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ABSTRACT: Exons 1 and 2 and exon 8 of the mu class GSH transferases from rat encode sequence-variable
regions 1 and 4 of mu class isoenzymes, respectively. These two of four variable regions are located at the
N- and C-termini of this isoenzyme class and impinge on the active site. In order to assess the influence
of these variable regions on the catalytic diversity of the class mu isoenzymes, seven chimeric isoenzymes
were constructed by transplantation of the variable regions of the sequence of the type 4 subunit into the
corresponding regions of the type 3 subunit. The chimeric isoenzymes exhibit unique catalytic properties.
Replacement of all, or part, of variable region 4 of the type 3 subunit with that of the type 4 subunit results
in chimeric catalysts with higher turnover numbers in nucleophilic aromatic substitution reactions. Analysis
of the crystal structure of isoenzyme 3-3 [Ji, X., Zhang, P., Armstrong, R. N., & Gilliland, G. L. (1992)
Biochemistry (preceding paper in this issue)] suggests that interaction of the flexible C-terminal tail with
the N-terminal domain helps limit the rate of product release from the active site of isoenzyme 3-3 in this
type of reaction. Substitution of all, or part, of the sequence-variable region 1 of subunit 3 with that of
subunit 4 results in chimeric isoenzymes that mimic the high stereoselectivity but not the catalytic efficiency
of isoenzyme 4—4 toward a,S-unsaturated ketones. Modular mutagenesis of the N-terminal variable region
together with linear free energy relationships using para-substituted 4-phenyl-3-buten-2-ones and the crystal
structure of isoenzyme 3-3 has allowed the rapid location of a mutation, V91, which appears to be crucial
indetermining the stereoselectivity of the chimeras and, by implication, isoenzyme 44 toward phenylbutenones

and arene oxides.

The glutathione S-transferases are a family of enzymes
that catalyze the addition of glutathione tolipophilic substrates
bearing electrophilic functional groups. Thecytosolicenzymes
found in mammalian species are dimeric proteins with subunits
that appear to be organized into four principal gene classes
designated alpha, mu, and pi (Mannervik et al., 1985) and
theta (Meyer et al., 1991). Both homo- and heterodimeric
holoenzymes are found within a gene class but inter-gene-
class heterodimers are not known. The cytosolic enzymes
along with a genetically distinct microsomal enzyme are the
principal catalysts involved in the initiation of the metabolism
of endogenous and xenobiotic alkylating agents. Asa group
the enzymes catalyze the addition of GSH! to a very broad
spectrum of substrates. Much of the catalytic diversity of the
GSH transferases can be attributed to the existence of a large
number of structurally distinct subunits. Althoughindividual
isoenzymes tolerate a remarkably wide range of substrates,
each subunit type exhibits distinct preferences toward both
the size and shape of the substrate and the type of electrophilic
group. For recent reviews the reader is referred to Mannervik
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and Danielson (1988), Pickett and Lu (1989), and Armstrong
(1991).

Examples of intra-gene-class differences in substrate pref-
erence can be seen in a comparison of the catalytic charac-
teristics of isoenzymes 3—3 and 44 from the mu gene class
of rat. Isoenzyme 3-3, for example, is better at catalyzing
nucleophilic aromatic substitution reactions (Graminski et
al., 1989). However, isoenzyme 4—4 is significantly better in
catalyzing the addition of GSH to oxiranes and «,8-
unsaturated ketones and exhibits a very high degree of
stereoselectivity toward both (Cobb et al., 1983; Boehlert &
Armstrong, 1984; Kubo & Armstrong, 1989). Furthermore,
linear free energy relationships suggest that the stereoselec-
tivity of isoenzyme 4—4 toward a,S-unsaturated ketones is
influenced by electronic stabilization of one of the two possible
diastereomeric transition states by the active site (Kubo &
Armstrong, 1989). Whether this isoenzyme has an inherent
steric preference for one transition state over the other is not
known. In general, none of the structural bases for the
differences in the catalytic behavior of these two isoenzymes
have been elucidated.

Subunits of mu class isoenzymes from rat (e.g., subunit
types 3, 4, and 6) are 217 residues in length and share a high
(78%) overall sequence identity. Most of the sequence
variation appears to be clustered in four regions of the primary
structureasillustrated in Figure 1. Thevariable region located
at the amino termini of the mu class isoenzymes (residues
1-33) exhibits relatively high (70%) sequence identity and is
encoded by exons 1 and 2 of the genes as illustrated in Figure
1. The other three variable regions, contained in the
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FIGURE 1: (A) Sequence identities of the mu class subunit types 3,
4, and 6 from rat. The sequences of the three subunits (Ding et al.,
1986; Lai et al., 1986; Lai & Tu, 1986; Abramovitz & Listowsky,
1987) were aligned and scanned in one-residue increments with a
ten-residue window. The percent identity (log scale) is plotted for
each window. The log scale is used simply to highlight the four
variable regions and has no theoretical significance. An arbitrary
sequence identity of <70% (dotted line) is used to define a “variable”
region. (B) Relative locations of the variable regions and the exon
boundaries (Lai et al., 1988; Pickett & Lu, 1989) of the mu class
isoenzymes and the restriction sites in the coding region of pGT33MX
used for the construction of chimeric expression vectors. The locations
of variable regions 14, as defined in panel A, are highlighted in bold
from left to right.

C-terminal half of the protein, exhibit, on average, sequence
identities of <50%. One region (residues 98—-135) is encoded
by a combination of exons 5 and 6 while the other two (residues
150-172 and 198-217) are encoded by exon 7 and exon 8,
respectively (Figure 1). Itisexpected that the features which
distinguish the catalytic properties of one mu class isoenzyme
from another derive from structural elements contributed by
one or more of these variable regions.

