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Abstracts

The aim of this project is to characterize functional relationships for the amino acids that can
affect substrate specificity as well as protein-protein interactions in glutathione S-transferases.
We have published fourteen papers in the last three years for a total Impact Factor of 43.633
(2005 Impact Factors). Reprints of these fourteen papers are included in the appendix. For the
sake of simplicity we only present the three Biochemical Journal (2005 Impact Factor 4.224)
papers published in 2007. Therefore this Final Annual Report consists of three papers that
have been published and the format is of separate studies, one from each paper. These studies
involve characterization of structural amino acid residues that also appear to modulate
enzymatic properties such as substrate and inhibitor specificity. Each study utilizes one of the
enzymes and its crystal structure obtained from the research previously funded by the TRF.

This report therefore describes on-going structure function studies.
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Executive Summary

We have published fourteen papers in the last three years for a total 2005 impact factor of
43.633. For the sake of simplicity we only present the three Biochemical Journal (2005
Impact Factor 4.224) papers published this year (2007) in this Final Annual Report. Therefore
this Final Annual Report consists of three papers that have been published and the format is of
separate studies, one from each paper.

The present study characterized conserved residues in a GST (glutathione S-transferase) in the
active-site region that interacts with glutathione. This region of the active site is near the
glycine moiety of glutathione and consists of a hydrogen bond network. In the GSTD (Delta
class GST) studied, adGSTD4-4, the network consisted of His38, Met39, Asn47, Gln49,
His50 and Cys51. In addition to contributing to glutathione binding, this region also had
major effects on enzyme catalysis, as shown by changes in kinetic parameters and substrate
specific activity. The results also suggest that the electron distribution of this network plays a
role in stabilization of the ionized thiol of glutathione as well as impacting on the catalytic
rate-limiting step. This area constitutes a second glutathione active site network involved in
glutathione ionization distinct from a network previously observed interacting with the
glutamyl end of glutathione. This second network also appears to be functionally conserved
inGSTs. In the present study, His50 is the key basic residue stabilized by this network as
shown by up to a 300-fold decrease in kcat and 5200-fold decrease in kcat/Km for glutathione.
Although these network residues have a minor role in structural integrity, the replaced
residues induced changes in active site topography as well as generating positive co-
operativity towards glutathione. Moreover, this network at the glycinemoiety ofGSH
(glutathione) also contributed to the ‘base-assisted deprotonationmodel’ forGSHionization.
Taken together, the results indicate a critical role for the functionally conserved basic residue
His50 and this hydrogen bond network in the active site.

In Anopheles dirus glutathione transferaseD3-3, position 64 is occupied by a functionally
conserved glutamate residue, which interacts directly with the y -glutamate moiety of GSH
(glutathione) as part of an electron-sharing network present in all soluble GSTs (glutathione
transferases). Primary sequence alignment of all GST classes suggests that Glu64 is one of a
few residues that is functionally conserved in the GST superfamily. Available crystal
structures as well as consideration of the property of the equivalent residue at position 64,
acidic or polar, suggest that the GST electron-sharing motif can be divided into two types.
Electrostatic interaction between the GSH glutamyl and carboxylic Glu64, as well as with
Arg66 and Aspl100, was observed to extend the electron-sharing motif identified previously.
Glu64 contributes to the catalytic function of this motif and the ‘base-assisted deprotonation’
that are essential for GSH ionization during catalysis. Moreover, this residue also appears to
affect multiple steps in the enzyme catalytic strategy, including binding of GSH, nucleophilic
attack by thiolate at the electrophilic centre and product formation, probably through active-
site packing effects. Replacement with non-functionally-conserved amino acids alters initial
packing or folding by favouring aggregation during heterologous expression. Thermodynamic
and reactivation in vitro analysis indicated that Glu64 also contributes to the initial folding
pathway and overall structural stability. Therefore Glu64 also appears to impact upon
catalysis through roles in both initial folding and structural maintenance.

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-specific 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 theGST
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 aswell
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.

Keywords: Anopheles dirus, glutathione transferase (GST), subunit interface, conserved
active-site residue, enzyme catalysis, electron sharing network, structural integrity.



Objectives:

The aim of this project is to characterize functional relationships for the amino acids that
can affect substrate specificity as well as protein-protein interactions in glutathione S-
transferases from the Thai malaria vector Anopheles dirus. We will obtain new GSTs from
different classes as well as enzyme sequence variants generated by site-directed mutagenesis
for kinetic characterization studies. The available crystal structures in my laboratory and these
new protein forms will yield data that will increase our understanding of the mechanism of
GSTs in their role in resistance to insecticides. We will also continue studying the protein-
protein interactions of the GSTs and the Jun N-terminal kinase (JNK) pathway proteins. This
will provide information on other physiological functions of GSTs and will increase our
understanding of the interaction and regulation of proteins in vivo. This GST-JNK interaction
is important as the JNK pathway has been shown to be involved in cell growth, cell
differentiation, the cell stress response and apoptosis or cell death.

To achieve this goal the project entails continuing several aspects of the research
previously funded by the Thailand Research Fund. These aspects include the following:
1. To continue to obtain new recombinant GST enzymes for kinetic characterization studies
including enzyme sequence variants generated by site-directed mutagenesis.
2. To continue to obtain more GST crystal structures and to use the now available 4n. dirus
GST crystal structures to provide a basis for understanding the mechanism of GSTs in their
role in resistance to insecticides.
3. To continue studying the protein-protein interactions of the GSTs and the JNK kinase

pathway proteins.

We have published fourteen papers in the last three years for a total 2005 impact factor of
43.633. For the sake of simplicity we only present the three Biochemical Journal (2005
Impact Factor 4.224) papers published this year (2007) in this Final Annual Report. Therefore
this Final Annual Report consists of three papers that have been published and the format is of

separate studies, one from each paper.
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A functionally conserved basic residue in glutathione S-transferases
interacts with the glycine moiety of glutathione and is pivotal for

enzyme catalysis
Ardcharaporn VARARATTANAVECH and Albert J. KETTERMAN'

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, 25/25 Putthamonthol Road 4, Salaya, Nakon Pathom 73170, Thailand

The present study characterized conserved residues in a GST
(glutathione S-transferase) in the active-site region that interacts
with glutathione. This region of the active site is near the glycine
moiety of glutathione and consists of a hydrogen bond network.
In the GSTD (Delta class GST) studied, adGSTD4-4, the network
consisted of His*, Met*?, Asn*’, GIn*, His* and Cys’'. In addi-
tion to contributing to glutathione binding, this region also had
major effects on enzyme catalysis, as shown by changes in
kinetic parameters and substrate specific activity. The results
also suggest that the electron distribution of this network plays a
role in stabilization of the ionized thiol of glutathione as well as
impacting on the catalytic rate-limiting step. This area constitutes
a second glutathione active site network involved in glutathione
ionization distinct from a network previously observed interacting
with the glutamyl end of glutathione. This second network also
appears to be functionally conserved in GSTs. In the present study,

His™ is the key basic residue stabilized by this network as shown
by up to a 300-fold decrease in k., and 5200-fold decrease in
k../K ., for glutathione. Although these network residues have a
minor role in structural integrity, the replaced residues induced
changes in active site topography as well as generating positive
co-operativity towards glutathione. Moreover, this network at the
glycine moiety of GSH (glutathione) also contributed to the ‘base-
assisted deprotonation model’ for GSH ionization. Taken together,
the results indicate a critical role for the functionally conserved
basic residue His® and this hydrogen bond network in the active
site.

Key words: base-assisted deprotonation model, conserved
active-site residue, Delta class GST, enzyme catalysis, glutathione
S-transferase (GST), glycine moiety of glutathione (GSH).

INTRODUCTION

GSTs (glutathione S-transferases; EC 2.5.1.18) are intracellular
proteins, which are widely distributed in nature, being found in
most aerobic eukaryotes and prokaryotes [1,2]. GSTs are poly-
morphic with most organisms possessing a genetic capacity to
encode multiple isoforms of various classes [3,4]. The enzymes
are an integral part of the phase II detoxification mechanism
being involved in xenobiotic metabolism as well as protection
against peroxide damage. GSTs catalyse reactions with a very
broad range of structurally diverse electrophilic substrates (e.g.
alkylhalides, arylhalides, lactones, epoxides, quinones, esters and
activated alkenes) [4—6]. This enzyme family therefore displays
a wide range of catalytic functions while retaining a high
specificity towards the thiol substrate glutathione (GSH). The
GSH conjugation by GST increases the solubility of the target
molecule, thus facilitating the excretion of the molecule from the
organism.

All cytosolic GSTs have very similar three-dimensional struc-
tures and the active site pocket is very similar in the G-site (GSH-
binding site) [7-9]. The N-terminal domain of GST adopts a
BaBaBBa topology that contributes most of the contacts to GSH
and is called the G-site. The crystal structures of GSTs show
that most of the active site residues involved in the binding and
activation of GSH are found within the N-terminus; hence this
region of the protein is therefore highly conserved between GSTs
[7,8,10]. The C-terminal domain is all «-helical providing some

of the contacts to the hydrophobic binding site that lies adjacent
to the G-site.

Substrate conjugation of electrophilic xenobiotics involves its
nucleophilic attack at the ionized thiol of GSH in the active
site. A conserved tyrosine (for Alpha, Mu and Pi classes) or
serine (for Theta and Delta classes) residue within hydrogen-
bonding distance of the thiol of GSH has been shown to be of
primary importance in facilitating GSH deprotonation as well
as stabilization of the ionized GSH by hydrogen-bonding [10—
14]. In addition, conserved residues that interact directly with the
glutamyl moiety of GSH, for example Ser®®, Arg® and Ile¥ in
GSTD (Delta class GST) have also been implicated in critical
roles in the catalytic mechanism, involvement in GSH binding,
GSH thiol ionization, as well as structural integrity [15-17].
Therefore the residues interacting with the other end of GSH, the
glycine moiety (His*®, Met*, Asn?, GIn*, His™* and Cys®') were
of interest (Figure 1) [18]. His*® and His™ interact directly with the
glycine carboxylic group of GSH [19]. Both histidines appear to
be assisted or stabilized by dipole—dipole interaction with Met®.
Moreover, a hydrogen bond network in the G-site near the glycine
moiety of GSH, involving several residues (His*’, Asn*, GIn* and
Cys’") and GSH, is proposed to be essential to electron distribution
for enzyme catalysis. To investigate the roles of these residues,
mutagenesis studies were performed and the engineered enzymes
characterized by kinetic constants, substrate specific activity, pK,
determination and rate-limiting step determination in addition to
physical properties.

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitrobenzene; EA, ethacrynic acid; FDNB, 1-fluoro-2,4-dinitrobenzene;
G-site, GSH (glutathione)-binding site; GST, glutathione S-transferase; GSTD, Delta class GST; hGSTP1-1, human GSTP1-1; PNBC, p-nitrobenzyl chloride;

PNPBr, p-nitrophenethyl bromide; ZmGST1, Zea mays (maize) GST1.

" To whom correspondence should be addressed (email a\bertketterm%@yahoo.com).
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Figure 1

Stereoview of conserved G-site residues that directly interact with the glycine moiety of GSH and generate a hydrogen bond network

His® and His®® interact directly with the glycine carboxylic group of GSH and are assisted or stabilized by dipole—dipole interaction with Met*®. A hydrogen bond network in the G-site is formed by
several residues (His®, Asn*, GIn* and Cys®') and GSH. The previously identified electron-sharing network at the glutamyl end of GSH is shown in grey [16]. The image was produced using the
UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, CA, U.S.A. (http://www.cgl.ucsf.edu/chimera) (supported

by National Institutes of Health grant P41 RR-01081) [18].

MATERIALS AND METHODS
Site directed mutagenesis

The engineered enzymes were generated using Stratagene’s
QuikChange® site-directed mutagenesis protocol. The primers
used were designed based on the sequence of the adGSTD4 wild-
type gene (GenBank® accession number AF273040). Full-length
DNA sequencing in both directions was performed to confirm the
engineered clones.

Protein expression and purification

After transformation of the engineered plasmids into Escherichia
coli BL21(DE3)pLysS, protein expression was performed. The
recombinant adGSTD4-4 engineered enzymes and wild-type were
purified either by glutathione affinity chromatography according
to the manufacturer’s instructions (Amersham Biosciences) or by
cation exchanger (SP-XL) followed by hydrophobic interaction
chromatography (phenyl-Sepharose) as described previously [19].
The purified enzymes (in 50 mM potassium phosphate, pH 6.5)
were stored in 50 % (v/v) glycerol at —20°C until used. The
concentrations of the proteins were determined by Bio-Rad
protein reagent (Bio-Rad) by using BSA as the standard protein
and the purity of the proteins was observed by SDS/PAGE.

