Biochem. J. (2007) 401, 635-644 (Printed in Great Britain) ~ doi:10.1042/BJ20060603

635

Differences in the subunit interface residues of alternatively spliced
glutathione transferases affects catalytic and structural functions
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GSTs (glutathione transferases) are multifunctional widespread
enzymes. Currently there are 13 identified classes within this
family. Previously most structural characterization has been
reported for mammalian Alpha, Mu and Pi class GSTs. In the
present study we characterize two enzymes from the insect-speci-
fic Delta class, adGSTD3-3 and adGSTD4-4. These two proteins
are alternatively spliced products from the same gene and have
very similar tertiary structures. Several major contributions to the
dimer interface area can be separated into three regions: conserved
electrostatic interactions in region 1, hydrophobic interactions
in region 2 and an ionic network in region 3. The four amino
acid side chains studied in region 1 interact with each other
as a planar rectangle. These interactions are highly conserved
among the GST classes, Delta, Sigma and Theta. The hydrophobic
residues in region 2 are not only subunit interface residues but

also active site residues. Overall these three regions provide
important contributions to stabilization and folding of the protein.
In addition, decreases in yield as well as catalytic activity changes,
suggest that the mutations in these regions can disrupt the active
site conformation which decreases binding affinity, alters kinetic
constants and alters substrate specificity. Several of these residues
have only a slight effect on the initial folding of each subunit
but have more influence on the dimerization process as well as
impacting upon appropriate active site conformation. The results
also suggest that even splicing products from the same gene may
have specific features in the subunit interface area that would
preclude heterodimerization.

Key words: Anopheles dirus, glutathione transferase (GST),
hydrophobic interaction, subunit interface.

INTRODUCTION

GSTs (glutathione transferases; EC 2.5.1.18) are a supergene
family of multifunctional enzymes which are widely distributed
in nature and found in most aerobic eukaryotes and prokaryotes.
The dimeric cytosolic GSTs catalyse reactions with a broad
range of substrates and play an essential role in detoxification of
endogenous and xenobiotic compounds [1,2]. The dimerization
of the GSTs not only contributes to stabilization of the subunit
tertiary structure, but also allows for the construction of a fully
functional active site [3]. Although tertiary structures of all classes
of GSTs are similar, dimerization is highly specific and is thought
to occur only between subunits within the same class [4,5].

The structural features at the dimer interface of the GSTs
suggest at least two major subunit interaction areas [6]. The first
area is the predominantly hydrophobic interaction at the outer
ends of the interface called a hydrophobic ‘lock-and-key’ (also
referred to as a ‘ball-and-socket’) motif which is formed by the
insertion of an aromatic residue from domain I of one subunit into
a ‘lock’ of five residues of domain II in the other subunit [6-9].
The second major subunit interaction area is the symmetry
axis interactions at the 2-fold axis of the protein which show
highly conserved electrostatic interactions at one edge of the
subunit interface and a variety of interactions along the interface
depending on the GST class. The Anopheles dirus mosquito is an
important malaria vector in South East Asia. From an A. dirus
genomic library, a 7.5 kb fragment containing the adgstl1AS1
gene (A. dirus alternatively spliced GST gene) was identified
[10]. This gene contains six exons that encode four Delta class
GSTs, adGSTDI-1, 2-2, 3-3 and 4-4, which possess 61-77 %
amino acid identity compared among themselves. Previously

these proteins had been named adGST1-1, 1-2, 1-3 and 1-4,
according to insect GST nomenclature in use (that is, insect class
1-protein 1, 2, 3 and 4 respectively). However, to be in alignment
with a proposed universal GST nomenclature, the proteins
were renamed adGSTDI1-1, adGSTD2-2, adGSTD3-3 and
adGSTD4-4 respectively [11,12]. The subunit number remains
the same, since subunits were enumerated as they were initially
discovered, ‘D’ refers to GST Delta class and ‘4-4’ refers to the
homodimeric isoenzyme. These four GSTs share an untranslated
exon 1 and a translated exon 2 coding for 45 amino acids at the
N-terminus but vary between four different exon 3 sequences
(exons 3A-3D). The arrangement of each exon is similar to
the aggstla gene from A. gambiae, the major malaria vector in
Africa, with approx. 79 % nucleotide identity for the two genes
[13]. In A. dirus, although four splice products are encoded from
the same gene, the enzymes possess distinct enzyme kinetic
properties for substrates, inhibitors, including insecticides, as
well as physical properties such as stability [14,15]. Although
two splice products, adgstD3-3 (PDB accession number: 1JLV)
and adgstD4-4 (PDB accession number: 1JLW), have very similar
tertiary structures when aligned, the amino acid identity is only
68 % [16].

When compared with human Alpha, Mu and Pi classes, the
dimer interfaces of both Delta class isoenzymes are more exten-
sively hydrophilic. Although lacking the previously identified
hydrophobic ‘lock-and-key’ motif (a conserved motif in human
Alpha, Mu and Pi classes), the Delta class does possess a ‘Clasp’
motif with a similar function [17]. In addition to this motif,
there are nine amino acids making major contributions to the
interactions within this interface area, which can be separated
into three regions: conserved electrostatic interactions in region

Abbreviations used: ANS, 8-anilino-1-naphthalene sulfonate; CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitrobenzene; EA, ethacrynic
acid; GST, glutathione transferase; PNBC, p-nitrobenzyl chloride; PNPB, p-nitrophenethyl bromide.
* To whom correspondence should be addressed (email albertketterman@yahoo.com).
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Figure 1

The three regions of the interface characterized in the present study

Region 3

Region 2

Region 1

The two GST proteins are carbon backbone aligned with the adGSTD3-3 secondary structure wire ribbon shown in blue and the adGSTD4-4 secondary structure ribbon shown in grey. The GSH
in the two active sites is shown as a black stick; the residues engineered in the present study are shown in red. The top panel is a stereo view looking at the 2-fold axis from the side opposite to
the active sites. The middle panel shows the proteins rotated 90°, to show the position of the studied interface residues down the length of a-helices 3 and 4. The bottom panel shows the proteins
rotated a further 90° and looking down upon the 2-fold axis on to the active sites. The Figure was created using Accelrys DS ViewerPro 5.0.

