2 with the corresponding section of
homogeneity of the GST preparation was checked by reverse-nGSTA1-1 caused a pronounced increase in the specific
phase HPLC as described by us previoug)(The GST activity of the enzyme. The specific activity of this chimeric
preparation was dialyzed against 50 mM Tris-HCI (pH 7.5) enzyme was increased by about 4.7-fold compared with that
containing 2.5 mM KCI and 0.5 mM EDTA (TKE buffer) of the recombinant mGSTA2-2. Moreover, the specific
prior to kinetic studies. activity of the chimeric enzyme with section Ill replacement

Determination of GST Adtity toward (+)-anti-BPDE.The was more or less similar to that of the recombinant
GST activity toward {)-anti-BPDE was determined as mMGSTAL-1 (Table 3). These results clearly suggested that
described by us previouslh24, 25). Briefly, the reaction amino acid substitution(s) at position(s) 207, 213, 218, 221,
mixture in a final volume of 0.1 mL contained TKE buffer, and/or 222 may be responsible for the relatively higher
2 mM GSH, 14ug/mL GST protein, and desired concentra- activity of mMGSTA1-1 toward-)-anti-BPDE compared with
tion of (+)-anti-BPDE. The reaction was initiated by adding that of mGSTA2-2.

(+)-anti-BPDE, and the reaction mixture was incubated at  Molecular ModelingThe model of MGSTA2-25S-BPD
37°C for 30 s. The reaction was stopped by rapidly mixing s aligned with the crystal structure of NGSTA2GSH in
the solution with 0.1 mL of cold acetone, followed by Figure 2b, which reveals that the side chains of L207 and
extraction twice with ethyl acetate saturated with TKE buffer. F221 undergo Signiﬁcant conformational Changes due to the
The GSH conjugate ofi()-anti-BPDE in the aqueous phase existence of the BPD moiety. In contrast, E213 and V218
was quantified by reverse-phase HPLC as described by usside chains do not exhibit much difference between the two
previously (3). A blank without the GST protein was complexes. The distances from the BPD moiety to the side
included to account for nonenzymatic GSH conjugation of chains are 3.8, 12.8, 11.7, and 5.6 A for L207, E213, V218,
(+)-anti-BPDE. The GST activity was determined as a and F221, respectively. L207 and F221 are pointing toward
function of varying +)-anti-BPDE concentration (0120 the BPD moiety, whereas E213 and V218 are pointing away
uM) at a fixed saturating concentration of GSH (2 mM) to  (Figure 2b). It is therefore suggested that L207 and F221
determine the kinetic constants. The kinetic constants weremay be catalytically more important. Because L207 interacts
determined by nonlinear regression analysis of experimentalyith the hydrophobic ring system of BPD (Figure 2b,c), it
data points using the MichaetidMenten equation as the  favors the proteirproduct interactions, and may be the
model. protein—intermediate interactions as well. Due to the fact
that the phenyl ring system of F221 interacts with the
RESULTS AND DISCUSSION hydroxyl groups of BPD (Figure 2b,c), F221 contributes

Specific Actiities of the Chimeric Enzymes towarét)¢ negatively to proteirproduct and, perhaps, protein
anti-BPDE.We have shown previously that mMGSTA1-1 is intermediate interactions. Instgad, the two residues in mG-
>3-fold more efficient than mGSTA2-2 in catalyzing the STA1-1are M207 and 1221 (Figure 2c). It appears that both
GSH conjugation of{)-anti-BPDE @5). There are 10 amino sqbstltutlons favor prot_erﬁproduct mterachons. Compare_d
acid differences between mGSTAIl and mGSTAZ)(which ~ With L207, M207 has increased size and hydrophobicity,
are distributed in three sections(ll) as clusters of two which improves the hydrophobic interactions between residue
(residues 65 and 95), three (residues 157, 162, and 169)207 and the ring system of BPD. 1221 seems to have two
and five (residues 207, 213, 218, 221, and 222) amino acids,2dvantages over F221. First, 1221 is smaller than F221, which
respectively (Table 1 and Figure 1). Section | is located in "educes the hydrophobitydrophilic interaction between
the N-terminal half of the protein, whereas the other two résidue 221 and the hydroxyl groups of BPD. Second, also
sections are in the C-terminal domain. Figure 2a depicts onedue to the smaller size of 1221, it can undergo dramatic
subunit of the mGSTA2-B:SH complex highlighting the ponformatpnal cha_mges so that the hydrqphob|c CD atom
three clusters. To assess the contribution of each of the thrednteracts with the ring system of BPD, which enhances the
clusters to catalytic differences between mGSTA1-1 and Protein-product interactions (Figure 2c). Although mG-
mMGST2-2, three chimeric enzymes were generated whereSTA1-1 has one more residue, Q222 at the C-terminus, the
section 1, I, or Il of MGSTA2-2 was replaced with the Side chain of this residue points away from the active site
corresponding section of MGSTA1-1. A chimeric enzyme aS indicated by the results of molecular modeling studies
construction technique has been used successfully by othefFigure 2c).
investigators to probe the molecular mechanism of GST Kinetic Characterization of the Wild Type and Mutant
catalysis 87—39). As shown in Table 3, replacement of mMGSTA1-1The results of the molecular modeling studies
either section | or section Il of mMGSTA2-2 with the implied that amino acid differences between mGSTA1-1 and
corresponding section of mMGSTA1-1 did not increase the mGSTA2-2 at position 207 or 221, but not at position 213,
activity of the enzyme. On the other hand, replacement of 218, or 222, may account for their differential activity toward
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(a)