Kinetic parameters determination

Kinetic experiments were performed as previously described [20].
Kinetic constants were determined by varying the CDNB (1-
chloro-2,4-dinitrobenzene) concentration (0.031-3.0 mM) while
GSH was held constant at a saturating concentration and by vary-
ing GSH concentrations (0.25-20 mM) at a saturating concen-
tration of CDNB. The standard GST assay was performed using
3 mM CDNB and 10 mM GSH for adGSTD4-4 wild-type. The
rate of conjugation between GSH and CDNB was monitored
by continuously measuring change in absorbance at 340 nm for
1 min using a SpectraMax 250 at 25-27°C. A molar absorp-
tion coefficient (¢) of 9.6 mM™"' - cm™' was used to convert
the absorbance to moles [21]. Steady-state kinetics followed
Michaelis—Menten kinetics except where stated. With evidence 05

© The Authors Journal compilation © 2007 Biochemical Society

co-operativity upon GSH binding, demonstrated by a sigmoidal
curve instead of a hyperbolic curve on a Michaelis—Menten plot,
a Hill equation (eqn 1) was used to fit the experimental kinetic
data on the plot. K5 is the substrate concentration that gives
the rate of reaction at half of V,,, similar to the K, value for
non-co-operative binding (h = 1).

Y = V/ Vi = [S]'/(Kos + [ST")
loglY /(1 — ¥)] = hlog[S] — log Kos

)]
(©))

A sigmoidal Hill equation was practically transformed into a linear
rate equation (eqn 2), where Y is the fractional saturation; # is
the Hill coefficient; and K5 is an averaged binding constant at
Y =0.5. A Hill plot, a plot between log[Y/(1-Y)] and log[S],
was employed to determine the degree of co-operativity by the
slope of the plot that yields the Hill coefficient (k) [22]. Catalytic
constant (k) and the catalytic efficiency (k../K,) were calculated
on an active site basis using the subunit molecular mass of
each enzyme. Maximal velocity (V,..) and Michaelis constant
(K.,) were determined by nonlinear regression software analysis
(GraphPad Prism version 5.00 for Windows; GraphPad Software,
San Diego, CA, U.S.A.; http://www.graphpad.com). One-way
ANOVA with Dunnett’s multiple comparison post test was
performed with wild-type as control using GraphPad Prism 5.

Specific activity determination

The specific activities towards several GST substrates were deter-
mined as previously described [23]. All measurements were per-
formed at 25-27°C in 0.1 M potassium phosphate buffer (pH 6.5
or 7.5). The GST activities were measured with glutathione
and five hydrophobic substrates: CDNB, DCNB (1,2-dichloro-
4-nitrobenzene), EA (ethacrynic acid), PNPBr (p-nitrophenethyl
bromide) and PNBC (p-nitrobenzyl chloride). Specific activities
were calculated according to the molar absorption coefficient for
each substrate [21].

pH dependence of kinetic parameters

The pH dependence of k.,/K,""® was obtained by performing
kinetic measurements in the following buffers: 0.1 M sodium
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Table 1

Steady-state kinetic constants using GSH and CDNB as GST substrates

The units of Vi, Kear, Km and kea /K are wmol - min=" - mg of protein=", s=', mMand s=' - mM~" respectively. *These engineered GSTs showed positive co-operativity upon GSH binding
with Hill coefficient (h) shown. The value shown is K5, obtained from the Hill equation, which is the substrate concentration that gives the rate of reaction at half of Ve [22]. 2Some of these values
have been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as control; statistical

significance is shown by  for P < 0.05, F for P < 0.01 and § for P < 0.001.

CDNB GSH
Enzyme Vmax kcat Km kcat/Km Km kna\/Km h
Wild-type? 62.45+1.24 26.13 0.5040.02 51.84 0.504-0.10 52.06 0.91+0.02
H38A? 36.4+1.12§ 15.26 1.254+0.12§ 12.21 15.8+1.19§ 0.97 -
H38E 14.91 4 0.44§ 6.23 0.92+0.11§ 6.76 8.32£0.22"§ 0.74 1.83+£0.01§
H38F 9.7140.43§ 4.06 0.98 +0.09§ 414 35.26 £+ 0.86§ 0.12 -
H38D 46140128 1.93 0.714+0.017 2.1 15.90+0.21§ 0.12 -
H38K 5.54+0.12§ 2.32 0.71+0.081 3.27 23.50+1.21§ 0.10 -
M39A 25.56 £ 0.96§ 10.70 0.79 4+ 0.06§ 13.50 6.32+0.34"§ 1.69 1.724+0.12§
M39F 38.56+1.72§ 16.14 0.50 +0.02 32.22 2184 0.09+ 5.75 -
N47A 0.225+0.003§ 0.09 0.67 +0.06 0.13 11.50+0.51§ 0.01 -
Q49A 43.28 +0.96§ 18.11 0.7440.06% 24.47 5.58 +0.46"§ 324 1.64 1 0.04§
Q49E 49.75 1 1.36§ 20.82 0.49+0.05 42.49 2.87+0.09"§ 7.26 1.51+0.03§
H50A 6.46 +0.26§ 2.70 1104 0.15§ 2.45 7.34+0.21§ 0.37 -
H50E? 0.21+0.01§ 0.09 0.8140.04§ 0.11 12.34 4+ 0.36§ 0.01 -
H50Y? 0.87 +0.02§ 0.36 0.83 £ 0.06§ 0.43 12.57 £0.73§ 0.03 -
H50K 8.14+0.03§ 3.40 0.69 4 0.061 4.95 6.77+0.277§ 0.45 1.54 +0.06§
H50F 1.4440.03§ 0.60 0.76 +0.01% 0.79 6.43 +0.38§ 0.09 -
C51A 19.64 4 0.65§ 8.22 0.82 +0.04§ 10.01 6.40 +0.12%§ 1.28 1.57 £ 0.08§
C51D 216+ 0.07§ 0.91 1.30+0.08§ 0.7 16.94 + 0.69*§ 0.05 1.40+0.03§

acetate buffers (from pH5.0 to 5.5) and 0.1 M potassium
phosphate buffer (from pH 6.0 to 8.5). Increments of pH were 0.5
and control experiments showed no discontinuities from buffer
types. The pK, values of bound GSH were obtained by fitting the
data to the equation y = y'™/(1 + 10P%*=P1) a5 previously described
[13]. The program GraphPad Prism 5 was used for nonlinear fit of
the data to the sigmoidal dose—response (variable slope) equation.

Fluoride/chloride leaving group substitution

A diagnostic test in evaluating the rate-limiting step in nucleo-
philic aromatic substitution reactions is the effect of different
leaving groups on kinetic parameters [13]. The second order
kinetic constants at pH 6.5 for the spontaneous reaction of GSH
with CDNB and FDNB (1-fluoro-2,4-dinitrobenzene) were deter-
mined by kinetic measurement by using CDNB or FDNB as co-
substrate as previously described [24]. The ratios of the catalytic
constants (k"N /k.,PNB) were determined.

Effect of viscosity on the kinetic parameters

The dependence of the steady-state kinetic parameters on relative
viscosity was observed by performing kinetics measurements in
the presence of varying glycerol concentrations. The range of
relative viscosities (7/n°) was between 1.53 and 4.43. The slope
of the plots for relative catalytic constant (k. /k.,) versus relative
viscosity (n/n") was determined. Viscosity values () at 25°C
were calculated as described previously [25].

Thermal stability assay

The enzymes at 0.1 mg/ml in 0.1 M phosphate buffer (pH 6.5)
containing 1 mM EDTA and 5 mM dithiothreitol were incubated
at 45°C for various times and then activity was measured in the
standard GST assay. The data were plotted as log percentage of
remaining activity versus pre-incubation time. The half-life (#,,)
of the enzyme at 45°C was calculated from the slope of the plot
using the equations: Slope = k/2.3, k= 0.693/t,,.

Intrinsic fluorescence measurement

There are two tryptophan residues in each monomer of adGSTD4-
4: Trp* and Trp"'. The intrinsic fluorescence from Trp*,
which is exposed to solvent at the base of the G-site, can be
used to monitor the active site conformation indirectly. The
intrinsic fluorescence of adGSTD4-4 was measured in a single-
photon counting spectrofluorimeter. Excitation was at 295 nm and
emission was scanned from 300 to 450 nm. In these experiments, a
number of samples containing 0.1 mg/ml GST in 0.1 M potassium
phosphate buffer (pH 6.5) were prepared similarly for the wild-
type and engineered enzymes. The wavelength that gives the
maximum fluorescence intensity (X,,,,) and fluorescence intensity
at A, were observed. The experimental data was corrected both
for dilution and for inner filter effects.

RESULTS
Enzymatic characterization

Michaelis—Menten analysis was performed using nonlinear
regression to determine steady-state kinetic constants (Table 1).
The kinetic constants showed the residue changes of His*, His™,
Met¥*, Asn?, Cys”' and GIn* impacted upon catalysis. The
engineered G-site residue enzymes showed only small changes
in K,,“°"®_ whereas remarkably lower affinities towards GSH
were shown (greater K ,°") compared with wild-type. Positive co-
operativity for GSH binding was observed for several engineered
enzymes that displayed deviation of steady-state kinetics from a
Michaelis—Menten hyperbolic to a sigmoidal curve response. The
extent of positive co-operativity is shown by Hill coefficients (&)
ranging from 1 (no co-operativity) to 2 (full co-operativity) for
a dimeric enzyme with two active sites. Positive co-operativity
was observed for H38E, M39A, H50K, C51A, C51D, Q49A and
GAA49E as determined by Hill coefficients ranging from 1.40 to
1.83, suggesting that the changed residues altered the movement
of a2-helix and its flanking region to influence the induced-fit
mechanism.

© The Authors Journal compilation © 2007 Biochemical Society
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Tahle 2 Substrate-specific activity of the engineered enzymes compared to the wild-type

The substrates used were 3 mM CDNB, 1 mM DCNB, 0.1 mM PNPBr, 0.1 mM PNBC and 0.2 mM EA. The reactions were performed at a constant GSH concentration (appropriate for each enzyme).
2Some of these values have been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as

control; statistical significance is shown by 1 for P < 0.05, ¥ for P < 0.01 and § for P < 0.001.

Specific activity (umol - min=" . mg~")

Enzyme CDNB DCNB EA PNPBr PNBC
Wild-type? 5250 +0.52 0.035 + 0.006 0.286 + 0.062 0.074+0.012 0.064 +0.002
H3gA® 21.70 + 0.20§ 0.037 + 0.001 0.146 + 0.016§ 0.040 + 0.004¢ 0.013 +0.002§
H38E? 11.21 40,248 <0.001 0.191 4 0.026§ <0.008 <0.005

H3gF? 3.76 + 0.09§ <0.001 0.230 + 0.019+ <0.005 <0.003

H38D 2.33+0.07§ <0.001 0111+ 0.011§ <0.001 <0.003

H38K 2.02+0.07§ <0.001 0.165 + 0.007§ <0.003 <0.002

M39A 18.84 % 0.66§ 0.012 +0.001§ 0.183+0.011§ <0.005 <0003

M39F 28.67 +0.71§ 0.043 + 0.002+ 0.166 + 0.010§ 0.029 4 0.008§ 0.065 + 0.009
N47A 0.13+0.01§ <0.001 0.079+ 0.001§ <0.001 <0.001

Q497 33.36 4 0.92§ 0.023 +0.002¢ 0.244+0.012 0.050 +0.002§ 0.044 +0.001%
Q49E 41.76 1 0.60§ 0.032 4 0.001 0.244 % 0.020 0.020 4 0.001§ 0.048 + 0.003%
H50A" 3.80+0.10§ 0.015 1 0.007§ 0.146 + 0.050§ 0.012 4 0.002§ 0.016 1 0.007§
H50E® 0.15+ 0.01§ <0.001 0.026 + 0.004§ <0.005 <0.005

H50Y? 0.47 +0.01§ <0.001 0.064 + 0.008§ <0.008 <0.005

H50K 6.28 + 004§ 0.007 +0.001§ 0.053 + 0.020§ <0.007 <0.004

H50F 0.93 + 0.03§ <0.001 0.077 + 0.005§ <0.001 <0.001

C51A 15.44 1 0.58§ 0.009 + 0.001§ 0.046 + 0.001§ 0.019 4 0.001§ <0.001

C51D 1.24+0.03§ <0.001 0.080 + 0.004§ <0.002 <0.001

Although Met*” interacts directly with GSH interacting resi-
dues, His*® and His*, the contribution to catalytic function is
through the effect on GSH binding. The results suggest that the
effect is mostly through a packing rearrangement that includes any
perturbation of the orientation of His*® or His*. Rearrangement
of active site residues is elicited by M39A to accommodate the
decreased volume as well as the lack of dipole—dipole interaction
with the histidines. This condition also appears to engender
flexibility to this region, which is shown by positive co-operativity
for GSH binding with a Hill coefficient of 1.72 4 0.12 (Table 1).

The GSH interaction was decreased for all His*® engineered
enzymes as shown by an increase in K" of 17-71-fold. In
addition, positive co-operativity for GSH was observed for H38E
with a Hill coefficient (/) of 1.83 £+ 0.01.