1, hydrophobic interactions in region 2 and an ionic network in
region 3 (Figure 1).

The conserved electrostatic interactions in region 1 of the
subunit interface are formed by two amino acid residues from
one subunit (a glutamate residue in «-helix 3 and an arginine
residue in «-helix 4) interacting with the same two amino acids
from the other subunit. These interactions are of interest because
the four amino acid side chains interact with each other as a
planar rectangle with distances of 3.83-4.26 A (1A =0.1 nm).
These interactions are highly conserved among the GST classes,
Delta, Sigma and Theta, however at present there are no reports of
these interactions for any of the three GST classes. In adGSTD4-4,
each arginine residue not only interacts with both of the negatively
charged Glu” residues in both subunits, but also forms cation—
interactions with the aromatic ring of Tyr® and an ionic interaction

© 2007 Biochemical Society

with the carboxy group of Pro®. In adGSTD3-3, the equivalent
residues to Glu”™ and Arg® of adGSTD4-4 are Glu™ and Arg®.
These residues also form the same planar rectangle arrangement
within adGSTD3-3 and are stabilized in a similar manner by
interactions with Tyr*® and Pro® (Tyr® and Pro® in adGSTD4-4).
Therefore as the motif appears to be highly conserved in both
proteins it was only studied in adGSTD4-4. In addition, these
interactions appear to be highly conserved among the insect GST
classes. Therefore the aim of the present study was to determine
whether the inter- and intra-subunit electrostatic interactions of
these residues are important contributions that help to maintain
tertiary and quaternary structures.

Region 2 at the subunit interface shows the most variation
in amino acid residues at equivalent positions between the two
isoenzymes, Tyr®®, Met'"" and Gly'” of adGSTD3-3 and Phe'®,
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Val'7 and Ala'® of adGSTD4-4 respectively. These residues are
of interest because they are not only subunit interface residues
but also active site residues with several of them involved in both
active sites of the dimeric enzyme. Therefore the amino acids at
the equivalent positions of the two isoenzymes were studied by
switching the amino acids of the two proteins; Y98F, M101V,
G102A and Y98F/M101V/G102A of adGSTD3-3 and F104Y,
V107M, A108G and F104Y/V107M/A108G of adGSTD4-4.

The last region is the hydrophilic area in region 3 of the
subunit interface, Asp''® of adGSTD3-3 and Glu''® of adGSTD4-
4. Not only are these subunit interface residues, but these two
equivalent positions also are involved in the active site as part of
the H-site (hydrophobic substrate-binding site). For adGSTD4-4,
Glu'' forms hydrogen bonds with Arg'** in both inter- and intra-
subunit interactions; however, these interactions do not appear
inadGSTD3-3. For adGSTD?3-3, there are hydrogen bonds only in
the same subunit between Asp'' and the highly conserved residue
Glu'%. To study the influence of the ionic network in region 3 of
the subunit interface and whether it impacts upon the catalytic
activity and stability of the enzymes, mutations at the equivalent
positions of these two isoenzymes were generated, that is, D110A
of adGSTD3-3 and E116A of adGSTD4-4.

MATERIALS AND METHODS
Site-directed mutagenesis and protein purification

The adGSTD3-3 and adGSTD4-4 plasmid DNA templates
were prepared from previous constructs [14]. The construction
of the mutants was based on the Stratagene QuikChange®
site-directed mutagenesis kit using pfu DNA polymerase.
The expression constructs of recombinant plasmid that were
obtained were sequenced at least twice and transformed into
Escherichia coli BL21DE3plysS. The soluble recombinant GSTs
were purified by GSTrap affinity chromatography (Amersham
Phamacia) as previously described [14]. After purification,
proteins were homogeneous as judged by SDS/PAGE, and the pro-
tein concentration was determined using the Bradford protein
reagent with bovine serum albumin as a standard [18].

Catalytic activity and kinetic studies

Steady-state kinetics were studied at various concentrations
of CDNB (1-chloro-2,4-dinitrobenzene) and GSH in 0.1 M
phosphate buffer (pH 6.5). The reaction was monitored at 340 nm,
£=9600 M~'.cm™'. Apparent kinetic parameters, k., K, and
ke/K,n were determined by fitting the collected data to a
Michaelis—Menten equation by non-linear regression analysis
using GraphPad Prism version 4 (GraphPad software;
www.graphpad.com) [19,20]. Specific activities of the enzymes
were determined with five different substrates; CDNB, DCNB
(1,2-dichloro-4-nitrobenzene), EA (ethacrynic acid), PNPB (p-
nitrophenethyl bromide) and PNBC (p-nitrobenzyl chloride) as
previously described [21]. Specific activities reported are the
means + S.D. from at least three independent experiments. One-
way ANOVA with Dunnett’s post test was performed using
GraphPad InStat version 3.06 for Windows (GraphPad software;
www.graphpad.com).