(b)

(c)

FiGuRE 2: Stereoviews showing (a) one subunit of the crystal structure of mGSTA342> (b) the comparison between the crystal
structure shown in panel a and the model of MGSTAZS-BPD (blue), and (c) the alignment of the model of MGSTAB3-BPD and

that of MGSTA1-1GS—BPD (red). The atomic color scheme (carbon in black, oxygen in red, nitrogen in blue, and sulfur in yellow) is
used for the side chains and GSH in the crystal structure only. In panels b and c, the hydroxyl groups at peditiointh& BPD moiety

are labeled. The illustration was prepared with Molscri8)(

(+)-anti-BPDE. To test this possibility, amino acid residues Table 4. Replacement of methionine-207 of MGSTA1-1 with
at positions 207 and 221 of mMGSTA1-1 were replaced with leucine resulted in a-21% decrease in th¥m,. of the

the corresponding amino acids of mMGSTA2-2, and the enzyme. TheVnya Of the enzyme was decreased by about
mutants were expressed Escherichia coli.The wild type 48% by substitution of isoleucine-221 of mMGSTA1-1 with
(recombinant mMGSTA1-1 and mGSTA2-2) and the mutant phenylalanine. Thé., values of the mGSTAI-M207L and
enzymes were tested for their activity towatig){anti-BPDE. MGSTAL-1221F mutants were lower by about 22 and 49%,
As shown in Figure 3, the wild type as well as the mutant respectively, than that of wild-type mGSTA1-1. Since the
enzymes adhered to MichaetidMenten kinetics when GST  Vpax Values of the mGSTA1-M207L and mGSTAI-I1221F
activity was measured as a function of varying){anti- mutants were still considerably higher than those for the
BPDE concentration at a fixed saturating concentration of recombinant mGSTA2-2, we reasoned that combined inter-
GSH (2 mM). Kinetic constants for the wild type and the action of amino acids at positions 207 and 221 may be
mutant enzymes towardH)-anti-BPDE are summarized in  important for higher catalytic activity of mGSTA1-1 because
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Table 4: Kinetic Constants for the Wild Type and Mutant mGSTA1-1 towergnti-BPDE

enzyme Vmax (Nmol mim! mg) Km (M) Keat (S71) KealKm (MM™1 s71)
recombinant mGSTA1-1 5368 400 41+ 9 4.5 110
recombinant mGSTA2-2 1246 170 32+ 11 1.0 31
single mutant MGSTA1-M207L 4236 210 55+ 9 35 64
single mutant mGSTA1-1221F 280D 180 53+ 8 2.3 43
double mutant MGSTA1-M207L/1221F 158070 34+ 4 1.3 38

aValues are meansSD) of at least three determinations.

4000

3000

(nmol/min/mg)
S
=

1000 4

(+)-anti-BPDE-GSH conjugation

T T T T

20 40 60 80 100
(+)-anti-BPDE concentration (uM)

Ficure 3: Rate of conjugation of GSH withH)-anti-BPDE as a
function of varying diol epoxide concentration in the presence of
14 ug/mL wild-type mGSTAI-l (), wild-type mGSTA2-2 #),
single mutant mGSTAI-M207L@), single mutant mGSTAI-1221F
(a), and double mutant mMGSTA1-M207L/I221R); The purified
wild-type and the mutant enzymes were incubated with varying
concentrations of-)-anti-BPDE (16-120 uM) and 2 mM GSH

in TKE buffer for 30 s at 37C. The GSH conjugate of)-anti-

120

The results of this study clearly indicate that amino acid
substitutions at positions 207 and 221 account for the
observed catalytic differences between mGSTA1l-1 and
MGSTA2-2 toward {)-anti-BPDE. The k.a/Km of the
recombinant mGSTAL1-1 is reduced by about 42 and 61%,
respectively, by replacing methionine-207 with leucine and
isoleucine-221 with phenylalanine. This is mainly due to an
approximately 21 and 48% reduction in thgax of the
MGSTA1-M207L and mGSTAL-1221F mutants, respectively,
compared with that of mGSTA1-1. Thies/Kmn of mG-
STA1-1is reduced even further (about 6p8pon combined
replacement of the above two amino acids. In fact, the
catalytic efficiency of the double mutant mGSTA1-M207L/
[221F (38 mM* s71) is more or less similar to that of the
wild-type mGSTA2-2 (31 mM?! s1) (Table 4).