There is a hydrogen bond network in the GST active site that
is adjacent to the GSH glycine moiety. This network is formed
by several residues, Asn*’, GIn* and Cys®', as well as His*,
with the latter directly interacting with GSH. His* replacements
not only decreased binding affinity to GSH (ranging from 13- to
25-fold) but also impacted upon catalytic rates as shown by k.,
values that decreased from 13 to 0.3 % of the wild-type enzyme
k... values. The N47A change displayed several large effects on
the enzyme, one on enzyme catalysis with the enzyme having
only 0.3% k., of the wild-type, and another on GSH binding
with a 23-fold increase in K,%". GIn* and Cys’' interaction
is through their main-chain nitrogens and oxygens. Changes in
these residues showed intermediate effects on catalysis except
for C51D, which had a k., only 3.5 % of wild-type. However,
the changes in these residues all showed a major impact on
GSH binding with increased K,%" values from 6- to 34-fold.
The results suggest that a packing rearrangement occurred. This
rearrangement also enabled subunit—subunit communication as
shown by the observed positive co-operativity upon GSH binding
(Table 1).

Substrate specific activity was affected for all the engineered en-
zymes to varying degrees (Table 2). For example, most of the
enzymes exhibited less effect on activity for EA. This suggests

different from the other substrates. Both GSH and hydrophobic
substrate-binding sites are located in the same active site pocket
of GSTs, therefore it is not surprising that changes in the G-site
residues can perturb the hydrophobic substrate site.

It has been proposed that many steps occur in the GST
catalytic mechanism including GSH ionization through thiol
deprotonation, substrate conjugation by nucleophilic attack of the
thiolate at the electrophilic centre, product formation and product
release from the active site [13,26-28]. The overall velocity of the
enzyme-catalysed reaction is affected by most of the engineered
residues, although to different extents. Therefore several steps in
the catalytic pathway were studied to determine the roles of the
engineered residues.

pH dependence of kinetic constants

The pK, values of ionized GSH (enzyme-bound GSH) were
calculated from plots of k. /K, “°"® versus pH for the wild-
type and engineered enzymes (Table 3; Figure 2). The apparent
pK. for wild-type is approx. 6.0. The pK, values of ionized
GSH in the engineered enzymes varied, with the greatest effect
shown by H50A which increased it by almost 1 pH unit. GSH
ionization is considered to be an important step in the catalytic
mechanism of GST that generates the thiolate anion (intermediate
deprotonated form of GSH) for conjugation with the electrophilic
substrate. This kinetically relevant ionization of GSH has been
shown to be reflected in pH dependence for k. /K,"™® [13].
Several reports have shown that residues located near the cysteine
thiol and glutamyl «-carboxylate of GSH contribute to promoting
and stabilizing the anionic glutathione thiol group [13,27-31].
However, this is the first report of involvement of the GSH glycine
moiety in GSH ionization.

Meisenheimer complex formation

Meisenheimer complex or o -complex intermediate, is generated
during a nucleophilic aromatic substitution reaction. Leaving

that the binding mode and the orientation of this substrate arcy 4 group effects on enzyme catalysis can be used to determine
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Table 3 The pK, value of ionized GSH in the active site of wild-type and
engineered enzymes

The effect of pH on ke /k,*®"® was obtained by measuring kinetic constants using various pH
buffers of 0.1 M sodium acetate buffers (from pH 5.0 to 5.5) and 0.1 M potassium phosphate
buffer (from pH6.0 to 8.5). The pK, values of ionized GSH (GSH-bound enzyme) were
determined. n.d., Not determined (low activity precluded measurement). One-way ANOVA
with Dunnett's multiple comparison test was performed with wild-type as control; statistical
significance is shown by § for P <0.001. See Figure 2 for a plot of the experimental
data.

Enzyme pK, (ionized GSH)
Wild-type 6.00+0.05
H38A 6.10+0.02
M39A 6.52 +0.05§
N47A n.d.
Q49A 6.23 +0.05§
H50A 6.92 + 0.06§
C51A 6.22 +0.03§
C51D 6.42 +0.03§
604 B Wild type
@ His38Ala
50+
®x  Met39Ala
& 4o * G_In49Ala
= 4 His50Ala
O v Cys51Ala
X
= + Cys51Asp
j
-
20+ il =gy
/._:;k,h.-é'__ﬂ__.
104 e d
e =k

T B
4.5 5.5 6.5 7.5 8.5
pH

Figure 2 Plot of the data to determine the pK, value of ionized GSH in the
active site of wild-type and engineered enzymes

The effect of pH on ke /k,*°"® was obtained by measuring kinetic constants using various pH
buffers of 0.1 M sodium acetate buffers (from pH 5.0 to 5.5) and 0.1 M potassium phosphate
buffer (from pH 6.0t0 8.5). The pK, values of ionized GSH (GSH-bound enzyme) were determined
(see Table 3). The results are presented as means + S.D. from at least three independent
experiments.

whether the rate-limiting step of the reaction is o -complex form-
ation. The substitution of a more electronegative leaving group
concomitant with an increase in the rate constant of the spon-
taneous reaction with glutathione is a signal that the o-complex
formation is a rate-limiting step [13]. Therefore the influence on
the catalytic constant of the chlorine leaving group of CDNB
replaced with fluorine was examined (Table 4).

Although the wild-type enzyme was insensitive, several of
the engineered enzymes demonstrated sensitivity to the halogen
leaving group, particularly H50A, C51D and D47A, with in-
creased ratio values of 19-, 27- and 18-fold respectively. The
catalytic efficiency (k../K,) of the engineered enzymes showed a
different sensitivity to the nature of the leaving group, suggesting
that an alteration of the relative catalytic-centre activity is a con-
sequence of changes in the rate of o-complex formation rather

Table 4 Effect of fluoride/chloride leaving group substitution on the rate of
catalysis

The ratio of catalytic rates for the conjugation reaction catalysed by wild-type and engineered
GSTs using GSH and CDNB or FDNB as co-substrates. One-way ANOVA with Dunnett's multiple
comparison test was performed with wild-type as control; statistical significance is shown by +
for P <0.05, § for P < 0.01and § for P < 0.001.

Leaving group effect

Enzyme Keat™OE Jk oy POV (Keat/ Kim) OB (K gt/ K ) CON
Wild-type 1.7640.01 2059+ 1.02

H38A 3114021 14121 0.84+

M39A 8.29+ 0.95§ 3245+ 3.72§

N47A 18.09+ 0.90§ 2965+ 1.32¢

Q497 2634008 2629+ 1.7+

Q49E 150+ 0.08 2495+ 1.21

H50A 1857+ 0.41§ 16.55+ 159

C51A 2934005 3031+ 2.85§

51D 26.75+ 0.99§ 4471 ¥ 415§

Table 5 Viscosity effect on kinetic constants and free energy changes of
wild-type and engineered enzymes

The effect of viscosity on kinetic constants was assayed by using 0.1 M potassium phosphate
buffer (pH 6.5) with various glycerol concentrations. The slope of a reciprocal plot of the
relative catalytic constant (kx"/k) versus relative viscosity (/n°) was determined. n.d., Not
determined (low activity precluded measurement); AAG (the difference in the free energy
changes for the formation of the transition states in the wild-type and engineered enzymes)
is calculated from the equation: AAG = — RT In(Keat/Kin ™" Jengineerea/(Kcat/Km °8 D _type-
One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as
control; statistical significance is shown by § for P < 0.001.

Enzyme Slope AAG (kJ/mol)
Wild-type 0.959+0.036 -

H38A 0.485+0.019§ 3.58+0.033
M39A 0.430 +0.031§ 3.33+0.132
N47A n.d. 14.8+0.222
Q49A 0.797 1+ 0.036§ 1.86+0.105
H50A 0.005+0.001§ 7.56 +0.095
C51A 1.11+0.010§ 408+0.125
C51D 0.051+0.007§ 10.7+0.201

leaving groups. The results suggest that the process of o-com-
plex intermediate formation is affected by the disruption of
the hydrogen bond network to GSH which affected the overall
velocity of the enzyme-catalysed reaction. It is possible that the
residue changes caused incorrect orientation of the GSH thiol or of
the His* side chain, which then disturbs the conjugation process
of the thiolate anion with the electrophilic substrate. Additionally,
the results strongly support that the hydrogen bond network
contributes to both the GSH ionization process and o-complex
intermediate formation. This contribution appears to stabilize the
His* residue as shown by the changes in pK, and the greater effect
of the leaving group on the catalytic constants of C51D but not
C51D.

Viscosity effect on kinetic constants

The viscosity effect was studied to determine if the rate-limiting
step of the reaction is physical or chemical. The slope of the
reciprocal plot of inverse relative catalytic constant (ke,/keq)
versus relative medium viscosity (n/n°) was determined (Table 5).
A slope near unity gives a proportional decrease in rate constant

than changes in binding affinity towards the different substrate 12 with increasing viscosity of the solution and shows a physical
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Table 6 Thermal stability of wild-type and engineered adGSTD4-4 at 45°C

The remaining GST activity was measured after incubating the enzyme at various time points at
45°C. n.d., Not determined (low activity precluded measurement). 2Some of these values have
been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA
with Dunnett's multiple comparison test was performed with wild-type as control; statistical
significance is shown by 1 for P < 0.01 and § for P < 0.001.

Enzyme Half-life at 45°C (min)
Wild-type? 15.32+0.31
H38A¢ 15.33 4+ 0.88§
H38E? 4017+ 1.26§
H38F? 19.33+0.59§
H38D 1518 +1.67
H38K 14.07+0.73
M39A 4.71+0.16§
M39F 4.7240.23§
N47A n.d.

Q49A 15.19+1.06§
Q49E 2519+ 1.37§
H50A 25.81+1.99§
H50E? 15.31+0.54
H50Y? 20.79+ 0.34§
H50K 11.99+0.51§
H50F 27.07+0.82§
C51A 14.86 +0.64
C51D 18.18+1.01%

step is rate-determining, whereas a slope of zero indicates that a
chemical reaction step is rate limiting [32,33].

Wild-type enzyme displayed a linear dependence with a slope
of approx. 1.0 suggesting that a physical step of the reaction
that includes product release and/or structural transition is rate
limiting. The engineered enzymes exhibited viscosity effects
on k., to different degrees. H50A and C51D were viscosity-
independent with a slope approaching zero. These engineered
enzymes changed the rate-limiting step of the reaction to a
chemical step that includes GSH ionization step and o -complex
formation as described above, whereas partial dependence on
a diffusion barrier and other viscosity-dependent motions were
observed for the remaining enzymes that displayed viscosity
effects with intermediate values (0 < slope < 1).

Also displayed in Table 5 is AAG, which is shown to illustrate
the differences in the free energy changes for the formation of the
transition states in the wild-type and engineered enzymes, as
calculated at 25 °C from the equation below [34]:

AAG = ~RT (ks /KE™) [ ([ KE)

wild-type *

H50A, D47A and C51D have a greater AAG (7.562, 14.842
and 10.671 kJ/mol respectively) compared with other engineered
enzymes (ranging from 1.860 to 4.075 kJ/mol) indicating that
upon disruption of the hydrogen bond network, the enzymes
require more energy than the wild-type enzyme to form and
stabilize the transition state.

Characterization of physical properties

The stability of the proteins was determined in comparison
with the adGSTD4-4 wild-type (Table 6). In general, the
engineered His*, His*, Asn*’, Cys®! and GIn* proteins exhibited
comparable stabilities to the wild-type, indicating a minor role
of these residues in structural maintenance. However, H38E

increased stability of the enzyme 2.6-fold, suggesting that a13
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conformational change occurred which also is supported by the
observed positive co-operativity. Met* appears to play a role in
structural integrity as shown by 3-fold decreased enzyme stability
for both the alanine and phenylalanine changes. However, the
initial folding processes of the enzymes were observed to yield
comparable refolding rates to the wild-type (results not shown).
These results suggest that the Met* dipole—dipole interaction and
positioning of His*® and His™ in a suitable conformation impact
not only the kinetic properties but also enzyme stability.

The intrinsic fluorescence of tryptophan was used as an
indicator of changes in tertiary structure (Figure 3). The A, of
tryptophan fluorescence in the engineered enzymes was slightly
different from wild-type with a red shift in the range of 1-
4 nm indicating a different polarity in tryptophan environments.
In addition, differences in fluorescence intensity between wild-
type and engineered enzymes were observed. This result suggests
that there are minor conformational disturbances in the active
site topography, which affect orientations of tryptophan and/or
its neighbouring residues thereby modulating the quenching
and tryptophan exposure to the electrophilic environment. For
example, the active site topology changes that generated the
positive co-operativity in H50K also yielded the lowest fluor-
escence intensity among the His*® engineered enzymes (~44 %
of wild-type). Moreover, the conformational change induced by
glutamic acid residue replacement of His*® also gave a 2-fold
increase in enzyme stability, increased intrinsic fluorescence
intensity to 197 % of wild-type, modulated GSH binding and
enzyme catalysis as well as yielding the observed positive co-
operativity towards GSH.

DISCUSSION

The G-site residues interacting directly with cysteine and glutamy]l
moieties of GSH have been shown in several studies to contribute
to GST catalytic mechanisms including GSH binding, catalysis,
GSH ionization as well as rate-limiting step determination [10—
14]. In the present study, we have examined the significant
contributions of GST residues that interact with the GSH glycine
moiety as well as identification of a hydrogen bond network. The
network consists of His*®, Met*, Asn*’, GIn*, His® and Cys®!
and contributes to catalysis through multiple processes including
GSH ionization, nucleophilic substitution, product formation and
product dissociation.