Structural studies

Enzymes at 0.1 mg/ml final concentration were incubated at
45 °C. Inactivation time courses were determined by withdrawing
suitable aliquots at different time points for an assay of remaining
activity to calculate the half-life of the enzyme [22]. Data are the
means * S.D. from at least three independent experiments.

Spectroscopic properties of wild-type and mutant proteins
were measured for evidence of conformational changes. Intrinsic
fluorescence emission spectra were measured at an excitation
wavelength of 295 nm and A, and fluorescence intensity of emis-
sion spectra were analysed at a protein concentration of 0.2 mg/
ml [23].

A refolding experiment was performed with enzymes first being
denatured in 4 M guanidinium chloride in renaturation buffer
[0.2 M phosphate, 1 mM EDTA and 5 mM dithiothreitol (pH 7.0)]
at room temperature (25 °C) for 1 h and then rapidly diluted (de-
fining time zero) 1:40 into renaturation buffer. Therefore the final
guanidinium chloride concentration was 0.1 M during refold-
ing. Recovered activity was monitored as a function of time
by withdrawal of appropriate aliquots of renaturation mixture
and immediately assaying for activity. Refolding rate constants
were determined by non-linear regression analysis using a single
exponential equation [23].

The ANS (8-anilino-1-naphthalenesulfonate) binding assay
was monitored using a PerkinElmer Luminescence spectrometer
LS50B. ANS [200 uM in 0.1 M sodium phosphate buffer
(pH 6.5)] was added to a final concentration of 2 uM enzyme in a
400 pl reaction mixture [24]. The spectrum of ANS in phosphate
buffer (pH 6.5) was subtracted from the spectrum of protein-
binding ANS. A total of three scans each for blank and sample
were recorded and averaged for each enzyme. Reported spectra are
the means from at least three independent experiments. Enzyme
activity measurements in the presence of ANS were assessed
immediately after adding ANS by using the standard reaction
assay.

RESULTS AND DISCUSSION

The investigations of GST dimerization performed in mammalian
GSTs indicated that the subunit interactions are a significant
source of stabilization not only for the association of subunits but
also for tertiary structures of the individual subunits [9,25,26].
In the present study, most mutations gave similar purification
yields as the wild-type with the exception of the E75A and R96A
mutants of adGSTD4-4, which had yields approx. 2 and 0.4 %
of the wild-type respectively. As the proteins were expressed in
similar amounts, it appears that the alteration of these residues
disrupts the intra-subunit interaction between helix 3 and helix 4
which impacts upon the active site architecture thereby affecting
binding to the affinity matrix.

Both adGSTD3-3 and adGSTD4-4 have two tryptophan
residues in each subunit that are located in B-sheet 4 in domain
I and a-helix 7 in domain II. The tryptophan residue located in
B-sheet4 in domain I (Trp®) is in close proximity to the active site,
with an involvement in sequestering the substrate glutathione, as
well as being in the subunit interface. This makes it a sensitive
fluorescence probe to monitor conformational changes at/near the
active site. The normalized fluorescence spectra of adGSTD3-
3 and adGSTD4-4 wild-type compared with the mutants were
obtained to study the effect of mutations on the enzyme tertiary
structure (Figure 2). The results showed that although every
mutant had the same A, as the wild-type, several mutants pre-
sented differences in the normalized intensities of fluorescence,
implying that the mutations caused significant conformational
changes in the environment of the tryptophan residues located
near the subunit interface and the mutation site. The mutants also
had different intensities from their wild-type especially R96A,
with the intensity of fluorescence decreased by approx. 66 %. This
finding suggests that there are significant conformational changes
in the tryptophan residue neighbourhood that distinguish the final
structure of the mutant from that of the wild-type. This decrease
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Figure 2 Normalized intrinsic tryptophan residue fluorescence spectra of
the adGSTD3-3 and adGSTD4-4 (wild-type) and the recombinant mutant
GSTs

The same colour represents the equivalent position. The data are means of three independent
experiments.

demonstrates that movements have occurred in the tryptophan

residues or in the surrounding fluorescence quenching groups.
The half-life of the enzymes corresponds to the time of

incubation when there is 50 % remaining activity (Table 1). The

Table 1
and the recombinant engineered GSTs

conserved cation— interaction residue, Arg®, and the conserved
electrostatic interaction residue, Glu’, have important roles in
stabilizing enzyme structure as shown by a much decreased
stability for R96A and E75A of approx. 15- and 7.4-fold
respectively. For region 2, several mutants possessed similar
stability as the wild-type enzymes. However, there were three
mutants which had very different thermal stabilities. Two of
the mutations were at an equivalent position, adGSTD3-3 Gly'”
and adGSTD4-4 Ala'®. Replacement of a glycine residue by an
alanine residue in adGSTD3-3 at this position caused decreases
of about 8-fold in half-life, whereas a glycine residue substitu-
tion of adGSTD4-4 showed an increase in half-life of about 4.7-
fold. The other mutant that showed stability changes was the
V104M protein which decreased the half-life by approx. 3-fold.
For region 3, the half-life of D110A of adGSTD3-3 was similar
to the wild-type. However, the equivalent adGSTD4-4 mutation
E116A disrupted the charge—charge network and showed a 64 %
decreased stability for the enzyme. The results showed that the
positively charged residue at the edge of the subunit interface of
adGSTD4-4 participates in stabilizing the enzyme structure while
the equivalent residue of adGSTD3-3 appeared to have only a
minor contribution.

