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Abstract : In order to clarify the functional role of Tyr7 in human glutathione S-transferase
P1-1, we extensively investigated the effect of mutation of Tyr7 on the substrate specificity
and inhibition characteristics. The mutational replacement of Tyr7 with phenylalanine lowered
the specific activities with 1,2-dichloro4-nitrobenzene and 1,2-epoxy-3-(p-nitrophenoxy) pro-
pane for GSH-conjugation reaction to 3~5% of the values for the wild-type enzyme. The pKa
of the thiol group of GSH bound in Y7F was about 2.4 pK units higher than that in the
wild-type enzyme. The I, of hematin for Y7F was similar to that for the wild-type enzyme and
those of benastatin A and S-(2,4-dinitrophenyl)glutathione were only moderately decreased.
These results suggest that Tyr7 is considered to be important the catalytic activities not only
for GSH-chloronitrobenzene derivatives but also for GSH-epoxide conjugation reaction, rather
than to binding of the substrates.
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1. Introduction of homo- or heterodimers of subunits whose’

molecular weights are about 25 kDa.!? They

Glutathione S-transferase(GST, EC 2. 5. 1. 18) is  catalyze the formation of conjugates between

a family of multifunctional enzymes, which consist  reduced glutathione(GSH) and & wide variety of
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that could react with

nucleophilic chemical groups in proteins and nucleic

reactive compounds
acids and thus cause toxic effect, mutations and
cancer. They can also detoxify lipid and DNA
hydroperoxide by their intrinsic peroxidase
activity.® They are distributed in a wide range of
organisms from mammal to E. coli.! They can be
grouped into at least four distinct classes, alpha,
mu, pi, and theta according to their structures and
catalytic properties.’

The active site of GST is suggested to consist of
a GSH-binding site (G-site) and a nonspecific
hydrophobic site (H-site) to accommodate the
electrophilic substrates. Although the G-site and
the catalytic mechanism of this enzyme have been

the targets of many involving

6~9

investigations
chemical modification, site-directed mutagene-
sis!®~1, they have remained unclear for a long time,
Chen et al. mentioned that one major contribution
of GST to catalysis is to lower the pKa of the
bound nucleophile, GSH.!* The participation of a
general base in the catalytic mechanism is expected
and its pKa is estimated to be>7.5 in rat GST 4-4
and 7.6 in rat GST 3-31! However, the essen-
tiality of a histidine residue(s) as a general base in
the

reaction by human class Pi GST was rejected by
10

catalytic mechanism of GSH-conjugating
the study using site-directed mutagenesis.

By chemical modification study, tyrosine resi-
dues have been suggested to be present at or near
the active site of GST.'®* Human GST Pl-1 was
inactivated by incubation with N-acetylimidazole,
an O-acetylating reagent for tyrosine residues. The
inactivation of the enzyme by N-acetylimidazole
was effectively blocked in the presence of GSH at 0.
1~1mM, which was much lower than concentration
of the acetylating reagent(6mM), whereas it was
not blocked at all in the presence of l-chloro-2,
4dinitrobenzene. This result suggested that the
acetylated residue that was responsible for the
inactivation was located in the GSH-binding site of

‘the enzyme. Twelve tyrosine residues are present in
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GSTs Sequences
Class Pi 7°
1. Human PPYTVVYFPVRGRC
2. Pig PPYTITYFPVRGRC
3. Rat PPYTIVYFPVRGRC
4. Mouse PPYTIVYFPVRGRC
Class Alpha
5. Rat Yal(a) SGKPVLHYFNARGRM
6. Rat Ya(b) SGKPVLHYFNARGRM
7. Rat Yc PGKPVLHYFDGRGRM
8 Rat 8 EVKPKLYYFQGRGRM
9, Mouse Ya AGKPVLHYFNARGRM
10. Mouse Yc AGKPVLHYFDGRGRM
11. Rabbit alpha I ARKPLLHYFNGRGRM
12, Rabbit alpha 0 AGKPKLHYFNARGRM
13. Human Ha-1 AEKPKLHYFNARGRM
14. Human Ha-2 AEKPKLHYSNIRGRM
15. Chick CL3 AAKPVLYYFNGRGKM
Class Mu
16. Rat Ybla PMILGYWNVRGLT
17. Rat Yblb PMILGYWNVRGLT
18. Rat Yb2 PMTLGYWDIRGLA
19. Rat Yb3 PMTLGYWDIRGLA
20. Rat Ynd AMILGYWNVRGLT
21. Hamster PVTLGYWDIRGLA
22, Murine mGTmul PMILGYWNVRGLT
23. Murine mGTmu2 PMTLGYWDIRGLA
24, Murine GT55a PMTLOYWNTRGLT
25, Human GTHMUS PMTLGYWNIRGLA