The kinetic studies demonstrated that the engineered residues
greatly impacted the enzyme’s ability to interact with GSH.
Moreover, the engineered enzymes of His*, Met*, His*, Cys®'
and GIn* have shown strong positive co-operativity upon binding
of GSH. However, the positive co-operativity was not observed
for the engineered enzymes of residues interacting with the other
moieties of GSH [11-13,15]. Therefore it can be suggested that
the residues interacting with the GSH glycine moiety are not
only involved in GSH interaction but also control the motion of a
flexible region of GST. Upon binding of GSH in the active site,
these GST residues induce an active site conformational change
for the induced-fit mechanism. These residues are on the loops on
either side of «2-helix which connects the helix to 82-sheet and
B3-sheet. These loops would serve as hinges for the movement of
a2-helix.

In the present study, changes of the active-site residues
generated positive co-operativity between two subunits, a finding
similar to that obtained in previous studies in which the subunit
interface had been changed or where changes in highly flexible
regions, for example Gly*', Cys*’ and Lys** of hGSTP1-1 (human
GSTP1-1) [33,35] or Asn* and GIn* of maize GSTI1 [36,37],
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Figure 3 The maximum emission wavelength (A.,) and intrinsic fluorescence intensity at A,,,x of tryptophan fluorescence of wild-type and the engineered

enzymes

Excitation was at 295 nm and emission was scanned from 300 to 450 nm. Samples (n=3) contained 0.1 mg/ml protein in 0.1 M potassium phosphate buffer (pH 6.5). Percent intensity change
compared with wild-type enzyme was measured at fluorescence Amx averaged over three scans corrected for dilution and inner filter effects.

had been made. It has been proposed that the conformational
transitions generate two different binding modes upon GSH
binding: low-affinity and high-affinity conformations, which are
related to positive co-operativity observed [5,38,39]. The binding
of GSH to the first active site stabilizes the low-affinity con-
formation of the enzyme which then becomes the high-affinity
conformational state. Positive co-operativity upon GSH binding
observed in His®, Met*, His*, Cys® and GIn* engineered
enzymes may be relevant to this conformational transition
concept. These residues are located in a highly flexible region;
therefore the residue changes would alter the flexibility of the
a2-helix to fit GSH in the active site, which may then generate
two different conformational transition states upon GSH binding.

Both His® and His® interact directly with the glycine
carboxylate of GSH. The functional groups at positions 38 and
50 are significant in size, volume and polarity for GSH binding
and enzyme catalysis. However, His® contributes more to the
GSH activation process and enzyme catalysis in which the full
function is achieved by the synergistic action with the hydrogen
bond network residues (Asn*’, GIn* and Cys®"). The disruption of
the hydrogen bond network, for the engineered enzymes of His™,
Asn* and Cys®', showed progressively decreased k., values to
more than 90 %. Moreover, several aspects of the GST catalytic
mechanism were altered by HS0A. H50A decreased the enzyme’s
ability to lower the pK, of the GSH thiol group up to 1 pH
unit; this large an effect has been observed for mutations of
the conserved serine/tyrosine residue interacting with the GSH
thiol group [13,40-42]. Additionally, the rate-limiting step of the
HS50A is fully switched from a physical step to a chemical step as
determined by fluoride/chloride leaving group and viscosity effect
on the kinetic constants. As the important His™ is still present

‘14

lesser effects were observed for the engineered enzymes of Gln*
and Cys®' for minor disruptions of the stabilizing hydrogen bond
network.

The results strongly support that His™ is a key residue in the
hydrogen bond network which functions as a proton acceptor
as well as controls the electron distribution in the active site to
promote ionization and stabilization of the GSH thiolate anion.
The His™ residue contributes to precise residue and substrate
orientations, GSH ionization, o -complex intermediate formation
and the release of product from the active site. The regulation
of the electrostatic field in the active site by positively charged
residues has also been reported in several studies [15,43,44].

The changes in catalytic efficiency are also related to differences
in free energy changes for the formation of transition states in
the engineered and wild-type enzymes as determined by AAG
[34]. The greater value of AAG refers to a decrease in the
stabilization of transition state compared with wild-type in
which the enzyme utilizes more energy to stabilize its transition
state. Moreover, the stabilization of transition state contributes
to multiple mechanisms in enzyme-catalysed reactions. AAG
values are increased up to 7.562, 14.84 and 10.666 kJ/mol for
H50A, D47A and C51D respectively in which the hydrogen bond
network is strongly disrupted, indicative of the incomplete pre-
organized environment for enhancing catalysis along the reaction
pathway of the engineered enzymes [45]. Therefore it can be
noted that the network of hydrogen bonds is also required for the
organization inside the enzyme molecule to provide stabilization
of the transition state.

The positively charged residue position 50 appears to be highly
conserved or functionally conserved across GST classes by histi-
dine, lysine or arginine located at the equivalent structural
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Figure 4 Conserved G-site residues that directly interact with the glycine moiety of GSH and generate a hydrogen bond network in several GST classes

The conserved G-site residues are shown by stick models, while line models represent the hydrogen bond network residues at the glycine moiety of GSH. GSH or GSH analogues are illustrated in
ball-and-stick; GSH (a, b, ¢, d, e, f), lactoylglutathione (g), iodobenzylglutathione (h) and S-hexyl-GSH (i). Green dotted lines represent hydrogen-bond interactions. PDB code numbers: hGSTP1-1
(PDB id 8GSS), hGSTA1-1 (PDB id 1PKW), hGSTM2-2 (PDB id 1XW5), hGSTO1-1 (PDB id 1EEM), hGSTT2-2 (PDB id 1LJR), Lucilia GST [7], ZmGST1 (PDB id 1AXD), squid GSTS1-1 (PDB id
2GSQ) and TaGSTU4 [ Triticum aestivum (wheat) GSTU4; PDB id 1GWC]. The Figure was created with Accelrys DS ViewerPro 5.0.

position. This conserved residue is in hydrogen bonding distance
to the glycine carboxylate moiety of GSH which is stabilized
by a hydrogen bond network of surrounding residues (Figure 4)
for example Lys* in PtGSTU1 [Pinus tabulaeformis (Chinese
hard pine) GSTU1], Lys* in ZmGST1 [Zea mays (maize) GST1],
Lys*inhGSTP1-1,Lys* inhGSTT2-2, Lys” inhGSTO1-1, Lys*
inhGSTM2-2, Lys* in squid GSTS1-1, Lys* in Sj26GST [26 kDa
GST from Schistosoma japonicum (oriental blood-fluke)] and
Arg® in hGSTA1-1. However, the feature of two positively
charged histidines, His*® and His™, interacting with the glycine
carboxylate moiety of GSH is a unique trait for insect GSTDs.
His*® is responsible for GSH binding, whereas His*® contributes
to several steps of the enzyme-catalysed reaction from GSH
interaction to the release of product from the active site.

For the GSH activation mechanism of Alpha, Mu and Pi GST
isoenzymes, it has been described that the thiol proton is quanti-
tatively released into solution after the thiolate anion is formed
[46,47]. In contrast with GSTD, which behaves differently, the
thiol proton is captured by at least an internal base residue at high
pH value [46,47]. The present study shows that His* is also a

© The Authors Journal compilation © 2007 Biochemical Society
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candidate for the thiol proton acceptor in addition to the residues
at the y-glutamyl portion of GSH reported previously [15,31].
Moreover, the overall velocity of His*® engineered enzymes is
progressively restricted; therefore it can be assumed that the thiol
proton released must be accepted first by the active site residues,
e.g. His*, before a new cycle of the reaction can initiate.

The ‘base-assisted deprotonation model’ is an alternative model
that describes the mechanism of GST enzymes in GSH ionization
process. This model has been implicated in several studies of
the glutamyl «-carboxylate of GSH acting as a catalytic base,
involved in the thiol proton acceptance from the GSH thiol group
[15,16,31,46]. In the present study, we addressed the contribution
of the glycine moiety of GSH for GSH ionization in which this
end of GSH is involved in proton acceptance by providing a
counter ion from the charged His*® which is stabilized by the
hydrogen bond network.

In conclusion, the present study revealed a critical role for
residues located at the glycine moiety of GSH in catalytic rate
determination. This area constitutes a second G-site network
involved in GSH ionization distinct from the network previously
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reported interacting with the glutamyl end of GSH [16,17]. This
second network also appears to be functionally conserved in
GSTs (Figure 4). In the present study, we showed that His® is
a central residue in the hydrogen bond network to GSH with the
protonated imidazole ring of His* being stabilized by the network.
His® plays important roles in several processes of the enzyme
mechanism. Moreover, this network at the glycine moiety of GSH
also contributed to the ‘base-assisted deprotonation model’ for
GSH ionization.

This work was funded by the TRF (Thailand Research Fund). A.V. was supported by a
Royal Golden Jubilee Ph.D. Scholarship.
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Glutamate-64, a newly identified residue of the functionally conserved
electron-sharing network contributes to catalysis and structural integrity

of glutathione transferases
Pakorn WINAYANUWATTIKUN and Albert J. KETTERMAN'

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, Nakhon Pathom 73170, Thailand

In Anopheles dirus glutathione transferase D3-3, position 64 is oc-
cupied by a functionally conserved glutamate residue, which
interacts directly with the y-glutamate moiety of GSH (gluta-
thione) as part of an electron-sharing network present in all soluble
GSTs (glutathione transferases). Primary sequence alignment of
all GST classes suggests that Glu* is one of a few residues
that is functionally conserved in the GST superfamily. Available
crystal structures as well as consideration of the property of
the equivalent residue at position 64, acidic or polar, suggest
that the GST electron-sharing motif can be divided into two
types. Electrostatic interaction between the GSH glutamyl and
carboxylic Glu®, as well as with Arg® and Asp'®, was observed
to extend the electron-sharing motif identified previously. Glu®
contributes to the catalytic function of this motif and the ‘base-
assisted deprotonation’ that are essential for GSH ionization

during catalysis. Moreover, this residue also appears to affect
multiple steps in the enzyme catalytic strategy, including binding
of GSH, nucleophilic attack by thiolate at the electrophilic centre
and product formation, probably through active-site packing
effects. Replacement with non-functionally-conserved amino
acids alters initial packing or folding by favouring aggregation
during heterologous expression. Thermodynamic and reactivation
in vitro analysis indicated that Glu** also contributes to the initial
folding pathway and overall structural stability. Therefore Glu*
also appears to impact upon catalysis through roles in both initial
folding and structural maintenance.

Key words: active-site residue, Anopheles dirus, catalytic mech-
anism, electron sharing network, glutathione transferase, struc-
tural integrity.

INTRODUCTION

GSTs (glutathione transferases; EC 2.5.1.18) are a superfamily
of enzymes that contribute towards diverse cellular processes
ranging from detoxification to control of gene expression [1-4].
The enzymes generally catalyse nucleophilic attack of the GSH
(glutathione) sulfhydryl group to an electrophilic centre of a num-
ber of endogenous and xenobiotic compounds [1,5,6]. Conjuga-
tion of GSH to such organic molecules enhances solubility, thus
facilitating their eventual elimination [5-7]. This reaction is
an early step along the mercapturic acid pathway in which
hydrophobic compounds are inactivated and eliminated from an
organism [8]. Based on amino acid identity, substrate specificities
and immunological cross-reactivity, cytosolic GSTs are currently
divided into at least 12 distinct evolutionary classes, namely
Alpha, Mu, Pi, Theta, Sigma, Zeta, Omega, Phi, Tau, Delta,
Epsilon and Beta [6,9-15]. In addition, the number of members
identified in this enzyme superfamily is increasing due to the
massive growth of genomic information, which includes a number
of unclassified GSTs [16].

All cytosolic GSTs adopt the same highly conserved tertiary
structure [17]. GSTs are dimeric proteins (with a molecular mass
of about 50 kDa) assembled from identical or structurally related
subunits. Each subunit is characterized by two distinct domains
and an active site. However, each active site is only fully functional
when amino acid residues from both subunits are present in the
final dimeric structure. The active-site of GSTs consists of two
adjacent regions. The first region is the G-site (GSH binding

site), formed mostly by the N-terminal domain (domain I), which
adopts an «/fB topology that binds GSH as the thiol substrate
[7]. The second region is the non-polar H-site (hydrophobic
substrate binding site), generated primarily by the C-terminal
domain (domain II), which is an all-helical structure that provides
structural elements for recognition of a wide range of hydrophobic
co-substrates [7]. Although GSTs possess a high specificity for
GSH as the nucleophile, the enzymes exhibit broad specificity
with regard to structurally diverse hydrophobic substrates [17].
The catalytic strategy of GSTs for the nucleophilic substitution
reaction can be divided into several steps: binding of substrates to
the enzyme active site, activation of GSH by thiol deprotonation,
nucleophilic attack by thiolate at the electrophilic centre, product
formation and product release [18-20].