Three mutations in adGSTD4-4, E75A, R96A and V107M, did
not recover activity after being unfolded by 4 M guanidinium
chloride (Table 1). This implies that these residues play a critical
role in the folding process of the enzymes. For the remaining
mutants, the refolding rate constants were similar. The activity
recovered illustrates the ability of the enzymes to recover their
appropriate active site conformation for catalytic activity. After
unfolding, the enzymes were able to recover activity ranging from
19% to 94 %. To study the influence of mutations on protein
folding and to assess whether the changes affected tertiary folding
of each subunit or dimerization of the two subunits, intrinsic
tryptophan residue fluorescence spectroscopy was performed. The
fluorescence spectra of native, unfolded and refolded enzymes
were monitored to compare the tertiary structure of the proteins in
each state (Figures 3 and 4). The A,,,, values of the native (335 nm)
and the unfolded form (355 nm) of the protein were observed for
every enzyme. The data showed that the enzymes were refolded
in a similar manner as the native form, as shown by similar A,
values, including the E75A, R96A and V107M mutants, although

Half-life, refolding rate constants, activity recovered (%) and the effect of ANS on CDNB specific activity of the adGSTD3-3 and adGSTD4-4 (wild-type)

The data are means + S.D. for at least three independent experiments. One-way ANOVA with Dunnett’s post test was performed to show statistical significance with *P < 0.05 and 1P < 0.01. D3
and D4 indicate adGSTD3-3 and adGSTD4-4 respectively. Inside parentheses the numbers indicate the subunit interface region: 1 is region 1, 2 is region 2 and 3 is region 3; and the same lowercase

letter indicates an equivalent residue position for the two GST isoenzymes. nd, not detectable.

Refolding rate Activity Inhibition
Enzymes Half-life (min) constant (min~—") recovered (%) by ANS (%)
D3-wild-type 2.71+0.35 0.87+0.09 56.9+0.23 246+1.41
D3-Y98F (2/a) 3124033 0.58+0.05¢ 66.1+2.83* 13140541
D3-M101V (2/b) 2.77+0.43 0.42+0.05¢ 40.5+1.931 11.9+0.807
D3-G102A (2/c) 0.34+0.03} 0.38+0.07F 94.4+5771 13.7+2.667
D3-Y98F/M101V/G102A (2/d) 1.88+0.01* 0.31+0.031 85.8+4.397 18.4+0.651
D3-D110A (3/e) 2214024 058+0.11F 80.5+3.487 23.4+1.83
D4-wild-type 14.0+1.70 0.59+0.03 19.74+0.70 18.4+1.20
D4-G75A(1) 1.89+ 0131 nd 0.00 225+0.82
D4-R96A(1) 0.91+0.07F nd 0.00 18.8+3.89
D4-F104Y (2/a) 17.1+1.76* 0.28 +0.02% 235+0.51 31.9+1.96%
D4-V107M (2/b) 476+0.15¢ nd 0.00 254+1.41%
D4-A108G (2/c) 65.4+1.45¢ 0.32+0.041 69.6 +7.557 32.8+1.03t
D4-F104Y/N107M/A108G (2/d) 16.7+1.23 0.60+0.10 25.0+0.18 21.1+1.83
D4-E116A (3/e) 5.16+0.931 0.68+0.11 9.93+0.68* 17.3+2.05
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Figure 3 Normalized intrinsic tryptophan residue fluorescence spectra compared with the native, refolded and unfolded forms of the adGSTD3-3 (wild-type)
and the recombinant mutant GSTs

(A) Wild-type, (B) Y98F, (C) M101V, (D) G102A, (E) Y98F/M101V/G102A and (F) D110A. The data are means for at least three independent experiments. Solid line, native form; dashed line, refolded
form; and hashed line, unfolded form of the enzyme.
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Figure 4 Normalized intrinsic tryptophan residue fluorescence spectra compared with the native, refolded and unfolded forms of the adGSTD4-4 (wild-type)
and the recombinant mutant GSTs

(R) Wild-type, (B) G75A, (C) R96A, (D) F104Y, (E) V107M, (F) A108G, (G) F104Y/V107M/A108G and (H) E116A. The data are means for at least three independent experiments. Solid line, native
form; dashed line, refolded form; and hashed line, unfolded form of the enzyme.
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these enzymes could not recover catalytic activity. As shown
by the similar patterns of the adGSTD3-3 mutant spectra, the mut-
ations did not affect the tertiary folding of each subunit but in-
fluenced the dimerization process, which is necessary to achieve
an appropriate active site conformation. Therefore both catalytic
and structural data suggest that the single mutation of Gly'® and
the triple mutation had significant effects on the dimerization
of the enzymes by increasing the activity recovered from 56.9 %
for wild-type to approx. 94.4 % and 85.8 % for the two proteins
respectively (Table 1). In both catalytic and structural experi-
ments, the refolding data showed that loss of the conserved
electrostatic interactions, E75A and R96A, and the hydrophobic
residue, V107M, had a dramatic effect on the dimerization pro-
cess, which is critical to formation of the complete active site
pocket. The results for the Arg” position indicated that not only
does this residue have a critical role in the dimerization process,
but it is also important for the protein folding pathway of each
monomeric subunit.

The anionic dye ANS has been shown to bind in the solvent-
exposed cleft in the subunit interface of class Alpha and Pi
enzymes [27-29]. Therefore ANS was utilized as a probe to
monitor the appearance/disappearance of hydrophobic patches or
surfaces on the proteins that were undergoing structural changes.
When ANS was bound to the proteins the fluorescence was en-
hanced, accompanied by a blue shift in its emission maximum
from 514 nm (free ANS in buffer) to 498 nm for adGSTD3-3 and
482 nm for wild-type adGSTD4-4, indicating that the polarity of
the binding site had become more hydrophobic, with decreasing
polarity the greater the blue shift.