26. Human GSTI1-1
27. Human GST1-2

PMILGYWDIRGLA
PMILGYWDIRGLA

28. Human HTGTS CESSMVLGYWDIRGLA

29, Schistosoma japonicum TKLPILGYWKIKGLV

Class Thata

30. Rat Yrs GLELYLDLLSQP

Insect

31. Musca domestica DFYYLPGSAP

32. Drosophila 1-1 VDFYYLPGSSP

Plant

33. Maize 1 APMKLYGAVMSWN
34. Maize I APLKLYGMPLSPN
Bacteria

35. E.coll. MKLFYKGGACSL
36. Proteus YYTGSSPHV

Fig. 1. Evolutionally conserved tyrosine residue, 2632

hGST P1-1. Among them, only Tyr7 is conserved in
all cytosolic GSTs(Fig. 1). Moreover, the three-
dimensional structure of the S-hexyl GSH-bound
class Pi GST, reported by Reinemer et al., shows
that the S-hexyl group is located adjacent to the
hydroxyl group of Tyr7.77 Accordingly, the thiol
group of GSH bound to the GST is also expected to
lie in the immediate neighborhood of the hydroxyl

group of Tyr7.
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In this study, we investigated the substrate
specificity and the inhibitory effect of the wild-
type enzyme and Y7F mutant in order to clarify

the functional role of Tyr7.
2. Materials and Methods

2.1. Materials

Wild-type hGST P1-1 was obtained by expression
of a cloned ¢cDNA in E. coli as described in the
previous paper./®® GSH, 1-chloro-2,4-dinitroben-
zene and 1,2-dichloro4-nitrobenzene were purchas-
ed from Kohjin Co. and Wako Pure Chem. Ind,
respectively. 1,2-Epoxy-3-(p-nitrophenoxy)propane
was obtained from Sigma. Glutathione-agarose was
prepared as described by Simons and Vander
Jagt.’¥ S-(2,4dinitrophenyl) glutathione was syn-
thesized by the method of Schramm et al.® Ben-
astatin A was gifted by Prof. Takaaki Aoyagi.?!

2.2. Preparation of mutant enzyme

Synthesis of the oligonucleotide, site-directed
mutagenesis, confirmation of mutation, constru-
ction of the expression plasmid, expression and
purification of the mutant enzyme were performed
16 protein

as described in the previous paper.

concentration of the wild-type enzyme was
determined by measuring the absorbance at 280nm
as described by Parker? and protein concentration
of the mutant was determined by using protein
assay reagent(Bio-Rad Lab.) and the wild-type

enzyme as a standard protein.

2.3. Enzyme activity

The specific activities were determined by
measuring the initial rates of the enzyme-catalysed
conjugation of GSH with 1,2-dichloro-4-nitroben-
zene or 1,2-epoxy-3-(p-nitrophenoxy)propane as
described by Habig and Jakoby? A ‘unit of
activity is defined as the amount of enzyme
catalyzing the formation of 1 zmole of product per

min under the conditions of the specific assay.

Specific activity is defined as the units of enzyme

activity per mg of protein.

2.4. Inhibition studies

The inhibitory effects on the activity of the
enzyme were measured by preincubating the
enzyme with ImM GSH and the inhibitor for 2 min
and initiating the reaction by addition of 20l of
50mM 1-chloro-2,4-dinitrobenzene(final concentra-
tion, ImM). The concentration of inhibitor giving
50% inhibition(I,)) was determined from plot of

residual activity against inhibitor concentration.