The roles of several active-site residues and functional groups
of GSH have been studied intensively and a potential model
has been proposed to describe deprotonation of the GSH thiol
group which enhances the nucleophilicity of the reaction [20-24].
The hydroxyl group of the conserved tyrosine/serine residue at the
G-site of GSTs (i.e. Tyr® for Pi, Tyr’ for Alpha, Tyr® for Mu and
Ser® for Delta classes) is within hydrogen-bonding distance of
the thiol group of the bound GSH, and is required for correct
orientation and stabilization of the deprotonated thiol anion. The
deprotonated anionic GSH results from subtraction of a thiol
proton by the glutamyl «-carboxylate of GSH, which acts as
a catalytic base in the base-assisted deprotonation model with
assistance from an electron-sharing network. The functionally
conserved electron-sharing network is characterized by an ionic

Abbreviations used: adGSTD3-3, Anopheles dirus glutathione transferase Delta class homodimer of subunit 3; CDNB, 1-chloro-2,4-dinitrobenzene;
DTT, dithiothreitol; FDNB, 1-fluoro-2,4-dinitrobenzene; GdmClI, guanidinium chloride; GSH, glutathione; G-site, GSH binding site; GST, glutathione

transferase; PtGSTU1-1, plant Tau class GST.
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THR158
Water
2, THR162
ASP100
NCBI Seq ID GST class Source Isoform
AAG38505 Delta A.dirus 3 S521P
NP_000844.1 Theta H.sapiens 1 S4VP
AH004172.1 Omega  H.saplens 1 72V P
CAC94005.1 Tau T.aestivum 1 S9VP
CAD29575.1 Phi T.aestivum 1 51P
P15214 Beta P.mirabilis 1 52V P
NP_611323.1 Epsilon D.melanogaster 1 STVP
A37378 Pi H.sapiens 1 S3LP
NP_665683.1 Alpha H.sapiens 1 S55VP
P46088 Sigma O.sloani 1 S1MP
NP_000552 Mu H.sapiens 1 60LP
043708 Zeta H.sapiens 1 S59VP

Figure 1
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LVDN-GFALWESRAICTYLAEKYG
LKDG-DFTLTESVAILLYLTRKYK
LENSQGQLIYESAITCEYLDEAYP
LIHN-GRPVCESLLILEYLDDAVG
FQDG-DLLLFESRAIARYVLRKYK
LQLDNGDILTEGVAIVQYLADLKP
LDDN-GTFIWDSHAIAAYLVDKYA
FQDG-DLTLYQSNTILRHLGRTLG
VEID-GMKLVQTRAILNYIASKYN
LDID-GTKMSQSMCIARHLAREFG
LIDG-AHKITQSNAILCYIARKHN
LKID-GITIHQSLAIIEYLEETRP

Newly identified extension of an electron-sharing network in adGSTD3-3

The electron-sharing network is an fonic interaction between negatively charged and positively charged residues stabilized by a network of hydrogen-bonds. The stereo view of corresponding
three-dimensional structure of the electron-sharing network is shown in the upper panel. The lines show the putative electron movement pathway with distances between 2.5 and 3.0 A. The lower
panel shows the sequence alignment of amino acid residues in Delta, Theta, Omega, Tau, Phi, Beta, Epsilon, Pi, Alpha, Sigma, Mu and Zeta class GSTs. The newly identified functionally conserved

glutamate, aspartate and glutamine in the electron-sharing network are identified by an arrow.

bridge interaction between the negatively charged glutamyl «-
carboxylate of GSH, a positively charged residue and a negatively
charged residue, forming a resonance motif stabilized by a net-
work of hydrogen-bonds with surrounding residues. The network
is distributed among multiple interacting amino acids that collect-
ively provide a network function. This conserved motif’s contri-
bution to the base-assisted deprotonation is essential for the GSH
ionization step of catalysis.

The functionally conserved glutamate residue, Glu* in
adGSTD3-3 (Anopheles dirus GST Delta class homodimer of
subunit 3) is located in the same region as the electron-sharing
network (Figure 1). Initial characterization of the electron-
sharing network has provided further insight into this motif [25].
The carboxylic group of Glu* interacts directly with the glutamyl
a-amino group of GSH. Moreover, by observing the configuration
of the GSH glutamyl «-carboxylate, the GSH glutamyl «-amino,
Glu® and the electron-sharing network, it is now possible to
extend this conserved motif, which is maintained in all GSTs.

Glu* function in the electron-sharing network. We have observed
previously [25] that alanine replacement of Glu* caused the
enzyme to be expressed in an insoluble form. This suggested that
Glu®* is a critical residue involved in tertiary structure or initial
folding of the enzyme. Therefore the contribution of this residue
to structural maintenance and initial folding was also examined.
The results of the present paper indicate that Glu® is a part of the
functionally conserved electron-sharing network and has roles
both in catalysis as well as structural folding and maintenance.

MATERIALS AND METHODS
Site-directed mutagenesis

The plasmid pET3a-adgstD3, described previously [26], was
used as the template to generate the single point mutations via
PCR-based site-directed mutagenesis. The functionally conserved
active-site residue Glu®* was replaced by an alanine, leucine,

The aim of the present paper was to ascertain the validity of19 valine, lysine, glutamine, asparagine or aspartate residue by using

© 2007 Biochemical Society
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PCR primers based on the wild-type adgstD3 gene sequence
(Genbank accession number AF273039). Mutants were screened
randomly by restriction enzyme digestion analysis. Mutant
plasmids could be distinguished from the wild-type template by
digestion with restriction enzymes corresponding to the restriction
recognition site introduced by the mutagenic primers. The full-
length GST coding sequence carrying E64A, E64L, E64V, E64K,
E64Q, E64D and E64N mutations were verified by the dideoxy
chain termination method.

Heterologous expression and purification

The proteins were expressed from the pET3a-adgstD3 vector
in Escherichia coli BL21 (DE3) pLysS cells. The cells were
grown to D4y = 0.5 and expression was induced by addition of
0.1 mM isopropyl B-D-thiogalactoside. Following a 3 h induction,
cells were collected by centrifugation at 10000 g for 20 min
at 4°C and lysed by sonication using an Ultrasonic processor
XL (Misonix) at power level 3 for 10 s, paused for 1 min and
repeated three times at 4°C. The soluble recombinant GST
proteins were purified by GSTrap™ affinity chromatography
(Amersham Biosciences) or S-hexylglutathione agarose (Sigma—
Aldrich) affinity chromatography. The protein concentration was
determined by the Bradford method [27] using BSA as a standard.

Steady-state kinetics

Steady-state kinetics were studied for wild-type and mutant
enzymes at varying 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 constants, k., K., and k./K,, were determined by fitting
the collected data to a Michaelis—Menten equation by non-linear
regression analysis using GraphPad Prism (GraphPad software).

pH dependence of kinetic constants

The pH dependence of k., /K,“™® was obtained as stated above
by recording the enzymatic reaction in the following buffers:
0.1 M sodium acetate buffers (from pHS5.0 to 5.5) and 0.1 M
potassium phosphate buffer (from pH 6.0 to 8.5). The pH was
altered in increments of 0.5, and control experiments showed no
discontinuities from buffer types. pK, values were obtained by
fitting the data to eqn (1) [20]:

Y = Yim/(1 + 10°571) (M

Fluoride/chloride leaving group replacement

The second order kinetic constants at pH 6.5 for the spontaneous
reaction of GSH with CDNB and FDNB (1-fluoro-2,4-dinitro-
benzene) and the catalytic-centre activities at pH 6.5 for
adGSTD3-3 with CDNB and FDNB as co-substrates were
obtained as described previously [28].

Viscosity effect on the kinetic parameters

The effect of viscosity on kinetic parameters was obtained by
using 0.1 M potassium phosphate buffer pH 6.5 with various
glycerol concentrations. Viscosity values (1) at 25°C were
calculated as described previously [29].

Structural studies

A Jasco J-714 spectropolarimeter was used for CD measurements
in the far-UV region from 190-260 nm. Spectra were recorded

fluorescence emission spectra were measured with a Jasco FP-
6300 spectrofluorimeter. The excitation wavelength was 295 nm
and the X, and the fluorescence intensity of emission spectra
were analysed at a protein concentration of 0.2 mg/ml.

Kinetics of thermal denaturation

Heat inactivation of the wild-type and Glu® mutant enzymes
was monitored at different temperatures. Enzymes (40 uM) were
incubated in 0.1 mM potassium phosphate buffer pH 6.5, 1 mM
EDTA and 5mM DTT (dithiothreitol). The inactivation time-
courses were determined by withdrawing suitable aliquots at
different time points to assay the remaining activity using the
first time point as 100 % native protein. An equation describing a
single exponential decay with a rate constant of thermal unfolding
k, was fitted to the data according to eqn (2) [30]:

— In(%native/100%) = k,t 2)

The free-energy of activation of thermal unfolding (AG,) was
calculated according to Eyring theory as eqn (3) [30]:

KT AG,
h RT

Ink,=1n 3)

where k, is the Boltzmann constant; T, absolute temperature
Kelvin; h, Plank’s constant; R, the gas constant; and K is the
transmission factor, which was set to unity. The difference of free-
energy of activation of the thermal denaturation between wild-
type (wt) and each mutant (mut) protein (AAG,) was calculated
according to eqn (4) [30]:

AAG, = AG,"™ — AG,™ = — RT x In(k,”"/k,™) 4)
Substitution of Equation 5:
AG, = AH, — TAS, (&)
into eqn (3) yields eqn (6):

k, K xk, AH, 1 AS,
In— =1In — X =+
T h R T R

6)

Both activation enthalpy AH, and entropy AS, were determined
from the temperature dependence of k,.

Temperature dependence of refolding in vitro

The in vitro refolding of the wild-type and Glu® mutant enzymes
were monitored at different temperatures. Enzyme (20 uM)
was first denatured in 4 M GdmCl (guanidinium chloride) in
renaturation buffer (0.2 M potassium phosphate buffer, 1 mM
EDTA and 5 mM DTT, pH 7.0) at room temperature (25 °C) for
30 min and then rapidly diluted (defining time 0) 1:40 (v/v) into
renaturation buffer at 18, 25 and 33°C. The final GdmCI con-
centration was 0.1 M during refolding. All refolding experiments
were carried out by rapid addition of the denatured enzyme to
renaturation buffer. The recovery of activity of the proteins was
monitored as a function of time by withdrawal of appropriate
aliquots of the renaturation mixture and immediately assaying for
activity at 25°C. Refolding rate constants were determined by
nonlinear regression analysis of the experimental data by using
SigmaPlot 2001 for Windows version 7.0 (SPSS). The refolding
rates of all variants were independent, in the range 10 to 30 uM,

using 0.3 mg/ml of protein in 2-mm path length cuvettes. Intrinsic 20 of the protein concentration. At greater enzyme concentrations all

© 2007 Biochemical Society
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Figure 2 Stereo views of examples of electron-sharing networks for type | (A) and type Il (B) of GSTs

Categorization is based on properties of the equivalent amino acid at position 64 and configuration of the electron-sharing network. (A) Electron-sharing network type | is composed of only one
conserved acidic amino acid (circled), which forms an ionic interaction. Wheat Tau GSTI (PDB accession number 1GWC). (B) Electron-sharing network type Il contains two strictly conserved polar
and acidic residues (circled by solid and dotted lines respectively), which participate in an ionic bridge interaction. Human Pi hGSTP1-1 (PDB accession number 1PKW).

variants were characterized by reduced refolding yield. The values
reported represent the means for three different experimental data
sets. Under these conditions, an equation describing a single
exponential reaction can be fitted to the data:

F(t) = A[l — exp(— k)] + B @)

where F(t) is the activity at time t; A, the amplitude; k., the rate
constant; and B, the reactivation value at time O [31]. The effect
of mutation on the energy of the transition state of folding can be
calculated using transition-state theory in a similar manner to that
reported by Jackson et al. [32]. The stability of the transition state
of a mutant protein relative to that of the wild-type is calculated
from:

AAc;ref = —RT x ln(krefw‘/krefmm) (8)
where AAG,; is the difference in energy of the transition state
of folding relative to the unfolded state between wild-type (wt)
and mutant (mut) proteins and k., the rate constants of refolding

[32].
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RESULTS AND DISCUSSION

A functionally conserved electron-sharing network can be ob-
served in the same region for all GSTs, but with slightly different
residue positions [22]. However, a primary sequence alignment of
the known GST classes suggests that Glu® is one of a few residues
that is functionally conserved in the GST superfamily. Observa-
tion of available crystal structures; adGSTD3-3, hGSTP1-1 (hu-
man Pi GST1), hGSTA1-1 (human Alpha GST1), rtGSTMI1-1
(rat Mu GST1), hGSTO1-1 (human Omega GST1), hGSTT2-2
(human Theta GST?2), squid Sigma GST and wheat Tau GST, as
well as consideration of the property of the equivalent residue at
position 64, acidic or polar, suggests that the GST electron-sharing
motif can be divided into two types (Figure 2). Electron-sharing
network type I, consisting of GSTs from Delta, Theta, Omega,
Pi and Tau classes, contain an acidic amino acid (glutamate or
aspartate) at this position. The equivalent residue is the only amino
acid in an acceptable distance range to form an ionic interaction
between its own negatively charged side chain and the positively
charged GSH glutamyl «-amino (Figure 2A). On the other hand,
electron-sharing network type II GSTs from the Alpha, Mu, Pi
and Sigma classes have a polar amino acid (glutamine) side-chain
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Figure 3 Far-UV CD spectra of adGSTD3-3 and mutants

CD spectrawere measured in far-UV region from 190—-260 nm. Spectra were recorded at a protein
concentration of 0.3 mg/ml with cuvettes with a 2-.m path-length. D3, wild-type adGSTD3-3.

that interacts directly with the GSH glutamyl «-amino. In
addition, type II networks have a strictly conserved acidic amino
acid (Asp® in the Pi class, Asp'® in the Alpha class, Asp'® in the
Mu class and Asp®” in the Sigma class) that participates in an ionic
interaction (Figure 2B). In the Pi class GSTs, replacement of this
acidic residue (Asp” with asparagine) was shown to increase
the pK, for GSH by approx. 0.5 pH unit [33]. These results
suggest the importance of a negative charge involvement with the
positively charged GSH glutamyl «-amino to fulfil the function
of the electron-sharing network in the ionization process [33].
Dividing the electron-sharing network into two types is supported
by studies of binding, activation and ionization of GSH, including
the fate of the thiol proton in Pi, Alpha, Mu and Delta class GSTs
[23]. It has been reported that GST classes Pi, Alpha and Mu,
which are classified as electron-sharing network type II GSTs,
display similarities in the multi-step mechanism for binding of
the substrate and also yield a similar fate for the thiol proton. The
Delta class GST, which we propose belongs to electron-sharing
network type I, shows a difference in proton extrusion that implies
adifferent activation mechanism for GSH. Moreover, the modality
of proton output is also preserved in Pi, Alpha and Mu class
enzymes. This mechanistic difference suggests that Delta GST
is distantly related to Pi, Alpha and Mu GSTs in evolutionary
terms.