When compared with the wild-type proteins, there was no
change in the emission maximum wavelength of ANS bound to
all mutants (Figure 5). For the ANS fluorescence intensity, which
reflects the degree of solvent quenching of ANS bound to the
protein, the adGSTD4-4 mutants showed variations in the amount
of ANS bound, except E75A, which showed a similar intensity
to the wild-type. However, there was no relative intensity change
for the adGSTD3-3 mutants. The results showed that the residue
substitutions of adGSTD4-4 with the adGSTD3-3 amino acids
had a dramatic effect at the subunit interface, much more than for
adGSTD3-3.

To study the impact of ANS on the enzyme conformation,
the enzyme activity in the presence and absence of ANS was
measured using the standard reaction assay. The results showed
that for the mutants, ANS molecules can bind and alter the active
site architecture in a manner similar to the wild-type (Table 1).
It implied that differences in ANS spectra intensities in Figure 5
occurred only from an alteration of a hydrophobic patch at the
subunit-binding site.

In general, the engineered enzyme reactions followed
Michaelis—Menten kinetics as did the wild-type except for E75A,
F104Y and E116A of adGSTD4-4 which showed positive co-
operativity upon substrate binding. Positive co-operativity is
shown by a sigmoidal velocity curve which reflects the substrate
binding in the first active site, that then facilitates a second
substrate molecule binding in the second active site by increasing
the binding affinity of the vacant binding site [30]. For CDNB,
two of the enzymes had significantly different Hill coefficients
(shown by one-way ANOVA with Dunnett’s post test) compared
with wild-type enzyme [Hill coefficients for wild-type 1.08 £+ 0.08
versus E75A 1.79+£0.03 (P <0.01) and E116A 1.4040.20
(P <0.05)]. For GSH only F104Y had a significantly different
Hill coefficient (shown by one-way ANOVA with Dunnett’s post
test) compared with wild-type enzyme [Hill coefficients for wild-
type 1.06 0.14 versus F104Y 2.01 £0.09 (P <0.01)]. These
data show that two of the mutant enzymes, E75A and F104Y,
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Figure5 ANS binding spectra of the adGSTD3-3 and adGSTD4-4 (wild-type)
and the recombinant mutant GSTs

The same colour represents the equivalent position. The spectra were measured immediately
after addition of ANS. As ANS fluorescence is quenched by water, alteration of the fluorescence
intensity of protein-bound ANS is highly dependent upon its accessibility to water. The data are
means for at least three independent experiments.

had very strong positive co-operativity, with the Hill coefficients
approaching the number of substrate-binding sites. In addition,
comparison of the kinetic constants of the mutants with the wild-
type values showed that the residue changes affected additional
enzymatic properties (Table 2). These effects on the active site
were also reflected in changes in substrate specificity with changes
in the equivalent residue position showing different effects on
the two isoforms (Table 3). For example, D110A activity was
significantly decreased with CDNB and DCNB in adGSTD3-3
but E116A activity was significantly increased with CDNB and
showed no significant activity with DCNB in adGSTD4-4. For
another position, M101V in adGSTD3-3 equivalent to V107M
in adGSTD4-4, both enzymes showed significant decreases in
activity with CDNB. However, the adGSTD4-4 enzyme showed
significant increases in activity with DCNB and EA, whereas the
adGSTD3-3 enzyme showed a significant decrease with DCNB
and no significant change with EA.

The insect GST class Delta has a conserved planar rectangular
electrostatic motif formed by four amino acid residues from
different helices of both subunits (Glu™ in a-helix 3 and Arg®”
in a-helix 4) (Figure 6). These interactions are highly conserved
among GST classes Delta, Sigma and Theta. This is the first report
of these interactions for any of these three classes. To study the
function of this motif two mutants were generated, E75A and
R96A, which break the conserved electrostatic interactions
and ionic network at the dimer interface of adGSTD4-4. The re-
sults showed that the motif provides an important contribution
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Table 2 Yield of purification and kinetic parameters of the adGSTD3-3 and adGSTD4-4 (wild-type) and the recombinant engineered GSTs

The data are means + S.D. for at least three independent experiments. One-way ANOVA with Dunnett’s post test was performed to show statistical significance with “P < 0.05 and 1P < 0.01. D3
and D4 indicate adGSTD3-3 and adGSTD4-4 respectively. Inside parentheses the numbers indicate the subunit interface region: 1 is region 1, 2 is region 2 and 3 is region 3; and the same lowercase

letter indicates an equivalent residue position for the two GST isoenzymes.