2.5. Electrophoresis and blotting

Denaturing SDS-PAGE was carried out by the
method of Laemmli?* in 12.5% gels. The molecu-
lar-mass makers were SDS molecular weight
standard markers(Bio-Rad) that contains phos-
phorylase B(92.5kDa), bovine serum albumin(66.
2kDa), ovalbumin(45.0kDa), carbonic anhydrase
(31.0kDa), soybean trypsin inhibitor(21.5kDa) and
lysozyme 14.4kDa). Coomassie Blue R-250 was used
for staining. Electrophoretic transfer of proteins to
transfer PVDF-membrane(Millipore}) in 2.5mM
Tris base, 192mM glycine, 20% methanol from 12.
5% SDS polyacrylamide gel was carried out by the
method of Towbin et al.?® Electroblotting was
carried out for 90min with 150 mA. Blotted
proteins were detected with primary antiserum for
hGST P1-1 and a secondary peroxidase rabbit IgG

of Vectastain ABC kit(Vector Lab. Inc.).

2.6. The dependence of kinetic parameters on pH.
Keat / Km™"®
determined by using the following buffers(0.1M) at
the incubated pH: Bis-Tris-HCI, from 55 to 7.0;
Tris-HCl, from 7.5 to 9.0:

laminopropanesulfonate, 9.5. Reaction was carried out

The dependence of on pH was

sodium 3-cyclohexy-

at saturating concentration of GSH(25mM) for the
anzyme activity and variable CDNB.

2.7. Circular dichroism analysis.
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Circular dichroism spectra were taken on a Jasco
J-600 spéctropolarimeter. Circular dichroic spectra
of enzymes were recorded in 20mM potassium
phosphate buffer(pH 7.0) using a 1mm cuvet path-
length. The measurements are expressed as mean
residue ellipticity, (§]mr, with a mean residue weig-
ht(Mr) of 110 for hGST P1-1. All measurements
were made at 30C.

2.8. Amino acid sequence analysis.

Amino acid sequencing was performed by using
an automated protein sequencer, model 477A,
equipped with on-line HPLC(Applied biosystems,
Inc.).

3. Results and discussion

All the known mammalian cytosolic GSTs are
homo- or hetero-dimers of subunits that consist of
200-240 amino acid residues. Only about 5% of the
amino acid residues are conserved in all cytosolic
GSTs.3 The six residues are conserved in all the
known sequences of GSTs; those are Tyr7, Pro53,
Aspb7, Ile68, Glylds and Aspl52 in hGST PI-1.
nghly conserved r&mdues are expected to be
important for catalytic act1v1ty However, Asp57
and Aspl52 are not important. for catalytic
activity of GST.® Among the'other four conserved
residues, only Tyr7 can b.e a major candidate of

catalytic residue(Fig. 1).

3.1. Puriﬁc.ntion and PAGE of mutant enzymes

To investigate the roles of the evolutionally
conserved Tyr7 in hGST Pl1-1 was replaced with
phenylalanine that is isosteric and unchérged by
oligonﬁcleotidé-direéted mutagenesis. The mutant
hGST P1-1 expressed in E. coli under the control of
tac promoter was isolated and purified by affinity
chromatography on immobilized .GSH. The affinity
of the enzyme was not lowered .i)y the_rep)acement
of Tyr7 with phenylalanine." One liter of culture
yielded approximately 3mg each of the purified wild
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* Fig. 2. Electrophoresis of recombinant hGST P1-1 and'

Y7F under denaturing conditions: Denaturing SDS-
PAGE was carried out using the method of Laemmli
(1970) in 1252 gel. Coomassie blue R-250 was used for
stalmng Lane M, molecular mass maker(Blo-Rad)
lane l w1ld—type enzyme lane 2 Y7F.

type and Y7F miltarit. The purified wild type and
Y7F mutant,appea;ed as a single band on SDS-
PAGE with an apparent Mr of 25,00Q(Fig. 2) and
the antibody ‘against the .purified wild-type hGST
Pl-1 prepafed from E coli repognized Y7F mutant
specifically(Fig. 3). The N-terminal amino. acid
sequence -,of the ;purified. Y7F was confirmed by
amino acid sequencing to be PR}(TVVFFPYR,‘