To investigate the role of the functionally conserved Glu®
residue in adGSTD3-3, this residue was replaced with seven
amino acids; alanine, leucine, valine, lysine, glutamine, aspartate
or asparagine. Evidence suggested that the replacements were
temperature-sensitive therefore protein expression was performed
at 18, 25 and 37°C. The E64A, E64L, E64V and E64K mutants
were expressed as insoluble proteins at all temperatures. Attempts
at refolding these four proteins were unsuccessful. The yields of
the E64Q, E64D and E64N mutants were less than wild-type
and clearly decreased with increasing temperature (results not
shown). This probably reflects the fact that the E64Q, E64D
and E64N molecules fail to achieve the native folding at near
physiological temperatures. Therefore, proteins expressed at the
more permissive temperature of 18°C were utilized in this
study.

In the present study, a structural role for Glu® for stability
and folding was examined. The similarity of the far-UV CD
spectra of all the Glu* mutants indicated that the secondary
structure content of the proteins are essentially unaffected by the
mutations (Figure 3). The intrinsic fluorescence spectra show
differences between the wild-type and all of the Glu* mutants

5500

45004

—D3
5 3500+ --E64Q
s ----E64D
2 25004 --=E64N
2
bl
£ 1500
5004
500 Y

300 330 360 390 420 450 480 510 540
Wavelength (nm)

Figure 4 Intrinsic fluorescence spectra of wild-type and mutant adGSTD3-3

Intrinsic fluorescence emission spectra were measured with the excitation wavelength 295 nm.
The Ama and the fluorescence intensity of emission spectra were analysed at a protein
concentration of 0.2 mg/ml. The Amax are 331 nm for wild-type (D3), 332 nm for E64Q, 335 nm
for E64D and 334 nm for E64N. The intensity is shown in arbitrary units. The results are
means + S.D. for experiments performed in triplicate.

shifted compared with the wild-type protein (A, at 331 nm) to
give a An,, at 332 nm for E64Q, 335 nm for E64D and 334 nm
for E64N. The normalized intensities of the fluorescence of the
mutants were slightly less than that of the wild-type. Changes in
amino acid side-chains around Trp® resulted in an alteration
in fluorescence intensity, and a red-shifted spectrum is observed
as the protein unfolds to random coil [34]. Consequently, the
differences in both A, and fluorescence intensity suggest
that the mutation of Glu* causes the tryptophan residue to be
more exposed to the solvent. Heat inactivation of wild-type
and Glu* mutants was performed at different temperatures
(Figure 5). Furthermore, the E64Q and E64N mutants were
much more unstable than the wild-type or E64D mutant. It is
important to note that the single Glu* replacement with polar
residues (glutamine and asparagine) became unstable at a lower
temperature than the negatively charged residues (wild-type
and E64D) and their inactivation generated the formation of
protein aggregates under the experimental conditions used.
Thermal denaturation of all variants was irreversible, showing
that inactivation kinetics could not be used to determine
thermodynamic parameters at equilibrium. However, making
use of the temperature dependence of the unfolding rate, the
application of Eyring formalism provides the thermodynamic
parameters of the activation barrier of the thermal denaturation
[30]. The heat inactivation of all variants is described by straight
lines in an Eyring plot. This indicates that the temperature
dependence of both the unfolding activation enthalpy (AH)
and activation entropy (AS) is negligible. The temperature
dependence of AG is reflected in the slope of the linear fit, depen-
dent on AH. Table 1 summarizes the kinetic and thermodynamic
constants for the activation barrier of thermal denaturation for the
wild-type and Glu® mutant enzymes. The large energy changes
of Glu* mutants compared with the wild-type (A AH) are almost
completely compensated for by an accompanying reduction in
AS (that is, AAS). At 42°C, this corresponds to lower values
of the unfolding free-energy for all the Glu®* mutant enzymes
(AAG). The Glu* mutants were remarkably more destabilized
than the wild-type enzyme, especially for the polar amino acids
glutamine and asparagine (Table 1). This corresponds to an
unfolding free-energy difference (AAG) for the polar amino

(Figure 4). The spectra of the Glu®* mutants were slightly red-22 acid replacements compared with the wild-type, being greater
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Figure 5 Thermal stability of wild-type adGSTD3-3 (A), E64Q (B), E64D (C)
and E64N (D) mutants at different temperatures

Each enzyme (40 1«M) was incubated at various temperatures in 0.1 M potassium phosphate
buffer, pH 6.5, 1 mM EDTA and 5 mM DTT. Appropriate aliquots from an incubation mixture
were assayed at 25 °C to monitor residual activity. The lines represent fits according to eqn (2),
as described in the Materials and methods section.

than with the acidic residue aspartate. The Gibbs free-energy
for the unfolding process of wild-type and Glu®* mutants were
comparable, with general estimations of Gibbs free-energy for
small globular proteins based on the summation of increments
of the different stabilizing forces that give values in the range
42-84 kJ/mol [35]. Due to the large decrease in activation
enthalpy (AAH, 131-220kJ/mol), the destabilizing effects
of the Glu® mutants were clearly significant to the structural
properties of the enzymes. In addition the magnitude of TAAS
at 42°C, which is the energy difference from decreases in the
entropy of the thermal unfolding pathway (198.4, 126.0 and
211.0 kJ/mol for E64Q, E64D and E64N respectively), indicates
that major changes in the conformational freedom characterizes
the denaturation of the wild-type protein compared with those
occurring during the thermal inactivation of the Glu® mutants
[36]. This means that the wild-type adGSTD3-3, because it is
more rigid than the Glu® mutants, tolerates larger perturbations
of its structure before the unfolding transition state is reached.
The replacement of polar amino acids, both glutamine and
asparagine, give greater values of all thermodynamic constants
than for the acidic amino acids glutamate and aspartate. This
data suggests that the negatively charged residue forming an
ionic bridge interaction in this position plays an essential role
for the overall stability of the protein. Recent studies proposed
that Glu® is a critical residue involved in the determination
of the direction of the polypeptide chain during folding [25].
One consequence of replacing Glu® with other amino acid
residues results in a completely impaired folding property
(for E64A, E64L, E64V and E64K) or temperature-sensitive
folding (for E64Q, E64D and E64N). To test this hypothesis,
reactivation yields of adGSTD3-3 and its mutants at different
temperatures were determined. The denaturant 4 M GdmCl was
sufficient to completely unfold 20 M enzyme, as shown by
CD spectrum (results not shown). The reactivation yields of the
Glu® mutants were very different from the wild-type protein at
increasing temperatures of refolding (Table 2 and Figure 6). The
reactivation yield of the wild-type enzyme was unaffected by
temperatures from 18-33°C, whereas the yield of the mutants,
although to different extents, decreased markedly with increasing
temperature. All data sets were fit to a single exponential equation
for the refolding kinetics (Figure 6). At each temperature, as
shown in Table 2, the temperature-dependent refolding rates
show a similar tendency in the wild-type and Glu* mutants that
was expected, that is, the enzymes refold at higher temperature
more rapidly than at lower temperature. The refolding rates of
both E64Q and E64D mutants were slightly different from the
wild-type at all temperatures. These differences in refolding
rates reflect changes in free-energy of activation of folding for
a mutation. Estimated free-energy values (AAG,) at 18°C that
were significantly different from zero indicate that interactions
of the residue at position 64 toward neighbouring residues are
present in the transition state of the reactivation process. The
in vitro refolding experiments suggest that the thermal stability
of the final structure of the mutants reflects differences in the
conformational properties of a productive folding intermediate.
Reactivation in vitro of all Glu* mutants was thermosensitive, and
so the refolding yields of the Glu® mutants, although to different
extents, decreased markedly with increasing temperature. The
analysis of the reactivation at 18°C indicates that amino acid
replacement of Glu® destabilizes the transition of folding. It
should be noted that a single exponential equation could be
fitted to refolding data for all adGSTD3-3 variants indicating
that no significant amount of intermediate is accumulated during
the reactivation of wild-type and variants, and that none of the

23 mutations had a major change on the refolding pathway. Upon
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Table 1 Kinetic and thermodynamic parameters for the activation barrier of thermal denaturation for wild-type and Glu®* mutants of adGSTD3-3

Enzyme k, (min~) klkow®  AG (mol)  AAG, (/mol)  AHF(d/mol)  AAH(Jmol)  AS.t(kJmol-K)  AAS.t (kJ/mol-K)
Wild-ype  0.040+ 0.001 1 85.69 +0.09 0 439.00+ 4.90 0 112040015 0

E64Q 158340028  39.58 76,08+ 0.05 9.63 2313811302 207.62 0.490 + 0.041 0.630

E64D 0.256 + 0.008 6.40 80.85+0.08 486 307.51 1.8 131.49 0.720 + 0.004 0.400

E64N 15900045  39.75 76,07+ 0.08 9.64 2185241092 22048 0.450 + 0.035 0.670

* From denaturation kinetics at 42 °C according to eqns 2 and 4.

+ From temperature dependence of thermal unfolding (Eyring plot) according to eqn 6.

Table 2 Kinetics of the reactivation and percentage recovery of wild-type adGSTD3-3 and Glu®* mutants during refolding at different temperatures and
changes in free energy of the transition state of folding at 18°C

Statistics performed using one-way ANOVA and Tukey—Kramer multiple comparisons test. Values significantly different from wild-type are shown by * P < 0.001. Nd, not determined, low enzymatic

activity precluded performing this experiment.

18°C 25°C 37°C
Enzyme ket (min=") % recovery Kt (Min=1) % recovery Keet (min=1) % recovery AAG at 18°C (kJ/mol)
Wild-type 0.169 4+ 0.020 609+04 0.5184+0.053 351+34 0.957 +0.027 351406 0
E64Q 0.074+0.003 63.8+0.7 0.289 +0.004 400403 1.073+0.124 106+0.3 —1.987+0.371*
E64D 0.059 4+ 0.005 93.0+6.5 0.242 4+ 0.024 57.7+11 0.981+0.030 345+1.3 —2.521+0.129*
E64N Nd Nd Nd Nd Nd Nd Nd

mutation of adGSTD3-3, rate constants decreased for all mutants
(Table 2). This is because the removal of the negative charge or
size decrease of the side-chain at this position destabilized the
transition state and thereby increased the activation energy for
folding. In particular, the AAG, value for E64D is greater than
E64Q, suggesting that the functional group size is important for
the Glu® position, which contributes to stabilizing the transition
state. Previous investigations of the equivalent residue, Glu®,
in PtGSTU1-1 (plant Tau class GST) demonstrated that alanine
replacement made the enzyme unstable at 50°C, retaining only
about 15 % of its activity compared with 95 % for the wild-
type enzyme [37]. In contrast, the reactivation yield of E66A
was 2-fold greater than the wild-type. The effect of the mutation
at this equivalent residue in PtGSTU1-1 was less than found in
adGSTD3-3, an insect Delta class GST. This result might be
explained by data for Glu* in adGSTD4-4, an alternatively spliced
product derived from the same gene as adGSTD3-3. Glu* is not
only located at the dimeric interface of the enzyme, but has also
been identified as a ‘lock’ residue in the Delta class specific ‘lock-
and-key clasp’ motif, which is not found in plant Tau class GST
[38]. The lock-and-key motif, including the Delta class specific
lock-and-key clasp motif, is located at the intersubunit interface
and plays a crucial role in the structural stability of dimeric GSTs
[39,40]. These data therefore confirm a critical structural role for
the functionally conserved Glu® residue for both overall protein
stability and initial folding process.