The catalytic efficiency of mGSTAL-1 is approximately
77- and 655-fold higher than those of Alpha class murine
isoenzymes mGSTA3-3 and mGSTA42b), respectively.
The sequence of MGSTA1-1 is about 69 and 59% identical
to those of mMGSTA3-3 and mMGSTA4-4, respectively, (
25). While the molecular basis for the remarkable difference
in catalytic efficiencies between mGSTA1-1 and mGSTA3-3
or mGSTA4-4 is not clear, it is interesting to note that only

BPDE was quantified by reverse-phase HPLC as described by usmGSTAL-1 contains an isoleucine at position 221. This

previously (L3, 24).

of enhanced hydrophobithydrophobic interactions and
reduced hydrophobiehydrophilic interactions between pro-
tein and the product or intermediate (see the previous
section). To test this possibility, we generated a double
mutant where residues at positions 207 and 221 in mG-
STA1-1 were substituted with the corresponding amino acids
of mMGSTA2-2. The double mutation (MGSTA1-M207L/
1221F mutant) resulted in about 71% reduction in Yhex

of the enzyme. Moreover, both th&,, and thek., values

for the mGSTAI-M207L/I221F mutant were very close to
the values obtained for the wild-type mGSTA2-2.

Specific Actiities of the Wild-Type and Mutant mMGSTA2-2
toward (+)-anti-BPDE. The importance of the amino acid
residues at positions 207 and 221 in catalytic differences
between mGSTA1-1 and mGSTA2-2 toward){anti-BPDE
was further established by determining specific activities of

position is occupied by phenylalanine in mGSTA2-2 as well
as in mMGSTA4-4 (mGSTA3-3 is comprised of 220 amino
acid residues)1, 25). On the other hand, the amino acid
residue at position 207 is different among four Alpha class
murine GSTs 18, 25). This position is occupied by me-
thionine in MGSTA1-1, leucine in mMGSTA2-2, aspartic acid
in MGSTA3-3, and proline in mGSTA4-48, 25). Because
the side chain of residue 207 interacts with the hydrophobic
ring system of BPD (Figure 2b,c), the variation from M207
in MGSTAL-1to L207 in mGSTA1-2, to D207 in mGSTAS3-
3, and to P207 in mGSTA4-4 should make the isozyme less
and less efficient towardH)-anti-BPDE. However, the
precise mechanism leading to the difference in catalytic
efficiency caused by the amino acid substitutions among the
four Alpha-type murine GST isoenzymes remains to be
determined.

The level of amino acid sequence identity between murine
GSTA1 and human GSTA1 and GSTAZ2 is about 75 and

the mutant enzymes where the above amino acid residues78%, respectively45, 40, 41). The amino acid residue at

of MGSTA2-2 were replaced with the corresponding amino
acid residues of mGSTA1-1. The specific activities of
MGSTA2-L207M and mMGSTA2-F2211 mutants toware){
anti-BPDE (13304 20 and 990+ 33 nmol min! mg of
protein!, respectively) were approximately 1.8- and 1.3-
fold higher, respectively, than that of the wild-type mG-
STA2-2 (760+ 20 nmol mirm* mg of protein?). These
results provide additional evidence for the importance of
methionine-207 and isoleucine-221 in the){anti-BPDE—
GSH conjugating activity of mGSTAL-1 being higher than
that of MGSTA2-2.

position 207 of human GSTAL (methionine) is similar to
that of the mouse GSTA1, whereas both mouse GSTA2 and
human GSTA2 contain a leucine at position 2@, (40,

41). Excluding initiator methionine, murine GSTAL contains
222 amino acids, whereas human GSTA1 and GSTA2 are
comprised of 221 and 220 amino acids, respectiveby 40,

41). The specific activity of murine GSTA1-1 is about 37-
and 76-fold higher than those of hGSTA1-1 and hGSTA2-
2, respectivelf. These observations imply that neither

6S. V. Singh, unpublished observations.
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hGSTA1-1 nor hGSTA2-2 is the functionally similar human
counterpart of murine GSTA1-1. The question of whether
an isoenzyme functionally related to mouse GSTA1-1 is

expressed in human tissues is an interesting topic for future

investigations.

It is interesting to note that the expression of Alpha class
GST subunits varies considerably in tissues of A/J mice, a
strain used extensively in BP-induced tumorigenesis studies

(42). For example, mGSTA3-3 is the predominant Alpha
class GST isoenzyme in A/J mice lurg3], which is a target
organ for BP-induced tumorigenesi2]. On the other hand,

MGSTAS3-3 expression could not be detected in the fore-

stomach 24), which also is a target organ for BP-induced
tumorigenesis in A/J micel@). Instead, the Alpha class GST
activity in the forestomach of A/J mice is due to mGSTA1-2
(24). Since mGSTA1-2 is significantly more efficient than
MGSTAS-3 in the GSH conjugation (detoxification) af)-
anti-BPDE (13), it is not surprising that BP-induced tumor
multiplicity (average number of tumor nodules per mouse)
is significantly higher in the lung than in the forestomach of
female A/J mice 42, 44). These results suggest that GST
isoenzyme composition may determine organ specificity for
BP-induced tumorigenesis in mice.

In conclusion, the results of this study indicate that amino

acid differences occurring at positions 207 and 221 between

MGSTA1-1 and mGSTA2-2 account for their differential
catalytic efficiency in the GSH conjugation oft-f-anti-
BPDE.
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