CDNB GSH

Keat Kn Keat/Km Kn keat/Km Purification
Enzymes (s (mM) (mM~Tes=T) (mM) (mM~Tes=T) yield (%)
D3-wild-type 39.2 0.154+0.01 258 0.2940.04 114 537
D3-Y98F (2/a) 24.9+% 0.12+0.01 213 0.47+0.05 53.1 492
D3-M101V (2/b) 26.0F 0.72+0.06t 36.3 1.04+0.067 25.0 60.0
D3-G102A (2/c) 2351 0.37+0.02+ 63.3 2.94+0.38+ 7.99 47.6
D3-Y98F/M101V/G102A (2/d) 40.7 0.28+0.03+ 147 1124+ 0.07¢ 36.7 58.3
D3-D110A (3/e) 51.7% 0.49+0.07+ 106 0.54+0.04 95.8 34.3
D4-wild-type 225 0.634+0.09 35.7 0.674+0.05 336 61.3
D4-G75A (1) 23.3 8.26 +2.63+ 2.82 0.54+0.06 43 55
D4-R96A (1) 16.2F 0.80+0.06 220 1.08+0.02 15.0 14
D4-F104Y (2/a) 155+ 0.52+0.03 28 2401+ 2.94+ 0.65 422
D4-V107M (2/b) 13.7% 16+0.08 8.56 0.76 +0.11 18.0 60.0
D4-A108G (2/c) 26.8 0.87+0.07 26.8 0.73+0.12 36.7 59.2
D4-F104Y/V107M/A108G (2/d) 3251 0.72+0.04 452 0.25+0.02 130 59.2
D4- E116A (3/e) 4617 1.5540.01 29.7 1.2440.06 371 371

Table 3 Specific activities of the adGSTD3-3 and adGSTD4-4 (wild-type) and the recombinant engineered GSTs

The data are means + S.D. for at least three independent experiments. One-way ANOVA with Dunnett’s post test was performed to show statistical significance with *P < 0.05 and +P < 0.01. The
substrate concentrations used were 1 mM CDNB for adGSTD3 and 3 mM CDNB for adGSTD4, 1 mM DCNB, 0.1 mM PNBC, 0.1 mM PNPB and 0.2 mM EA. D3 and D4 indicate adGSTD3-3 and
adGSTD4-4 respectively. Inside parentheses the numbers indicate the subunit interface region: 1 is region 1, 2 is region 2 and 3 is region 3; and the same lowercase letter indicates an equivalent

residue position for the two GST isoenzymes. nd is not detectable.

Specific Activity (cemol/min/mg)

Enzymes CDNB DCNB EA PNPB PNBC
D3-wild-type 85.3+3.23 0.25+0.01 0.10+0.05 nd 0.13+0.01
D3-YO8F (2/a) 46,9+ 6.38+ 0.23+0.03 0.03 + 0.01* nd 0.05+ 0.00+
D3-M101V (2/b) 140814 0.05+0.01% 0.08+0.02 nd 0.09 + 0.00+
D3-G102A (2/c) 46.8+025¢ 0.08+0.01% nd nd 0.05+ 0.00+
D3-Y98F/M101V/G102A (2/d) 8484547 0.21+0.01* 0.15+0.01 nd 0.08 + 0.00+
D3-D110A (3/e) 71.6+2.69+ 0.6+ 0.01% 0.01+0.01% 0.03+0.01 0.07 +0.01+
D4-wild-type 480+198 0.03 % 0.00 0.27 +0.00 0.06 % 0.01 0.03+0.01
D4-E75A (1) 36,6+ 5.03+ 0.06 + 0.01 0.1240.01 0.02 % 0.01 0.06 + 0.00
D4-R96A (1) 260+ 0.13+ 0.27 % 0.04+ 0.18 % 0.01 0234002 nd

D4-F104Y (2/a) 28.5+2.24% 0.06+ 001 0.14+0.01 0.05+0.01 0.11+0.05
D4-V107M (2/b) 22,0+ 2.09% 0.08 +0.004* 2,06+ 0.29+ 0.31+0.08 nd
D4-A108G (2/c) 553+ 2.07 0.06 % 0.02 0.32+0.01 nd 0.08 +0.02
D4-F104Y/V107M/A108G (2/d) 5384143 0.05+0.01 0.02 + 0.00* nd 0.04 + 0.01
D4- E116A (3/e) 56.3 + 6.83* 0.06 + 0.01 0.01+0.01* 0.04+0.01 0.04 + 0.01

to the stabilization and folding of the protein. The mutants were
expressed in both inclusion and soluble forms, with the RO6A
mutant mostly being expressed as an inclusion body. This
evidence and the results from the refolding assay (Table 1;
Figures 3 and 4) indicated that the folding process was altered by
the mutations. In addition, decreases in yield as well as catalytic
activity changes (Table 2), suggest that the mutations disrupt the
active site conformation which decreases binding affinity, alters
kinetic constants and substrate specificities.

Although both Glu™ and Arg® are located in the same area,
in the present study region 1 of the subunit interface, there is
a conserved amino acid sequence around Arg”™ which forms a
pocket around the arginine residue. Arg® is stabilized by several
highly conserved residues in a cation—r interaction with Tyr®
and Pro®, whereas Glu” does not have amino acids surrounding
it, except Arg®, as it is located within a hole in the subunit
interface edge (Figure 6). Therefore substitution of an alanine

residue for Arg”® appears to have more impact on the tertiary
and quaternary structure of the protein compared with Glu™,
as shown by decreases in the fluorescence intensities of both
intrinsic tryptophan spectroscopy (Figure 2) and the ANS binding
assay (Figure 5). This also suggests that there are significant
conformational changes in amino acid side chains near the subunit
interface and the mutation site. However, disappearance of the
salt bridges with the loss of either Glu”™ or Arg” affected both
initial protein folding, as shown in the refolding experiment, and
the protein stability as shown by decreased half-life. Although
Arg® is not located in the active site pocket, structural changes
that occurred due to this mutation also affected the active site
conformation, probably through packing effects (Tables 2 and 3).