Steady-state kinetic constants were obtained with various
concentrations of GSH and CDNB substrate. Michaelis—Menten
kinetic analysis was performed using non-linear regression
(Table 3). All of the mutations showed significantly increased
K., values for GSH. Individually, the mutants; E64Q, E64D
and E64N had values 26-, 34- and 29-fold greater than wild-
type. Conversely, no significant changes were found in the K,
values for CDNB substrate when compared with the wild-type
enzyme. The differences in k., values with CDNB observed
for E64D and E64N decreased approximately 1.5- and 25-fold
respectively. The kinetic studies of soluble Glu* mutant enzymes

size and property functional group, preserved the catalytic activity,
whereas replacement with the slightly smaller amino acids
aspartate and asparagine reduced k., especially the arparagine
replacement, which nearly abolished enzyme activity. This
suggests that the volume of the amino acid at this position
affects packing of the active-site, which directly impacts upon
enzyme catalysis. However, all the mutants showed a substantially
lower affinity (greater K,,) towards GSH indicating that the Glu®
position impacts upon the binding of GSH possibly through
active-site rearrangement. Catalytic efficiency can be related to
the difference in free-energy change for formation of transition
states in the mutant and wild-type enzymes (A AG), as calculated
from eqn (9) [41]:

AAG = —RT x In(kea/Kn™"), / (Keu/ Kn™") ©
These calculated values are 8.03 kJ/mol for E64Q, 9.94 kJ/mol
for E64D and 16.33 kJ/mol for E64N at 25°C, indicative of
a decreased stabilization of the transition state for the Glu®
mutations. Stabilization of the transition state may occur through
apre-organized active-site contributing to catalysis through multi-
ple mechanisms: binding interaction with GSH, activation of GSH
by thiol deprotonation or nucleophilic attack at the electrophilic
centre (o-bond formation) by the thiolate. Deficiency in the pre-
organized environment (the changes that occur along the reaction
pathway from reactants to the transition state) would decrease the
rate of catalysis by incompletely providing a stabilization of
the transition state [42]. Therefore, the effect on the rate-limiting
step in the catalytic mechanism was examined. The pH depen-
dence of k. /K, "\ reflects a kinetically relevant ionization of
the GST-GSH complex. Therefore, an apparent pK, value of 6.36
was determined for the wild-type adGSTD3-3. To differentiate
the influence of the functional group of Glu* on the GSH thiol
ionization, the pK, values for Glu* mutants were measured by
this kinetic approach (Table 3). An increased pK, for bound GSH
of approx. 0.6 and 1 pH unit greater than that found for wild-type
were observed for the E64Q and E64N mutants. It has been

wt

demonstrated that replacement with a glutamine residue, a similar2 4 shown previously that a crucial function of the electron-sharing
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Figure 6 Kinetics of reactivation of wild-type adGSTD3-3 (®), E64Q (M)
and E64D (A) during refolding at different temperatures: 18 °C (A), 25°C (B)
and 33°C (C)

Purified enzyme (20 M), heterologously expressed at 18 °C, was first denatured in 4 M GdmCl
for 30 min. This denaturant concentration was sufficient to completely unfold the proteins, as
indicated by the loss of secondary structure shown by CD. Successive aliquots of unfolded
enzyme were diluted (defining time 0) 1:40 into renaturation buffer at the different temperatures.
The final GdmCI concentration was 0.1 M during the refolding. Appropriate aliquots from this
incubation mixture were immediately assayed for catalytic activity at 25°C.

network is to lower the pK, of the thiol group of the bound
GSH [22]. Our results show that Glu* replacement with the
polar amino acids glutamine and asparagine increased the pK,
values by about 0.5-1.0 pH unit. This consequence appears
to be due to the deletion of the negative charge, resulting in
loss of ionic interaction within the electron-sharing network.
This is supported by the replacement of the critical glutamate
residue with the negatively charged aspartate, which has no affect

Tahle 3 Steady-state kinetic constants and pK, values for the thiol group
of GSH of wild-type and mutants of adGSTD3-3 for the CDNB conjugation
reaction at pH 6.5 and 25°C

The enzyme activities were measured at various concentrations of CDNB and GSH in 0.1 M
phosphate buffer pH 6.5. The pK, was obtained by using 0.1 M sodium acetate buffers (from
pH 5.0 to 5.5) and 0.1 M potassium phosphate buffer (from pH 6.0 to 8.5).The reaction was
monitored at 340 nm, & 9600 M—'em~". Statistics were performed using one-way ANOVA and
Tukey—Kramer multiple comparisons test. Values significantly different from wild-type are shown
by * P < 0.001. The wild-type values have been reported previously [25].

kcat KmGSH KmCDNB kca\/KmGSH kcal/KmCDNB
Enzyme  (s") (mM) (mM) (s7'/mM)  (sT'/mM)  pK,
Wild-type 354 0274005 0144001 131 246 6.36+0.11
E64Q 36.3 7.10+0.28* 0.43+0.03 511 83.6 6.97+0.14*
E64D 216  9.12+0.20* 0.28+0.01 2.37 75.8 6.42+0.12
E64N 14 789+0.19* 0.33+0.01 0.18 44 7.37+0.07*

Table 4 Effect of fluoride/chloride leaving group substitution on the rate of
catalysis

The ratios of kinetic constants for the conjugation reaction catalyzed by adGSTD3-3 enzymes for
GSH with CDNB or FDNB as co-substrates were calculated at pH 6.5. Statistics performed using
one-way ANOVA and Tukey—Kramer multiple comparisons test. Values significantly different
from wild-type are shown by * P < 0.001. The wild-type values have been reported previously
[25].

Enzyme KoatPONB /K g OONE (Keat/ Kin)OB /(K gt/ K ) PN
Wild-type 2.40+0.08 6.72+0.34

E64Q 6.97 +0.24* 14.3611.22*

E64D 8.40 + 0.08* 10.3140.38*

E64N 5.92 4 0.05* 6.58 4 0.05

this position is essential to form an ionic interaction to fulfil
the function of the electron-sharing network in the ionization
process. However, the formation of a o-complex intermediate in
the enzyme-catalysed reaction was affected by the replacement
with glutamine and aspartate. It is well established that the
bimolecular nucleophilic substitution reactions proceed through
a o-complex intermediate [43]. Thus, the rate-limiting formation
of a spontaneous o-complex intermediate can be increased by
replacement of chlorine in the CDNB molecule with the more
electronegative fluorine. The ratio of the catalytic rate of GSH
with FDNB and CDNB was comparable to the ratio of the second-
order rate constants for a spontaneous uncatalysed reaction. That
1S, ke "PNB ko PNB =40 is similar to k.PNB/k PNB =47, which
indicates that the o-complex formation is the rate-limiting step.
Although the k,""NB/k.,,“°® of all Glu* mutants reflected varying
insensitivity to the nature of the leaving group, there were two
mutants E64Q and E64D that exhibited significant differences in
the catalytic efficiency (k../K.,) (Table 4). For the E64N mutant,
it appears that an alteration of the relative turn-over number is
a consequence of changes in binding affinity towards different
substrate leaving groups rather than a reflection of the rate of
o-complex formation. Differences in relative catalytic efficiency
(k../K ) for the fluoride/chloride leaving group replacement may
not strongly support the idea that the rate-determining step to
o -complex formation for E64Q and E64D was changed. Although
it appears that transition state stability of the enzyme—intermediate
complex, influenced by electron density and distribution in
the o-complex, was partially altered by these two amino acid

on the ionization process. Therefore, an acidic amino acid in25 replacements [43,44].
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Figure 7 Viscosity effect on kinetic parameters of wild-type adGSTD3-3
and mutant enzymes

The effect of viscosity on kinetic constants was assayed by using 0.1 M potassium phosphate
buffer, pH 6.5, with various glycerol concentrations. Dependence of the reciprocal of the relative
turn-over number (k4°/ke) on the relative viscosity (n/5°) for CONB as a co-substrate.
The experiment was performed in triplicate and the lines were calculated by linear regression
analysis. The slopes of the linear regression lines are 1.14 4 0.01 for wild-type, 0.05+0.01
for E64Q, 0.85 4 0.01 for E64D and 0.42 + 0.02 for E64N.

The effect of viscosity on kinetic parameters was examined
to elucidate the rate-limiting step in the catalytic reaction. A
decrease in the rate constant with increasing medium viscosity
should reflect the weight of diffusion events on catalysis [45]. It
would indicate that the rate-limiting step is related to diffusion-
controlled motions of the protein or the dissociation of the product.
A plot of the reciprocal of the relative catalytic constant (k. °/kc.;)
against the relative viscosity (1/n°) should be linear. The slope
should be equal to unity when the product release or structural
transition is limited by a strictly diffusional barrier. If the slope
approaches zero either the chemistry or another non-diffusion
barrier is rate-limiting. For wild-type adGSTD3-3, a plot of the
inverse relative rate constant (k.,.°/k.,,) versus the relative viscosity
(n/n,) gives a linear dependence with a slope (1.14 +0.01) very
close to unity (Figure 7). In contrast the E64Q mutant enzyme
yields plots that are fully viscosity independent, with a slope
approaching zero (0.05+£0.01). The other mutants, E64D and
E64N, exhibited k. values with different degrees of viscosity
dependence compared with the wild-type enzyme. The vis-
cosity experiment showed that the rate-limiting step catalysed by
adGSTD3-3 is a non-physical step (Figure 7). However, structural
alterations in the Glu® mutants decreased the viscosity effects
on the enzyme to intermediate values (0 < slope < 1), especially
for the replacement with the polar residues glutamine and
asparagine. This indicates that the rate-limiting step is not strictly
dependent on a diffusion barrier or other viscosity-dependent
motions and that conformational changes of the engineered
proteins contribute to the rate-limiting step [45]. This suggests
that the structural flexibility of functionally important regions of
the engineered enzymes have been altered. Previously, we have
observed [22] that changing the residues in the electron-sharing
network can influence the topology of the active-site, which
affects both the catalytic mechanism as well as the structural
maintenance of the enzyme. The results of the present study
demonstrate that the functionally conserved Glu®, which is now
identified as being part of the electron-sharing network, impacts
upon enzyme catalysis not only through its negative charge but
also through structural effects.

In conclusion, the results of the present paper, as well as the

high level of functional conservation of the residue at position26

64 among all classes of GSTs supports the hypothesis that Glu®
is part of a functionally conserved electron-sharing network. The
present paper now extends the network identified previously to
include three critical residues that form ionic bridge interactions.
These are between a negatively charged/polar active site residue
(glutamate, aspartate or glutamine), a positively charged GSH
glutamyl «-amino, a negatively charged GSH glutamyl «-
carboxylate, a positively charged active-site residue (primarily
arginine) and a negatively charged active-site residue (glutamate
or aspartate) stabilized by hydrogen-bonding networks with
surrounding residues (serine, threonine and/or water mediated
contact). Glu* in the electron-sharing network contributes to the
function of this motif and the base-assisted deprotonation model
which are essential for the GSH ionization process in the catalytic
mechanism. However, this residue also appears to affect additional
steps in the enzyme catalytic strategy including binding of GSH
to the enzyme active site, nucleophilic attack by thiolate at the
electrophilic centre and product formation. Therefore, the Glu®
position also appears to impact upon catalysis through roles in
both initial folding and structural maintenance.
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Differences in the subunit interface residues of alternatively spliced
glutathione transferases affects catalytic and structural functions

Juthamart PIROMJITPONG, Jantana WONGSANTICHON and Albert J. KETTERMAN'
Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, Nakhon Pathom 73170, Thailand

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 a\bertkettermigyahoo.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 a-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—m

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

interactions with the aromatic ring of Tyr® and an ionic interactior29 isoenzymes, Tyr®, Met'”' and Gly'® of adGSTD3-3 and Phe'™,
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Val'”” 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; YO8F, 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 adGSTD3-3, 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
k./Kn 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, | 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 RO6A
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 S-sheet 4 in domain
I and «-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

30 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) 3124+0.33 0.58 4 0.05¢ 66.1+2.83" 13.1+0.5471
D3-M101V (2/b) 2.77+0.43 0.42+0.05¢ 40.5+1.931 11.9+0.801
D3-G102A (2/c) 0.34+0.031 0.38+0.07% 944+ 5771 13.7+2.667
D3-Y98F/M101V/G102A (2/d) 1.884+0.01" 0.3140.03} 85.8 +4.39¢ 18.4+0.651
D3-D110A (3/e) 2214024 058 +0.11% 80.5+ 3.487 2344183
D4-wild-type 14.0+1.70 0.59+0.03 19.74+0.70 18.4+1.20
D4-G75A(1) 1.89+0.13F nd 0.00 2254082
D4-R96A(1) 0.91+0.07% nd 0.00 18.8+3.89
D4-F104Y (2/a) 171+1.76* 0.28+0.021 235+0.51 31.9+1.961
D4-V107M (2/b) 476 +0.15¢ nd 0.00 254+1.417
D4-A108G (2/c) 65.4+1.45¢ 0.32+0.04% 69.6 +7.551 32.8+1.03+
D4-F104Y/V107M/A108G (2/d) 16.7+1.23 0.60+0.10 250+0.18 2114183
D4-E116A (3/e) 516 +0.93t 0.68+0.11 9.93+0.68* 17.3+2.05
31
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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) YO8F, (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