The regions of primary structure that control catalytic
behavior can be explored, in principle, by modular or regional
mutagenesis through the construction of chimeric genes that
encode hybrid isoenzymes. The general idea, which has been
exploited with numerous enzymes in the last few years [for
a recent review, see Armstrong (1990)], is to transplant a
region of structure of one enzyme, which has distinct catalytic
properties, into another and to look for the simultaneous
transfer of the catalytic properties. The method provides for
the rapid scanning of sequence space in search of residues
that may influence catalysis. In preliminary work we recently
demonstrated the feasibility of this technique for the explo-
ration of structure—function relationships in the class mu GSH
transferases. Substitution of very small pieces of sequence
from the variable regions at the N-terminus or C-terminus of
the type 4 subunit into the type 3 subunit results in hybrid
enzymes with altered catalytic properties (Zhang & Arm-
strong, 1990). Although the structural consequences of the
chimeric constructs were not known at the time, it seemed
evident that the N- and C-terminal regions were close in three
dimensions and that both influence the architecture of the
active site sufficiently to affect catalysis. The three-dimen-
sional structure of isoenzyme 3-3 shows this conclusion to be
correct (Ji et al.,, 1992). In fact, it is true that at least part
of three of the four variable regions converges on the active
site.

In this paper we describe the construction and expression
of seven chimeric GSH transferases in which exons 1, 2, and
8, encoding variable regions 1 and 4 located at the N- and
C-termini of the type 3 subunit, have been replaced wholly
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or in part with the corresponding exonic regions from the type
4subunit. Characterization of the resulting hybrid isoenzymes
reveals that although the high stereoselectivity of the type 4
subunit toward arene oxides and «,8-unsaturated ketones is
mimicked by several of the hybrids, the mechanistic basis for
the high efficiency of the type 4 subunit is not. The results,
interpreted in the context of the high-resolution three-
dimensional structure of the parent isoenzyme 3-3, suggest
that the side chain at position 9 (valine or isoleucine) of exon
1 is probably responsible for the stereoselective behavior of
the N-terminal hybrids. Inaddition, mutationsin both variable
regions appear to affect catalysis of nucleophilic aromatic
substitution reactions by enhancing the rate of product release.

MATERIALS AND METHODS

Construction of Chimeric Genes. Expression vectors
encoding the chimeric proteins were constructed by manip-
ulation of the expression plasmids pGT33 and pGT33MX
which encode native isoenzyme 3-32 (Zhang & Armstrong,
1990; Zhang et al., 1991). The relative locations of the
restriction sites in the gene used for the construction of the
chimeric plasmids are shown in Figure 1. The expression
plasmid pGT43/1 which encodes the chimeric subunit 493208
was prepared by replacing the 30-base-pair cassette between
the Ndel and Sacll restriction sites with a synthetic linker
encoding the first nine amino acids of the type 4 subunit as
previously described (Zhang & Armstrong, 1990). Later this
plasmid was altered by direct substitution of the 595-base-
pair fragment which lies between the Sacll and Csp45]
restrictionsites of pGT33MX. Thisintroduced a unique Xhol
restriction site in the middle of exon 2 and the double mutation
NI198K/C199Sinexon8. Thevariant plasmid wasdesignated
pGT43/1MX and encodes the chimeric subunit 493208 con-
taining the above mentioned mutations. A plasmid encoding
the chimeric subunit 419319 was constructed by removal of
the 28-base-pair cassette lying between the Sacll-Xhol
restriction sites of pGT43/1MX and substitution of a synthetic
linker corresponding to the sequence of subunit 4. This plasmid
was designated pGT43/2MX. Complete replacement of exon
2 was accomplished after removal of the 36-base-pair cassette
encoding residues 22-33 by partial digestion of pGT43/2MX
with Neol followed by cleavage with Xhol and ligation of a
linker corresponding to the sequence of subunit 4. The
resulting vector, designated pGT43/3MX, encodes the chi-
meric subunit 4333184 jn which both exons 1 and 2 have been
replaced.

Substitution of exon 8 was accomplished in two steps. The
627-base-pair fragment between the Ndel and Csp45I sites
of plasmid pGT434/1 (Zhang & Armstrong, 1990), which
encodes the chimeric subunit 49320048, was replaced with the
same fragment derived from pGT33MX. This plasmid, which
encodes the chimeric subunit 320948, is designated pGT34/
2MX.? Construction of the expression plasmid pGT34/3X
which encodes the chimericsubunit 3194423 was done by ligation
of three fragments, the 5.0-kilobase-pair fragment flanked by
the Csp451 and Sacll sites and the 545-base-pair fragment
between the Sacll and BglIl derived from separate digestions

2 Two variants of the type 3 subunit have been reported (Ding et al.,
1985; Lai et al., 1986). The variant encoded by pGT33 has Asn and Cys
at positions 198 and 199. These positions are Lys and Ser in the protein
encoded by pGT33MX (Zhang et al,, 1991) as well as in the type 4
subunit. The N198K/C199S mutations have no discernible effect on the
catalytic properties of isoenzyme 3-3, an observation that is consistent
with the location of the side chains on the surface of the protein more
than 20 A from the active site (Ji et al., 1992).
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of pGT34/2MX and a synthetic 45-base-pair linker encoding
residues 195-210 of subunit 4 flanked by Bg/II and Csp45I
sites. The triple ligation circumvented the inconvenience
created by the additional, Bg/II site in the noncoding region
of the plasmid. The plasmid pGT434/2X encoding the
tripartite chimeric subunit 4333161423 was constructed by
removing the 323-base-pair cassette flanked by the Ndel and
Sphl restriction sites from pGT34/3X with the corresponding
cassette from pGT43/3MX. The relevant regions of each
plasmid were sequenced to ensure that nounwanted mutations
were introduced. DNA sequencing was performed with
Sequenase version 2 from U.S. Biochemical Corp.* with the
enzyme described by Tabor and Richardson (1989).