3.2. Substrate specificity

It has been snown that the initial step in
mercaptunc acxd formation is con]ugatxon of the
foreign compound with GSH, a reaction catalyzed
by GSTs for many substrates.! The GSH-1,2-di-
chloro-4- nitrobenzene conjugating activities of the
wild type g_nd{ Y7F were assayed(Tuble 1). The
specific _-arctivit'y‘ of the wiid—type enzyme toward ],
2-dichloro-4-nitrobenzene was 0.118 zmol/min/mg.
On the other'hand-,.'-the specific activity..of Y7F
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Fig. 3. Western blot analysis of the purified hGST P1-1
and Y7F: Lane M, molecular mass maker(Bio-Rad):
lane 1, wild-type enzyme: lane 2, Y7F.

toward 1,2-dichloro4-nitrobenzene was a 3.6% of
that of the wild-type enzyme. '

Epoxides are substrates that may be derivatives
of naturally occurring compounds as well as of
xenobiotics and are known as mutagenic and
carcinogenic substances. The GSH-[1,2-epoxy-3-(p-

nitrophenoxy)propane] conjugating activities of

S

3 - 2433

the wild-type enzyme and Y7F were assayed(Table
1). The specific activity of the wild-type enzyme
toward 1,2-epoxy-3-(p-nitrophenoxy)propane was 0.
360zmol/min/mg. On the other hand, the specific
activity of Y7F toward 1,2-epoxy-3-(p-nitroph-
enoxy)propane was about 5.1% of that of the wild-
This result that the
hydroxyl group of Tyr7 is responsible for GSH-

type enzyme. suggests
conjugation reaction with epoxide. Ji et al. reported
that the hydroxyl group of Tyrll5 in rat liver GST
M3-3 also was an electrophilic participant in the
addition of GSH to epoxides, and the two tyrosine
residues(Tyr6 and Tyrll5, the counterparts of
Tyr7 and Tyrl08 in hGST Pl-l, respectively)
represent a classical push-pull catalytic ensemble in

this reaction.??

3.3. Inhibition studies
The inhibitory effects on the GSH-[1-chloro-2,4- -

dinitrobenzene] conjugating activity of various

. kinds of inhibitors, benastatin A, hematin and S-(2,

4-dinitrophenyl)glutathione were determined under
the standard assay conditions(7hble 2). The Isp of
benastatin A, an electrophilic substrate-like
compound,? for Y7F was lower than that for the
wild-type enzyme about half-fold. The Isp of S-(2,
4dinitrophenyl)glutathione, a conjugation product
of GSH with l-'ch]oro-2,4-dinitrobenzene, for Y7F
was lower than that for the wild-type enzyme
about half-fold. The Isp of hematin, a non-substrate

ligand, for Y7F was similar to that for the wild-

Thble 1. Specific activities of the wil(_i-type enzyme and Y7F mutant for GSH-conjugation witﬁ 1,2-dichloro-~

4- nitroberzene and 1,2-epoxy-3-(p- nitrophenoxy)propane

1,2-dichloro4-nitrobenzene

1,2-epoxy-3-(p-nitro-

) ) ‘phenoxy)propane
Enzymes Specific Relative Specific - ' Relative
o activity activity activity activity
"( ol / min/mg) (%) (zamol /min/mg) (%)
Wild type 0.118+0.011 100 0.360+0.038 100
Y7F .0.004 £0.001 34 0.019+0.001 53

. Values are means+8S.D., generally based on n25.

Analytical Science & Technology
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Table 2. Inhibitory effect of benastatin A, S-(2,4-dinitrophenyl)glutathione and hematin on GSH-{l-chloro-2,

4-dinitrobenzene] conjugation

wild type Y7F mutant
Inhibitors Iso( M) % Iso( M) %
Benastatin A 274011 100 13101 48
8-(2,4-dinitrophenyl)GSH 13.5+1.2 100 7506 56
Hematin 0.62+0.02 100 0.59+0.02 95

Values are means+8S. D., generally based on n>5.

type enzyme, indicating that tyrosine 7 is not

involved in heme binding.