Region 2 of the subunit interface, which shows the most
variation in amino acid residues at the equivalent positions
between adGSTD3-3 and adGSTD4-4, is of interest because the
residues are not only in the interface but also in the active site,

© 2007 Biochemical Society
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(A)

v
* 120 * 140 *
Dirus-D4 : f§ JGAHDADLAERIES - BPRRZAVIH QRFAEYYYPQ : 121
Gam-D1-3 : [ YCAHDPALAER - QRFAEYYYPQ : 121
Dirus-D1 : | - ---- KDD - PO KEAVINIOR /QAFGDYLYPQ : 115
Gam-D1-§ : @AEKNG----- KDD:! K - B POKZAVIBIOR QRFADYHYPQ : 115
Dirus-D2 : @ 43 - - KPTEADRIBLIES - Po:ﬁ ORI QRFGDYYYPQ : 118
Gam-D1-4 : [@VEK s T - POk R QRFGDYYYPQ : 118
Dirus-D3 -EEOKERWINORIE QRFADYYYPQ : 115
Gam-D1-5 : POKEAVIIOR QRFADYYYPQ : 115
(B) Dirus-D5 : [ FREZATNYOR QRVVDYYFPT : 117
Gam-D7 FRSGATVOR QRVVDYYFPT : 117
Gam-D2 LFIQEIAI R PRFADFYHPQ : 117
Gam-D8 KTHATIIOR TRLEDYYYPL : 116
Gam-D11  : | PREGIAVIIOR QRFSQAFYPV : 115
Dirus-Dé : § PEV 1.rm"ﬂ KRIIDVIHLV : 114
Gam-D3 PKVES VIIOR KQIIDITHLV : 114
Gam-D4 LVEICVIOR WFKQIYENVHVE : 114
Gam-D5 PEV -m’iﬁ KENILANVDVL : 115
Gam-D10 PHVEISVIUOR [FKSATEYVECT : 115
Gam-D12 VCEZSIUHORMFEDSGMFONTTLOAVLEH : 114
Gam-Dé IALS RISFUDIGTEMRSVTTYYHPI : 122
Gam-D9 PLR: ECGTIR¥KCIFVYYSPYV : 116
Gam-ul PKDE CENLJ\ YPOISAYVMAP : 115
Gam-u2 IPKEL F¥PKFFGTIGAL : 118
Gam-u3 EPKEg SGTEFVALRNVLMTV : 118
Gam-E1 IVEQARZS E. FARLRFITELV : 121
Gam-E2 K - EEVEKQARGISA FARMRFNFERI : 118
Gam-E3 AKELVEQANIUALISHEESGVEFARLEWILERPYV : 119
Gam-E4 g AAFHIDSGVIBFARFRFYLEPT : 120
Gam-ES PIA AGRHBDSGVIBFSRLRFYFEPI : 122
Gam-E6 YEQUARISIAA ESSIMFARLRFCTDNL : 119
Gam-E7 ELVRZARY HLEAGVMFSRLSFLFEPV : 120
Gam-E8 lm..'rv CENNG WEQRDAEVMRKI : 118
Gam-T1 SRRORA EQOHHNTRATCAIYFQYV : 119
Gam-T2 : TVROARMEE YIESHOHLNERADVSLYFFHV : 120
Gam-S1-2 : i DWENLIS DTVNDFRLKIAVVSYEPD : 102
Gam-S1-1 : @A {PLEALOMEATDTINDFRLKIAIVAYEPD : 125
Gam-21 JLK.EA CEVIASGHOPLONLIVLIH : 127
Gam-01 -1 'PFS@QDRILEERFAG;E?G----PYYRI : 133

Figure 6 Conserved electrostatic interaction in region 1 of the subunit interface

(A) The planar rectangle electrostatic interaction of GIu™ and Arg® from both subunits. Distances between the charged atoms are shown in A. Also shown are the conserved anion—cation—
interactions between Tyr®, Pro® and Arg®. (B) Amino acid alignment of insect GST classes. Dirus is A. dirus and Gam is A. gambiae. The arrows point to the highly conserved tyrosine, proline and
arginine residues. D is Delta, u is unclassified, E is Epsilon, T is Theta, S is Sigma, Z is Zeta and O is Omega GST class. GenBank® accession numbers: adGSTD1 (AF273041), adGSTD2 (AF273038),
adGSTD3 (AF273039), adGSTD4 (AF273040), adGSTD5 (AF251478), adGSTD6 (AY014406), agGSTD1-3 (Protein ID AAC79992), agGSTD1-4 (Protein ID AAC79994), agGSTD1-5 (Protein ID
AAC79993), agGSTD1-6 (Protein ID AAC79995), agGSTD2 (Z71480), agGSTD3 (AF513638), agGSTD4 (AF513635), agGSTD5 (AF513634), agGSTD6 (AF513636), agGSTD7 (AF071161), agGSTD8
(AF316637), agGSTD9 (AY255857), agGSTD10 (AF515527), agGSTD11 (AF513637), agGSTD12 (AF316638), agGSTul (AF515521), agGSTu2 (AF515523), agGSTu3 (AF515524), agGSTET
(AF316635), agGSTE2 (AF316636), agGSTE3 (AY070234), agGSTE4 (AY070254), agGSTES (AY070255), agGSTES (AY070256), agGSTE7 (AF491816), agGSTES (AY070257), agGSTT1 (AF515526),
agGSTT2 (AF515525), agGSTS1-1 (L07880), agGSTS1-2 (AF513639), agGSTZ1 (AF515522), agGSTO1 (AY255856). agGSTD6 and agGSTDI were suggested to be pseudogenes [33]. The Figure

in (A) was created using Accelrys DS ViewerPro 5.0.