Construction of an Expression Vector for Isoenzyme 4—4.
An expression plasmid for isoenzyme 4—4 was assembled in
a very similar way to that previously described for pGT33
(Zhang & Armstrong, 1990). Most of the coding region for
subunit 4 was excised from the cDNA clone pUC18-187C
(Laietal., 1988) by cutting the plasmid at the Accl site located
68 base pairs downstream of the initiation codon and at the
Xbal site about 360 base pairs downstream of the stop codon.
The complete coding sequence of subunit 4 was reassembled
by ligating the 959-base-pair Accl-Xbal fragment to a
synthetic linker encoding the missing N-terminal residues and
flanked by Ndel and Accl restriction sites, followed by
directional cloning between the Ndel and Xbal restriction
sites of pMG27NS. This expression plasmid is designated

pGT44.

Expressionof Hybrid Isoenzymes in Escherichia coli. Each
hybrid enzyme was produced in E. coli strain M5219 that had
been transformed with the appropriate chimeric expression
plasmid. Expression and purification of the hybrid proteins
were carried out essentially as described before (Zhang &
Armstrong, 1990) except that the transformed cells were grown
at 30 °C and expression was induced at 42 °C in enriched
media [Terrific broth described by Tartof and Hobbs (1987)]
using a 1.5-L VirTis Moduculture fermenter equipped with
a baffle, animpeller, and an aerator. The fermenter provided
a vigorously stirred well-aerated environment. Temperature
regulation was provided by a Thermistemp Model 63RC
temperature controller, a thermistor, and a 250-W infrared
lamp. Isolated yields of native and hybrid enzymes ranged
from 20 to 200 mg/L of culture. Both native and hybrid
enzymes were expressed as soluble proteins in E. coli with no
evidence for formation of inclusion bodies.

Kinetic Analysis. The catalytic activities of native and
mutant enzymes toward 1-chloro-2,4-dinitrobenzene (CDNB)
and 4-phenyl-3-buten-2-one (PBO) were determined as
described by Kubo and Armstrong (1989) and Zhang and
Armstrong (1990). All kinetic experiments were carried out
at pH 6.5and 25 °C. Kinetic constants kcy; and kca/ Ky CPNB
were obtained from initial velocity measurements with a
saturating concentration of GSH, usuaily 2 mM. The K,CSH
were obtained in the enzyme-catalyzed reactions at a fixed

3 The plasmid pGT34/2 originally reported (Zhang & Armstrong,
1990) was recently found to have a two-codon deletion corresponding to
W214 and N215 in the short C-terminal portion of the sequence encoded
by the synthetic linker. This discovery clearly points out the importance
of sequencing the DNA in the coding portions of the expression vectors,
even those parts derived from synthetic oligonucleotides.

4 Certain commercial equipment, instruments, and materials are
identified in this paper in order to specify the experimental procedure as
completely as possible. In no case does such identification imply a
recommendation or endorsement by the National Institute of Standards
and Technology nor does it imply that the material, instrument, or
equipment identified is the best available for the purpose.
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Table I: Binding Constants for GSH and Kinetic Constants for the
Enzyme-Catalyzed Additions of GSH to 1-Chloro-2,4-dinitrobenzene
at pH 6.5

K OSHa Keat/ KCONB oOSH
enzyme (uM) ket (s)  (10°M-Ls™) (#M)
3-3 2044 19%1 40%0.1 454
44 244 46+02 021001 27+ 4
(493208), 4226  28%2 0.89 + 0.04 5448
(4193198), 183  85+4 1.87 £ 0.03 865
(4333184), 39%3  55%2 1.48+004 13249
(320948), 50£7 16110 191£002 65080
(3194423), 1221 1095 139£002 16016
(49320048), 2043  78%5 1.20£0.03  210%15

(4333161423), 11+1 371 0.23 £ 0.004 7442
2 Determined by fluorescence titration at pH 7.0.

concentration of CDNB of 100 uM. Each initial velocity was
measured at lesat in triplicate, and the kinetic constants were
derived by fitting the initial velocity data to a hyperbola with
the program HYPER (Cleland, 1979). The concentrations
of active sites used to calculate the ke, and keat/Km were
determined from the e»g9 calculated from the tryptophan and
tyrosine content of each protein. Initial rates for reactions
with the para-substituted PBO (XPBO) were obtained under
the same conditions as described for CDNB except that
considerable care was required to eliminate or account for the
uncatalyzed reaction of GSH with the more electron deficient
substrates (X = NO,or Br). Thestereoselectivities of enzymes
toward phenanthrene 9,10-oxide (PO) and XPBO were
determined as described in Cobb et al. (1983) and Kubo and
Armstrong (1989), respectively. Dissociation constants for
GSH were determined at pH 7.0 by the fluorescence titration
procedure previously described (Zhang & Armstrong, 1990).

RESULTS

Expression, Purification, and Characterization of Chimeric
Isoenzymes. All of the chimeric enzymes can be expressed
in moderate to high yields in E. coli with the only notable
caveat being that the yields of the N-terminal chimeras are
usually much lower than either the native enzymes or the
C-terminal chimeras. Purification of the proteins by affinity
chromatography is unremarkable, and the enzymes appear to
be stable to storage once purified. The enzymes behave as
dimers on gel filtration chromatography with no evidence for
formation of either active or inactive monomers. All of the
chimeras retain the ability to bind GSH, though some modest
differences are noticed in the dissociation constants determined
by fluorescence titration (Table I). The actual mutations
that result from the construction of the chimeric isoenzymes
areshownin Figure2. Altogether 19 mutationsareintroduced
in the chimera (4333161423), in which exons 1, 2, and 8 are
replaced in their entirety.

Although the majority of the 19 mutations introduced into
the chimera in which all of variable regions 1 and 4 are replaced
result in the conservative replacement of a side chain, three
(N8D, A195D, and T205K) introduce a change in charge,
and five (I3T, T13A, S209A, Q213F, and N216P) alter the
hydrophobic character of the side chain. Two of the mutations,
L19F and L211M, involve side chains that are substantially
buried. However, the mutations are conservative ones. Two
mutations, P15A and N216P, may introduce a change in the
backbone conformation. How these and the nine more
conservative changes may affect the structure of the active
site and hence catalysis is discussed in more detail below.