3.4. Dependence of kinetic parameters on pH

The keat/ KmCP B values of the wild-type enzyme
and Y7F for GSH-CDNB conjugating reaction
were determined at various pH with a large excess
of GSH. The pH dependences of kcat / EmCPVE of the

5

4.5 |

pH

Fig. 4. Dependence of kear/ K" Pvalues on pH: The
kinetic parameters of the mutants for the conjugation
of GSH with CDNB were determined under the
conditions of GSH(2.5mM) and variable concentra-
tions of CDNB(0.2~1.0mM) in the following buffers
(100mM) at the indicated pH: Bis- Tris-HCl, from 5.5
to 7.0; Tris-HC], from 7.5 to 9.0. O, wild type : @,
Q64A.
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wild—type enzyme and Y7F are shown in Fig 4.
From the plots of log(keai/Km °NP) against pH,
the pKa values of the thiol group of GSH bound in
wild-type enzyme and Y7F were estimated to be
approximately 6.3 and 8.7, respectively. No gross
change in secondary structure was suggested from
comparison of CD spectra of the wild-type enzyme
and Y7F(Fig. 5). Enhancement of the nucleo-
philicity of the thiol group in GSH by lowering its
pKa is considered to be a major role of GSTs in
catalyzing the formation of GSH onjugate.!*!® The
pKa of the thiol group of GSH bound in hGST P1-1
was about 2.8-pK units lower than that of free
GSH in aqueous solution. However, the replace-

ment of Tyr7 with phenylalanine increased the pKa

4
2—
« '\\1
io
2k
_4 n 1 A i 1 J i L L
20 210 P e 20 20

Wawelength(nm)
Fig. 5. Circular dichroism spectra of hGST P11 wild-
type and Y7F mutant enzyme at far-ultraviolet
in 20mM
potassium phosphate buffer(pH 7.0) using a lmm
, Y7F.

region: The spectra were recordered

cuvet pathlength. —, wild-type enzyme; ---
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of the thiol group of enzyme-bound GSH about 2.4
pK units. The interaction between the hydroxyl
group of Tyr7 and the thiol group was essential to
GSH-conjugation reaction through lowering pKa of
the thiol. This fact was supported by site-directed
mutagenesis of the class Alpha and Mu GSTs,!! and
by the three-dimensional structure of the hGST
P1-1 in complex with S-hexyl-GSH,!” and the pGST
Pl-1 in
suggesting that the S-hexyl group and sulfonate

complex with glutathione sulfonate
group are located adjacent to the hydroxyl group of
Tyr7.8 GST also appears to provide for the
partical desolvation of the thiolate anion in the ac-
tive site. In fact, pH-rate profiles show that even
at high pH the Y7F mutant is about 25-fold less ef-
ficient than the wild-type hGST P1-1, suggesting
that Tyr7 serves an additional function. A prelimi-
nary examination of the crystal structure of the
Y6F mutant of rGST M3-3(the counterpart of Y7F
mutant of hGST P1-1) in complex with GSH
indicates that the geometry of the active site is es-
sentially unchanged with respect to the wild-type
enzyme but that an additional water molecule
occupies the solvation shell of the sulfur.?® There-
fore, it may be that hydroxyl group of Tyr7 serves
as part of a surrogate solvation shell in the hydro-
phobic active site or that it helps to orient the
thiolate anion correctly in the active site.
Surprisingly, it is suggested that this apparently
conserved tyrosine residue in Escherichia coli GST
is not essential for catalytic activity by site-di-
rected mutagenesis study.” Crystal structure of a
thetaclass GST from Lucilia cuprina also shows
that the equivalent residue in the theta- class
structure is not in the active site, but its role
appears to have been replaced by either a nearby
serine or by another tyrosine residue located in the
C-terminal domain of the enzyme® To explain
these results the following possibility can be con-
sidered that E. coli and theta-class GSTs have

acquired somewhat different catalytic mechanism

or three- dimensional structure in the process of
evolution, and some other residue than the tyrosine
residue near the N terminus or another tyrosine
residue in another part of the molecule may par-
ticipate in catalysis in E. coli and theta-class
GSTs. To clarify this problem, it seems to be essen-
tial to extend further extensive studies on the

structure and function relationships.

4, Conclusions

It is quite clear from this study that Tyr7 is es-
sential to catalytic activity. Removal of the hy-
droxyl group of Tyr7 has no significant effects on
I, values of inhibitors. Nevertheless the Y7F mu-
tant exhibits specific activities of only about
3~5% in comparison with those of the wild-type
enzyme. Consequently, the hydroxyl group of Tyr7
is considered to participate in both GSH-chlor-
onitrobenzene derivatives and GSH-epoxide conju-

gation reaction.
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