with several residues involved in both active sites of the dimer.
The effects of the different hydrophobic amino acids at the
equivalent positions of the two isoenzymes were studied by
switching the equivalent amino acids with the amino acid
from the other protein; that is, YO8F, M101V, G102A and
YI98F/M101V/G102A for adGSTD3-3 and F104Y, V107M,
A108G and F104Y/V107M/A108G for adGSTD4-4. The
refolding experiments demonstrated that every enzyme could be
refolded, although the activity recovered varied (Table 1). This
indicates that the mutations have only a slight effect on the initial
folding of each subunit but have more influence on the

© 2007 Biochemical Society

dimerization process through subunit interface conformation, as
well as other structural aspects which impact upon appropriate
active site conformation. When comparing the two isoforms
adGSTD3-3 and adGSTD4-4, in terms of changes in catalytic
activity, the mutations affected the proteins in different ways
for the equivalent residues, as shown in Table 2. The crystal
structures show that all selected equivalent positions are located in
the active site pocket suggesting that the whole electrostatic field
in the active site pocket was disturbed by the mutations, which
thereby altered catalytic parameters of the enzymes. Moreover,
these residues are also located at the interface of the two active



Interactions at the subunit interface of glutathione transferase 643

Gly102 vs Ala108
Tyr98 vs Phe104

Asp100 vs Asp106 Met101 vs Val107
b \

GIn1086 vs Gin112

Arg6é vs Argé7 Tyr105 vs Tyr111

Glué4 vs Glugs

Figure 7 In region 2 the amino acid milieu of adGSTD3-Met'®" and
adGSTD4-Val'”

The dark grey represents adGSTD3-3 and medium grey is adGSTD4-4. The Figure was created
using Accelrys DS ViewerPro 5.0.

site areas which provide different substrate-binding sites for GSH
and the hydrophobic substrate. Therefore these positions would
allow the residues to influence binding of both substrates as shown
by the K, values.

The first sphere milieu of the equivalent positions, Met'"
of adGSTD3-3 and Val'” of adGSTD4-4, consists of seven
amino acids of which only two residues are different between
the two isoforms, adGSTD3-3 Tyr*® compared with adGSTD4-4
Phe'™ and adGSTD3-3 Gly'” compared with adGSTD4-4 Ala'®
(Figure 7). However, the triple mutations which changed all three
amino acids at these equivalent positions to the amino acid of the

other isoform, showed that they had only a slight effect on the half-
life. Steric interactions and van der Waals forces are important
interactions for the stability of proteins [31,32]. The side chain
size of the three amino acids at these equivalent positions had
a major impact on subunit interface packing, with differences
between the two splice forms, especially Met'®! and Gly'®* of
adGSTD3-3 and Val'” and Ala'® of adGSTD4-4. Although the
amino acids possess similar properties, the packing effects were
great enough to alter the protein and enzyme properties.

From the conserved electrostatic interactions in region 1 to
the hydrophobic area in region 2 of the subunit interface, every
residue appears to contribute to either maintaining structure or
subunit binding. The last area to be examined was the hydrophilic
area in region 3 of the subunit interface, Asp'° of adGSTD3-3 and
Glu''® of adGSTD4-4. Both mutations, D110A of adGSTD3-3
and G116A of adGSTD4-4, affected catalysis as shown by
changes in both specific activity and kinetic constants. The equiv-
alent residue in the human Alpha class Al-1 is Glu'* whereas
in the human Pi class GST it is a polar Ser'®. In insects, the
acidic residue appears to be conserved within the Delta class,
however in the Epsilon class it is generally an aromatic amino
acid and in the other insect classes, such as Sigma, Theta and
Zeta, the residue is hydrophobic. This residue therefore appears
to be conserved within a class and would contribute to class
specific dimerization motifs. Additionally, in adGSTD4-4 the
Glu'" interacts with Arg'* in a similar fashion to Glu™ and Arg®
in region 1 (Figure 8). That is, electrostatic interactions occur
between the two residues within the same subunit as well as with
the identical residues from the other subunit. So in adGSTD4-4
but not in adGSTD3-3 similar intra- and inter-subunit electrostatic
interactions occur in both regions 1 and 3 of the subunit interface.
In adGSTD3-3 the equivalent residue to Arg'* is Asn'* and so,
because of the shorter side chains of the Asp''® and the Asn'*,
the distances preclude electrostatic interaction across the sub-
units.

GLU116

Figure 8 The electrostatic interaction in region 3 of Glu'® and Arg'** in adGSTD4-4

The two residues from each subunit are in proximity to interact electrostatically with each other as well as with the same residues from the other subunit. For the first subunit parts of -helices 4 and
5, containing Glu™® and Arg™* respectively, are shown. For clarity only Glu™® and Arg'™* from the second subunit are shown. Distances between the charged atoms are shown in A. The Figure was

created using Accelrys DS ViewerPro 5.0.

© 2007 Biochemical Society
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In conclusion, the conserved electrostatic interactions between
the charged residues from «-helix 3 and -helix 4 show important
roles for protein folding, stabilization and dimerization of the
alternatively spliced enzymes. However, the subunit interface
region with the most variation in amino acid residues at equivalent
positions between adGSTD3-3 and adGSTD4-4 showed that
although the mutations did not alter the overall protein folding, the
enzyme properties were changed, especially the catalytic activity,
thermal stability and subunit interface. Even highly conservative
amino acid replacements changed the protein properties. The
results suggest that even splicing products from the same gene
may have specific features in the subunit interface area that would
preclude heterodimerization.
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