Kinetic Characteristics of the Chimeric Enzymes. The
catalytic properties of the native (parent) and chimeric GSH
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FIGURE 2: Sequence alignments of variable regions 1 and 4 of subunits 3 and 4 of the mu class GSH transferases from rat liver. The 19
differences in sequence between these two regions are highlighted with dots. The positions of major secondary structural elements with respect

to the mutations are also noted.

transferases toward 1-chloro-2,4-dinitrobenzene are summa-
rized in Table I. It has been known for some time that
isoenzyme 3-3 is significantly more efficient than isoenzyme
4—4 at catalyzing nucleophilic aromatic substitution reactions.
Therefore, the reaction of GSH with 1-chloro-2,4-dinitroben-
zene can be used as an indicator of the degree of retention of
the catalytic characteristics of the type 3 subunit in the hybrid
isoenzymes. The data presented in Table I indicate that the
modular mutations incorporated into the hybrid isoenzymes
do not seriously impair their ability to catalyze the addition
of GSH to CDNB. In fact, all of the chimeric isoenzymes
exhibit turnover numbers (k.,;) that are greater than that of
isoenzyme 3-3 and in this way resemble isoenzyme 3-3 more
closely than isoenzyme 4—4. However, the efficiency of the
modular mutants as judged by kcat/K,PNB lies somewhere
between the extremes of the two parents. The observed K,,05H
for several of the chimeras are substantially greater than those
observed for the parents and quite different than K,CSH
determined by fluorescence titration. It is clear that K, GSH
is a kinetically complex term in this reaction and not an
accurate reflection of the binding of GSH.

The fact that isoenzyme 4—4 is more efficient and stereo-
selective toward «,8-unsaturated ketones can be exploited as
a signal to monitor the transfer of the catalytic properties of
the type 4 subunit into the chimeric proteins. The kinetic
constants for the enzyme-catalyzed addition of GSH to
4-phenyl-3-buten-2-one are summarized in Table II. It is
obvious from these data that, in spite of the substitutions of
the primary structure of the type 4 subunit into the framework
of the type 3 subunit, none of the hybrid isoenzymes has a
significantly enhanced catalytic efficiency toward the enone
substrate. The marginalincreases in either kcy; Or Kear/ KinFBO
are, in any case, less than a factor of 3.

Stereoselectivity of the Chimeric Isoenzymes. Another
criterion for the transfer of the catalytic character of the type
4 subunit into the chimeric isoenzymes is the high degree of
stereoselectivity exhibited by this subunit toward both
4-phenyl-3-buten-2-one (1, X = H) and phenanthrene 9,10-
oxide, the reactions of which are illustrated in Scheme I. The
stereoselectivities of the chimeric isoenzymes toward both of
these substrates are given in Table II. All of the chimeric
isoenzymes exhibit stereoselectivities that are significantly

Table II: Kinetic Constants and Relative Stereoselectivity of Native
and Chimeric Enzymes toward 4-Phenyl-3-buten-2-one (PBO) and
Absolute Stereoselectivity toward Phenanthrene 9,10-Oxide (PO)

mol %
keat/KnPBC  isomer diastereomer®

enzyme kea 1) (103M-1s71) As (95,108)
3-3 0.29 £ 0.01 3.0%x0.1 50+3 43+2
4-4 8.5%£0.7 48+ 2 901 299.5
(493208), 1.40 £ 0.05 6.1 £0.1 931 852
(4193198), 1.19 0.05 6.5+0.1 931 932
(4333184), 0.88 £ 0.06 58£0.2 931 922
(320948), 1.3£0.1 46+£004 801 772
(3194423), 21+04 43x0.1 86+ 1 852
(49320048, 0.95 £ 0.04 372004 75%1 742
(4333161423,  0.69 £ 0.04 39+0.1 91+1 89x2

9 Isomer A is defined as the first product that elutes from reversed-
phase HPLC. The absolute configuration of this product has not been
established. ® From reaction with phenanthrene 9,10-oxide.

Scheme I
GS Ho H GO

foae —va**@**
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higher than the parent isoenzyme 3-3 and in some cases
approach or exceed the stereoselectivity observed with isoen-
zyme 4—4. Although the catalytic efficiencies of the chimeras
toward 1 are quite similar to the parent isoenzyme 3-3, the
catalysts more closely resemble the parent subunit 4 when
judged on the basis of their stereoselectivity. It is also
interesting to note that each isoenzyme responds in a very
similar manner to each of the two substrates, suggesting that
the stereoelectronic demands of the transition states for both
substrates are quite similar. Comparison of the stereoselec-
tivities of the various hybrid isoenzymes toward 1 suggests
that one crucial mutation influencing the stereoselectivity is

9S,108

9R,10R
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located in exon 1. Nevertheless, it is clear that both the N-
and C-terminal variable regions influence the stereo-
selectivity of the proteins, sometimes in a noncooperative sense;
compare, for example, (4°3208), and (49320048),,

Substituent Dependence of the Michael Additions. The
previously observed dependence of the kinetics and stereo-
selectivity of isoenzyme 4—4 on the electronic nature of the
substituent in a series of para-substituted 4-phenyl-3-buten-
2-ones (1-5) can be taken as evidence that the stereoselectivity
of this isoenzyme is, at least in part, electronic in origin and
related to the catalytic efficiency (Kcar/Km) of the enzyme
toward a particular substrate (Kubo & Armstrong, 1989).
The apparent dissociation of the catalytic efficiency from the
sereoselectivity that is manifest by the chimeric isoenzymes
suggests that the stereoelectronic origin of these effects may
be different. In order to more thoroughly evaluate the
mechanistic basis of the stereoselectivity exhibited by the
chimeras, the effect of substituent on the reaction of isoenzyme
3-3 and a representative chimeric isoenzyme with a high
stereoselectivity was determined.

Previous work with isoenzyme 4—4 suggests that ke, / K, XFBO
follows the general linear free energy relationship shown in
¢q 1, where o is the Hammett substituent constant, p,pp is the

108 (Kegy/ Ky ") = Capp = Dypp& ¢))

composite sensitivity of both transition states A* and B* to
the electronic effect of the substituent, = is the Hansch
hydrophobic parameter for the substituent, and c,yp is a
composite coefficient that measures the influence of the
hydrophobic effect on partitioning the substrate between the
ground state (free enzyme and substrate) and the two transition
states. This linear free energy relationship for isoenzyme 4—4
from Kubo and Armstrong (1989) is illustrated in Figure 3,
where papp = 0.93 and capp = 0.43 (r2 = 0.994).

The dependencies of the kinetics of isoenzyme 3-3 and the
chimera (4!931%8), on the identity of the para substituent of
substrates 1-5 are compared to those of isoenzyme 4—4 in
Table III and Figure 3. It is clear that the more electron
deficient (NO,- and Br-substituted) substrates are better with
both isoenzyme 3-3 and the chimera, as was found with
isoenzyme 4—4. Moreover, the hybrid isoenzyme (41931%),
also follows the relationship expressed in eq 1 with papp = 1.76
(r2=0.974) when c,pp is assumed to be 0.43. In contrast, log
(Kcat/ KnXPBO) for isoenzyme 3-3 appears to be rather poorly
correlated with the Hammett substituent constant o (p,pp =
1.23, r2 = 0.878). Although the linear correlation with ¢ is
not as impressive as it is for isoenzyme 4—4 and the chimera,
the trend in the data is quite obvious.* It is notable that both
isoenzyme 3-3 and the chimera are much more sensitive (papp
> 1.23) to the electronic effect of the substituent than is
isoenzyme 4—4 (papp = 0.93).

The dependence of the stereoselectivity of the three
isoenzymes on the Hammett substituent constant o for this
series of substrates is illustrated in Figure 3. The stereose-

5 The reason for the poor correlation of kca/KmXPBO with o for
isoenzyme 3-3 is not obvious. The assumption that the influence of
desolvation of the various substituents on partitioning of the substrates
between aqueous solution and the transition state is similar for all three
isoenzymes appears to be a good one since values of c4pp other than 0.43
(established for isoenzyme 4-4) do not significantly improve the
correlations for either isoenzyme 3-3 or the chimera. The poorer
correlation seen with isoenzyme 3-3 appears to be due to the anomalous
behavior of one substrate, 5. Although the correlation can be much
improved by excluding 5 from the analysis, there is no mechanistic or
structural justification for doing so.
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FIGURE 3: (Top panel) Dependence of kinetics of isoenzymes 4—4
(®) and 3-3 (W) and the chimeric isoenzyme (4!931%), (A) on the
Hammett substituent constant ¢. The solid lines are fits of the data
to eq 1 in which cqpp has been fixed at 0.43. Slopes and correlation
coefficients of the lines for isoenzyme 4—4 and (4193!%), are pyp, =
0.93, 2 = 0.994 (Kubo & Armstrong, 1989) and pypp = 1.76, 18 =
0.974, respectively. A least-squares line is not shown for isoenzyme
3-3 inasmuch as the correlation coefficient is <0.95. The broken
line represents the calculated relationship between o and log (kep/
K,,P) for transition state B* in the reaction catalyzed by isoenzyme
4-4,where pp = 1.74,72=0.994 (Kubo & Armstrong, 1989). (Bottom
panel) Dependence of the stereoselectivity of isoenzymes 44 (®)
and 3-3 (W) and the chimericisoenzyme (4!931%¢), (A) on the Hammett
substituent constant . The solid line for isoenzyme 4—4 is a fit to
the equation log ([A]/[B]) = (ps — ps)o with p = -0.94 and a
correlation coefficient, 72, = 0.994. The solid lines for isoenzymes
3-3 and (4!°31%), represent the average log ([A]/[B]) for the series
of substrates (e.g., pa — pp = 0). The values of ¢ and = for each
substituent are H, 0.0, 0.0; NO,, 0.78, —-0.28; Br, 0.23, 0.86; CH;,
—-0.17,0.56; and CH;30,-0.27,-0.02 and were obtained from Hansch
and Leo (1979) and Fujita et al. (1964), respectively.

Table III: Kinetic Constants and Relative Stereoselectivities of
Isoenzymes 3-3 and 44 and the Chimeric Isoenzyme (4!93!%), with
Para-Substituted 4-Phenyl-3-buten-2-ones

keat/KnX¥BO  mol %

sub- substituent Keat (103 M1 of isomer
isoenzyme strate X (s s1) Ad
44 1 H 8.520.7 48 £0.2 901
2 NO, 2220 160 £ 10 66%1
3 Br 45+£0.3 150 £ 10 84 1
4 CH;3 47203 50£0.2 931
s OCH; 2201 20+0.1 951
3-3 1 H 0.29 2 0.01 30%£0.1 5043
2 NO; 079004 25+2 24+ 1
3 Br 0702006 16%1 3541
4 CH; 016002 202007 25%1
5 OCH; 0.18 £0.01 29%£0.1 261
(4193198), 1 H 0662002 67%0.1 931
2 NO, 3402 114%8 91 %1
3 Br 1.3820.03 58@2 881
4 CH; 0.39 £ 0.01 42%0.1 911
5 OCH; 0.28 £ 0.01 29%0.1 881

2 The stereoselectivities are conservatively reported to two significant
figures, and standard deviations of 1% or less are reported as 1%. o Data
for isoenzyme 4—4 are from Kubo and Armstrong (1989).

lectivity of isoenzyme 4—4 follows the linear free energy
relationship expressed in eq 2, where A and B are the two

log ({A]/[B]) = (05 - pp)o (2

products and pops = pa — pp measures the difference in
sensitivity of the two transition states, A* and B*, to the
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FIGURE 4: Stereoview of a ribbon diagram of one subunit of isoenzyme 3-3. The constant regions of sequence are shown in dark blue, and
variable regions 1, 2, 3, and 4 are highlighted in red, purple, yellow, and light green, respectively. A stick model of glutathione is shown in

yellow to indicate the location of the active site.

electronic effect of the substituent. The value of this
relationship lies in the fact that it directly compares the two
transition states and is free of the influence of ground-state
effects such as the hydrophobicity of the substituent. The
data of Figure 3 suggest that the two parallel transition states
in the reaction catalyzed by isoenzyme 4—4 have very different
sensitivities to the electronic nature of the substituent (ps —
ps = —0.94, r2 = 0.994) (Kubo & Armstrong, 1989). In
contrast, isoenzyme 3-3 shows a much different stereoselec-
tivity toward the same series of substrates which is not, in any
simple way, dependent on the electronic effect of the
substituent. To a first approximation it appears that ps — pp
=~(0. Isoenzyme 3-3 actually exhibits a higher stereoselectivity
toward 2 as compared to 1 and prefers the transition state for
formation of the B stereoisomer, a result which is just opposite
to that seen with isoenzyme 4—4. In addition, the degree of
discrimination by isoenzyme 3-3 between the two transition
states with the more electron rich substrates (3 and 4) is much
more modest than that exhibited by isoenzyme 4—4.

The chimeric isoenzyme (4!%31%3),, which was chosen as
representative of the highly stereoselective hybrid constructs,
exhibits unique catalytic properties toward the substituted
enones. It mimics isoenzyme 4—4 in that it catalyzes the
Michael addition with a relatively high selectivity for formation
of product diastereomer A with 1 but is unlike isoenzyme 4—4
inasmuch as the stereoselectivity is virtually independent of
the para substituent. In fact, the stereoselectivity varies less
than 5% across the whole range of substrates, as shown in
Figure 3. In this case it is clear that py — pg = 0.

DISCUSSION

Sequence-Variable Regions and the Active Site. A corollary
to the proposition that the variable regions of sequence in the
mu class isoenzymes are responsible for the differences in
catalytic properties is that these regions of structure should
be in the proximity of the active site. The three-dimensional
structure of isoenzyme 3-3 indicates that side chains con-
tributed by at least three of the four variable regions in the
sequence impinge, to some extent, on the active site. This is
particularly true of parts of regions 1, 2, and 4, as can be seen
in Figure 4. This observation is interesting since it provides
evidence that the evolution of catalytic diversity withina gene
family has been focused on, though not necessarily limited to,
modules of sequence that define the active site. Although
side chains of variable region 3 come no closer than about 10

A to the active site, the participation of variable regions 1, 2,
and 4 in the architecture of the active site is obvious from the
crystal structure of isoenzyme 3-3. Region 1 forms part of
one wall in the active site beginning with Y6, the hydroxyl
group of which participates in a hydrogen bond with the sulfur
of GS-, and continuing through the loop (residues 8-13) that
connects the first -strand (residues 2-7) to the first a-helix
(residues 14-22). Therelatively high sequence identity (70%)
in region 1 is a consequence of the fact that it is intimately
involved in the binding and activation of GSH. The structural
elements that contribute to this function are expected to be
conserved. The second variable region, which spans parts of
the a4 and a5 helices located in the C-terminal domain of the
protein, also contributes to the architecture of the substrate
binding site. This involves the hydrophobic face of a section
(residues 104-116) of the a4 helix which includes the side
chains of M104, M108, 1111, M112, and Y115. Finally,
variable region 4 at the C-terminus of the protein is a relatively
flexible, meandering tail that wraps across one face of the
active site and touches the N-terminal domain of the subunit.
Only one mutation (S209A) is within 9 A of the sulfur of
GSH in the active site. However, the key to the involvement
of exon 8 in altering catalysis may lie in its flexibility and its
mutual interactions with the other variable regions.

The proximity of the various mutations in exons 1 and 2
(variableregion 1) and exon 8 (variable region 4) to the active
site and to each other is shown in Figure 5. At least three
direct contacts (<4.5 A) between a mutated side chain of one
of the two variable regions with the other region are apparent.
Contacts between mutated residues in exons 1 and 8 with the
opposing region include van der Waals interactions between
the side chain of V9 (V9I mutation) and P206 and between
Y202 (Y202F mutation) and H14. The side chain of R31 of
the R31K mutation in exon 2 is in van der Waals contact with
L.203 and forms a hydrogen bond with the main-chain carbonyl
of R201 of exon 8. The close proximity of the N- and
C-terminal variable regions to each other and the active site
is almost certainly responsible for their mutual influence on
the catalytic properties of the chimeric isoenzymes.

Structural Effects on Nucleophilic Aromatic Substitution
Reactions. The fact that isoenzyme 3-3 is more efficient (as
manifest in keq/Kin®PNB) than isoenzyme 44 at catalyzing
nucleophilic aromatic substitutions has been attributed to its
ability to stabilize the o-complex intermediate in the reaction
(Graminski et al., 1989). It is not readily apparent from the
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FIGURE 5: Stereoview of the a-carbon backbone (light lines) of subunit A of isoenzyme 3-3 with the side chains of the residues that are mutated
in the construction of the chimeric isoenzymes highlighted in bold lines. The mutations are I3T, N8D, and V91 in exon |; T13A, P15A, L19F,
S25T, E29D, R31K, and A33S in exon 2; and A195D, S200G, Y202F, T205K, S209A, L211M, Q213F, S215N, and N216P in exon 8. The
side chain of Y6 and glutathione are also illustrated with bold lines. The hydrogen bond between the hydroxyl group of Y6 and the sulfur

of GSH is shown with a dashed line.

crystal structure why isoenzyme 3-3 should be more efficient.
The lack of any obvious side chains that might aid in
stabilization of the intermediate suggests that perhaps a
secondary structural element such as the a1 helix, the dipole

of which points at the active site, may be involved. That all -

of the chimeras, but one, (4333161423), have efficiencies
approaching that of native isoenzyme 3-3 suggests that the
ability to stabilize the ¢-complex is not perturbed by many
of the multiple mutations. Why (4333161423), is much less
efficient is not clear. It appears that the decreased efficiency
is one of the manifestations of the interaction between the N-
and C-terminal variabie regions since it is observed only when
both regions are mutated. Moreover, the crucial structural
change appears to involve the last half of variable region 1
(exon 2) and the first half of variable region 4 (exon 8) since
(49320048), shows a relatively high Kcai/ KnCPNEB. Although
there are no direct contacts between side chains of residues
mutated in exons 2 and 8, the close proximity of a couple of
the mutations in three dimensions leaves them suspect (Figure
5). For example, the Y202F mutation in exon 8 would result
in loss of a hydrogen bond to a water molecule that is shared
with the imidazole ring of H14. Although H14 is conserved
in both parents, it is flanked by the T13A and P15A mutations
in exon 2. In addition, the R31K mutation in exon 2 might
result in the loss of the hydrogen bond between this side chain
and the main-chain carbonyl of residue 201 in exon 8. Itis
certainly difficult to predict the net structural or electrostatic
perturbation of these and other mutations on the active site.
Inasmuch as H14 is located at the base of the al helix, which
points directly at the active site, it is interesting to speculate
that perhaps the combined mutations could realign the helix
dipole and affect stabilization of the intermediate.

In contrast t0 kcat/Km, the turnover numbers of all the
chimeric isoenzymes toward CDNB are greater than that for
isoenzyme 3-3. Preliminary studies of the rate of release of
1-(S-glutathionyl)-2,4-dinitrobenzene from the active site of
isoenzyme 3-36 and the fact that the turnover number is
independent of pH (Liu et al., 1992) provide strong evidence
that the rate-limiting step in the turnover of this particular
substrate with isoenzyme 3-3 is product release. The

6 The rate constant for desorption of the product from the active site
of isoenzyme 3-3 at pH 7.0 and 25 °C has been measured by stopped-
flow techniques to be about 17 s7!, which is clearly comparable to the
turnover of 19 s~! (W. W. Johnson and R. N. Armstrong, unpublished
results).

increased turnover rates of the chimeric isoenzymes and in
particular the two C-terminal chimera, (320948), and (31%4423),,
suggests that egress of the product from the active site may
be governed by the interactions of the rather flexible,
meandering tail at the C-terminus with itself or other parts
of the protein. Side-chain contacts of variable residues in
exon 8 that are evident in the structure of isoenzyme 3-3 and
may be important in this regard include van der Waals
interactions between Y202 and H14, between L211 and Y40,
between Q213 and the main-chain residues 114 and 116, and
between S215 and W214 as well as hydrogen-bonding
interactions between the hydroxyl groups of $209 and Y115
and between the hydroxyl group of $215 and the main-chain
amide of 1207. Whether product release remains the rate-
limiting step in turnover of the chimeric isoenzymes is not
known. Ifit still is in the case of (320948),, then the quadruple
mutation (L211M/Q213F/S215N/N216P) introduced at the
C-terminus lowers the barrier for product release by as much
as 5.3 kJ/mol, perhaps by increasing the flexibility of the tail.

Kinetics and Stereoselectivity in Michael Additions. The
chimeric proteins described above represent an initial attempt
to scan parts of the sequence of isoenzyme 44 in search of
the structural elements that contribute to a particular catalytic
characteristic of this enzyme, the efficiency and stereoselec-
tivity toward o,8-unsaturated ketones. It is clear from the
data in Tables IT and III that the chimeric isoenzymes behave
as unique catalysts that bear some resemblance to both of the
parent isoenzymes. A comparison of the response of the two
diastereomeric transition states for the addition of GSH to
the enone substrates catalyzed by the two parent isoenzymes
and the representative chimera is very informative with respect
to the mechanistic basis of the stereoselectivity and catalytic
efficiency of isoenzyme 4—4. The fact that the chimeric
proteins, particularly those with the three mutations in exon
1, exhibit an isoenzyme 4—4-like stereoselectivity with little
increase in catalytic efficiency indicates that the stereoelec-
tronic basis of efficiency and selectivity is different and can
be dissected. This view appears to be borne out in the linear
free energy relationships observed with the two parents and
(4193198), toward this class of substrates.

The observed kea/KnXPBO is a composite of the rate
constants (Kca/ K™ and kcqe/ Kn®) associated with attainment
of the two diastereomeric transition states. It, as well as any
linear free energy relationships associated with it, is a weighted
average for the two parallel transition states in which the
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FIGURE 6: Relative free energies of activation for the transition states
(A* and B*) for the formation of the two diastereomeric products
inthe addition of GSH to 1 catalyzed by isoenzyme 4—4 and (41931%%),.
The relative heights of the activation barriers for the two enzymes
are roughly normalized to one another using k. /Kn"°. The
sensitivites of the transition states to the electronic effect of the
substituent are represented by the double-headed arrows corre-
sponding to the magnitudes of ps and pgp.

transition state of lowest AG* dominates. However, the
dependence of the stereoselectivity of the enzyme-catalyzed
reaction on ¢ can be used to determine if the two parallel
transition states differ in their electronic character. For
example, the dependence of A* (the transition state of lower
AG¥) on ¢ is much less than that for B* (ps = 0.78 and pg
= 1.74) in the isoenzyme 4—4-catalyzed reaction (Kubo &
Armstrong, 1989). This s illustrated in Figure 6 in which the
magnitude of p for each transition state is shown as a vector
imposed on the activation barrier perpendicular to the reaction
coordinate. The lower sensitivity of A* to the electron-
withdrawing ability of the substituent suggests that this
particular transition state enjoys additional electronic stabi-
lization contributed by the enzyme which accounts for the
generally higher efficiency (kcat/KnXPBC) of isoenzyme 44
toward the enone substrates.

Theaddition of GSH to enones 1-5 catalyzed by isoenzyme
3-3 and (4193198, is more sensitive to the electronic effect of
the para substituent, a fact that is consistent with the lower
efficiency of these two enzymes as compared to isoenzyme
4-4. Unfortunately, the somewhat willy-nilly response of both
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the kinetics and stereoselectivity of isoenzyme 3-3 to the
substituent makes it difficult to come to a quantitative
understanding of the stereoelectronic effects that influence
its catalytic character. However, it is clear that, to a first
approximation, both transition states respond rather signif-
icantly to the electronic effect of the substituent such that pa
~ pg = 1.2, which is much larger than p4 for isoenzyme 4—4.
Thus neither transition state is stabilized by isoenzyme 3-3
as effectively as A* is by isoenzyme 4—4.

The two most significant observations about the chimeric
isoenzyme are the dependence of kcy/KnXPBO and the
independence of the stercoselectivity on ¢. Clearly both
transition states are very sensitive to the electron-withdrawing
ability of the substituent and, more interestingly, that
sensitivity is virtually the same as that of B* in the isoenzyme
4—4-catalyzed reactionillustrated by the broken line of Figure
3. This is a very obvious indication that neither transition
state benefits from the same degree of electronic stabilization
that A* realizes from isoenzyme 4—4. Furthermore, since A*
and B* in the (4'%31%8),-catalyzed reaction seem to be
indistinguishable electronically, it is reasonable to conclude
that the discrimination between the two is due to substituent-
independent steric interactions with the active site. It may
therefore be true that the molecular basis of the stereose-
lectivity of isoenzyme 4—4 is at least partly steric but with the
superposition of a significant electronic stabilization of one
of the two transition states.

Origins of the Catalytic Efficiency and Stereoselectivity.
The three-dimensional structure of isoenzyme 3-3 offers no
obvious clue to the structural basis for the differences in
catalytic efficiency exhibited by isoenzymes 4—4 and 3-3 or
the chimeric isoenzymes. Preliminary model-building exer-
cises in which the enone is floated into the active site of the
binary isoenzyme 3—3—-GSH complex reveal noclear indication
as to which mutatable side chains of isoenzyme 4—4 might be
responsible for the electrostatic stabilization of A*, Since the
chimeric isoenzymes constructed in this work did not mimic
the enhanced efficiency of the parent 44, nodirect conclusions
can be drawn other than the crucial residue(s) may lie outside
variable regions 1 and 4. In any event, the differences in rate

FIGURE 7: Stereoview of the relationship of the side chains of Y6, V9, and GSH in the active site of isoenzyme 3-3. The structure of GSH
and the side chains of V9 and Y6 are shown in yellow along with the Ca trace for residues 4-15 in purple. The van der Waals volumes of
the side chain of Y6 and the cysteine residue of GSH are shown as dot surfaces. The calculated position of the side chain of 19 is shown in

red, and the calculated van der Waals surface is shown in green.
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accelerations are only about a factor of 10, so the electrostatic
differences between the active sites may be very subtle.

The N-terminal hybrids provide a clear, positive catalytic
signal with respect to the origins of the stereoselectivity of the
hybrids and, by implication, the parent isoenzyme 4—4 toward
the enone substrates. One or more of the mutations in exon
1, namely, I3T, N8D, and V9I, seem to be responsible for the
high degree of discrimination between the two diastereomeric
transition states exhibited by these isoenzymes. However,
when viewed in the context of the three-dimensional structure
of isoenzyme 3-3, two of the mutations appear to be benign
in this regard. For example, the I3T mutation is located on
the solvent-exposed face of the 8-sheet in the N-terminal
domain of the protein and faces away from the active site
(Figure 5). The side chain of N8, which is located in the turn
connecting the first §-strand with the first a-helix, also faces
away from the active site into solvent. Neither the I3T nor
the N8D mutation is likely to have any significant consequence
for the structure of the active site. In contrast, the pro-S
methyl group of the side chain of V9 is located 6.4 A from
the sulfur of GS~ and is in van der Waals contact with the
catalytically important residue Y6 (Liu et al., 1992), the
hydroxy] group of which is hydrogen bonded to the thiolate
of GS- (Figure 7). The V9I mutation extends the pro-S arm
of the side chain by a methylene group which must result in
either movement of the side chain of Y6 or a rotation of the
extended arm of the 9 away from Y6 and into the active site
cavity. Although the former may be possible, the latter seems
more likely. Molecular modeling of the V9I mutation into
the structure of isoenzyme 3-3 indicates that one favored
conformation of the side chain places the terminal methyl
group of the S-arm of I9 about 1 A closer to the sulfur of GS-
than to the pro-S methyl group of V9 (Figure 7). This added
steric knob is the most probable cause of the altered
stereoselectivity of the chimeric isoenzymes and may also
contribute substantially to the stereoselectivity of isoenzyme
4-4,

Conclusions. Mechanistic and structural analysis of the
functional properties of chimeric isoenzymes suggests that
both the N- and C-terminal ends of isoenzymes 3-3 and 44
are directly involved in defining the catalytic character of
GSH transferases from the mu class. The higher turnover
numbers observed with chimeras in which the C-terminal
variable region of subunit 3 is replaced with that of subunit
4 indicate that interaction of the flexible C-terminal tail with
the N-terminal domain helps limit the rate of product release
from the active site of isoenzyme 3-3 in nucleophilic aromatic
substitution reactions. Modular mutants of the N-terminal
variable region have allowed the rapid location of a residue
at position 9 which iscrucial in determining the stereoselectivity
of the chimeras and, by implication, isoenzyme 4—4 toward
phenylbutenones and arene oxides. Construction and analysis
of other complementary chimeric isoenzymes and single-site
mutants should help to confirm these conclusions and help to
refine our understanding of the structural and mechanistic
bases for catalytic diversity of the GSH transferases in the
detoxification of xenobiotics.
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