(A) 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. 32
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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,3
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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-

3 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 Kkea/Kn K kea/Kn Purification
Enzymes (s (mM) (mMM-Tes—T) (mM) (mMM-—Tes—T) yield (%)
D3-wild-type 39.2 0.154+0.01 258 0.29+0.04 114 53.7
D3-Y98F (2/a) 24.9+% 0.12+0.01 213 0.47+0.05 53.1 492
D3-M101V (2/b) 26.0% 0.72 % 0.06+ 363 1,04 0.06+ 250 60.0
D3-G102A (2/c) 23.5% 0.37+0.02+ 63.3 2.94+0.38+ 7.99 476
D3-Y98F/M101V/G102A (2/d) 40.7 0.28+0.03+ 147 112+0.071 36.7 58.3
D3-D110A (3/e) 51.7+ 0.49+0.07+ 106 0.5440.04 95.8 34.3
D4-wild-type 22.5 0.63+0.09 35.7 0.67+0.05 33.6 61.3
D4-G75A (1) 23.3 8.26+2.63t 2.82 0.54+0.06 43 55
D4-R96A (1) 16.2% 0.80+0.06 22.0 1.08+0.02 15.0 14
D4-F104Y (2/a) 155+ 0.52+0.03 208 2401+ 2.94% 0.65 422
D4-V107M (2/b) 13.71 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/NV107M/A108G (2/d) 32.51 0.72+0.04 452 0.25+0.02 130 59.2
D4- E116A (3/e) 46.17 1.55+0.01 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 (mol/min/mg)

Enzymes CDNB DCNB EA PNPB PNBC
D3-wild-type 8534323 0.25+ 001 0.104005 nd 0.13+0.01
D3-YI8F (2/a) 469+ 6.38+ 0234003 0.03 + 0.01* nd 0.05+ 0.00¢
D3-M101V (2/b) 1110814 0.05+001% 0.08+0.02 nd 0.09 + 0.00+
D3-G102A (2/c) 46.8+0.25+ 0.08+0.01% nd nd 0.05+ 0.00¢
D3-YO8F/M101V/G102A (2/d) 8484547 0.21+0.01* 0.15+0.01 nd 0.08+ 0.00%
D3-D110A (3/e) 71.6+ 2,60+ 0.16+001% 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+ 001 0.12% 0,01 0.02+ 0.01 0.06+ 0.00
D4-RY6A (1) 260+ 0.13% 0.27+0.04% 0.18+0.01 0.23+0.02 nd

D4-F104Y (2/a) 28,5+ 224+ 0.06 +0.01 0.14+0.01 0.05+ 0.01 0.11+005
D4-V107M (2/b) 22,0+ 229+ 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-F104Y107M/A1086 (2/d) 53.8+1.43 0.05+ 0.01 0.02 + 0.00* nd 0.04+ 001
D4- E116A (3/e) 56.3+6.83* 0.06+0.01 0.01+001* 0.04+0.01 0.04+ 001

to the stabilization and folding of the protein. The mutants were
expressed in both inclusion and soluble forms, with the R96A
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

34

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,
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Figure 6 Conserved electrostatic interaction in region 1 of the subunit interface
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(A) The planar rectangle electrostatic interaction of Glu™ 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 1D AAC79992), agGSTD1-4 (Protein ID AAC79994), agGSTD1-5 (Protein ID
AAC79993), agGSTD1-6 (Protein ID AAC79995), agGSTD? (271480), agGSTD3 (AF513638), agGSTD4 (AF513635), agGSTD5 (AF513634), agGSTD6 (AF513636), agGSTD7 (AF071161), agGSTD8
(AF316637), agGSTD9 (AY255857), agGSTD10 (AF515527), agGSTD11 (AF513637), agGSTD12 (AF316638), agGSTut (AF515521), agGSTu2 (AF515523), agGSTu3 (AF515524), agGSTET
(AF316635), agGSTE2 (AF316636), agGSTE3 (AY070234), agGSTE4 (AY070254), agGSTES (AY070255), agGSTEG (AY070256), agGSTE? (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, Y98F, M101V, G102A and
Y98F/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

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,

folding of each subunit but have more influence on the35 these residues are also located at the interface of the two active

© 2007 Biochemical Society
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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

GLU116

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 oﬂf a-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.
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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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Future Plans

We will continue to perform structure function studies to increase our understanding of which
amino acid residues affect enzyme specificity. We are also interested in determining the
mechanism of how the elucidated amino acids contribute to the observed specificity.

Publications

We have published fourteen papers in the last three years for a total 2005 impact factor of
43.633. For the sake of simplicity we only present the three Biochemical Journal (2005
Impact Factor 4.224) papers published this year (2007; publications 1-3 in the list below) in
this Final Annual Report. The complete reprints of all fourteen papers are included in the
appendix.
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Professional Invitations

Within the last 3 years, I have been invited to join the Panel of Editorial Advisers for the
Biochemical Journal (http://www.biochemj.org/bj/bjedavpanel.htm). I have also been a co-
author on the top downloaded paper of BBA Proteins and Proteomics in 2005 (Publications
Paper 14). I have been an invited speaker at the 17" FAOBMB Symposium/2™ TUBMB
Special Meeting/7™ S-IMBN Conference on “Genomics and Health in the 21% Century”. 22-
26 November 2004, Bangkok, Thailand. Session R: Protein Expression, Structure and
Function. IL-C11 Structural studies on glutathione S-transferases from Anopheles dirus.

Collaborations Domestic and International

I have several working collaborations. One collaboration is with Dr. L. Prapanthadara at the
Research Institute for Health Sciences, Chiangmai University. Dr. Prapanthadara is involved
with the enzyme characterization studies and also in supplying my laboratory with An. dirus
mosquitoes. I have two collaborations with my former PhD students who have now
completed, Dr. Saengtong Pongjareankit and Dr. Jeerang Wongtrakul. Both have now
returned to their universities, Maejo and Chiangmai University. Another collaboration within
Thailand is with Dr. Jirundon Yuvaniyama at the Department of Biochemistry and Center for
Excellence in Protein Structure and Function, Faculty of Science, Mahidol University. Dr.
Yuvaniyama has been involved in helping us to obtain new GST structures. An overseas
collaboration is with Dr. Marie A. Bogoyevitch in the Cell Signalling Laboratory, Department
of Biochemistry, University of Western Australia. The collaboration with Dr. Bogoyevitch is
investigating the GST interactions with the MAP kinase pathways. The second overseas
collaboration is with Dr. Aaron J. Oakley in the Biological Chemistry Section of the Research
School of Chemistry at the Australian National University. Dr. Oakley is a crystallographer
and is currently crystallizing and elucidating the tertiary structure of the An. dirus
recombinant GSTs that we are studying. We have also now formed a new collaboration with
Assoc. Prof. Robert Robinson at the Institute of Molecular and Cell Biology, Proteos,
Singapore. Dr. Robinson is also a crystallographer and is helping us to obtain new GST
structures.

Collaborations within Institute

We have formed a scientific support network consisting of the following four ajarns and their
respective groups (at this time this includes 30 people): Drs. G. Katzenmeier, C.
Angsuthanasombat, A. Ketterman, and C. Krittanai.

Problems
There are no unusual problems.

Comments and Suggestions
It would be helpful to receive the next funding budget quickly.
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Appendix

Reprints of the fourteen papers published in the last three years.
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A functionally conserved basic residue in glutathione S-transferases
interacts with the glycine moiety of glutathione and is pivotal for

enzyme catalysis
Ardcharaporn VARARATTANAVECH and Albert J. KETTERMAN'

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, 25/25 Putthamonthol Road 4, Salaya, Nakon Pathom 73170, Thailand

The present study characterized conserved residues in a GST
(glutathione S-transferase) in the active-site region that interacts
with glutathione. This region of the active site is near the glycine
moiety of glutathione and consists of a hydrogen bond network.
In the GSTD (Delta class GST) studied, adGSTD4-4, the network
consisted of His*, Met*?, Asn*’, GIn*, His* and Cys’'. In addi-
tion to contributing to glutathione binding, this region also had
major effects on enzyme catalysis, as shown by changes in
kinetic parameters and substrate specific activity. The results
also suggest that the electron distribution of this network plays a
role in stabilization of the ionized thiol of glutathione as well as
impacting on the catalytic rate-limiting step. This area constitutes
a second glutathione active site network involved in glutathione
ionization distinct from a network previously observed interacting
with the glutamyl end of glutathione. This second network also
appears to be functionally conserved in GSTs. In the present study,

His™ is the key basic residue stabilized by this network as shown
by up to a 300-fold decrease in k., and 5200-fold decrease in
k../K ., for glutathione. Although these network residues have a
minor role in structural integrity, the replaced residues induced
changes in active site topography as well as generating positive
co-operativity towards glutathione. Moreover, this network at the
glycine moiety of GSH (glutathione) also contributed to the ‘base-
assisted deprotonation model’ for GSH ionization. Taken together,
the results indicate a critical role for the functionally conserved
basic residue His® and this hydrogen bond network in the active
site.

Key words: base-assisted deprotonation model, conserved
active-site residue, Delta class GST, enzyme catalysis, glutathione
S-transferase (GST), glycine moiety of glutathione (GSH).

INTRODUCTION

GSTs (glutathione S-transferases; EC 2.5.1.18) are intracellular
proteins, which are widely distributed in nature, being found in
most aerobic eukaryotes and prokaryotes [1,2]. GSTs are poly-
morphic with most organisms possessing a genetic capacity to
encode multiple isoforms of various classes [3,4]. The enzymes
are an integral part of the phase II detoxification mechanism
being involved in xenobiotic metabolism as well as protection
against peroxide damage. GSTs catalyse reactions with a very
broad range of structurally diverse electrophilic substrates (e.g.
alkylhalides, arylhalides, lactones, epoxides, quinones, esters and
activated alkenes) [4—6]. This enzyme family therefore displays
a wide range of catalytic functions while retaining a high
specificity towards the thiol substrate glutathione (GSH). The
GSH conjugation by GST increases the solubility of the target
molecule, thus facilitating the excretion of the molecule from the
organism.

All cytosolic GSTs have very similar three-dimensional struc-
tures and the active site pocket is very similar in the G-site (GSH-
binding site) [7-9]. The N-terminal domain of GST adopts a
BaBaBBa topology that contributes most of the contacts to GSH
and is called the G-site. The crystal structures of GSTs show
that most of the active site residues involved in the binding and
activation of GSH are found within the N-terminus; hence this
region of the protein is therefore highly conserved between GSTs
[7,8,10]. The C-terminal domain is all «-helical providing some

of the contacts to the hydrophobic binding site that lies adjacent
to the G-site.

Substrate conjugation of electrophilic xenobiotics involves its
nucleophilic attack at the ionized thiol of GSH in the active
site. A conserved tyrosine (for Alpha, Mu and Pi classes) or
serine (for Theta and Delta classes) residue within hydrogen-
bonding distance of the thiol of GSH has been shown to be of
primary importance in facilitating GSH deprotonation as well
as stabilization of the ionized GSH by hydrogen-bonding [10—
14]. In addition, conserved residues that interact directly with the
glutamyl moiety of GSH, for example Ser®®, Arg® and Ile¥ in
GSTD (Delta class GST) have also been implicated in critical
roles in the catalytic mechanism, involvement in GSH binding,
GSH thiol ionization, as well as structural integrity [15-17].
Therefore the residues interacting with the other end of GSH, the
glycine moiety (His*®, Met*, Asn?, GIn*, His™* and Cys®') were
of interest (Figure 1) [18]. His*® and His™ interact directly with the
glycine carboxylic group of GSH [19]. Both histidines appear to
be assisted or stabilized by dipole—dipole interaction with Met®.
Moreover, a hydrogen bond network in the G-site near the glycine
moiety of GSH, involving several residues (His*’, Asn*, GIn* and
Cys’") and GSH, is proposed to be essential to electron distribution
for enzyme catalysis. To investigate the roles of these residues,
mutagenesis studies were performed and the engineered enzymes
characterized by kinetic constants, substrate specific activity, pK,
determination and rate-limiting step determination in addition to
physical properties.

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitrobenzene; EA, ethacrynic acid; FDNB, 1-fluoro-2,4-dinitrobenzene;
G-site, GSH (glutathione)-binding site; GST, glutathione S-transferase; GSTD, Delta class GST; hGSTP1-1, human GSTP1-1; PNBC, p-nitrobenzyl chloride;

PNPBr, p-nitrophenethyl bromide; ZmGST1, Zea mays (maize) GST1.

" To whom correspondence should be addressed (email albertketterman@yahoo.com). a1
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Figure 1

Stereoview of conserved G-site residues that directly interact with the glycine moiety of GSH and generate a hydrogen bond network

His® and His®® interact directly with the glycine carboxylic group of GSH and are assisted or stabilized by dipole—dipole interaction with Met*®. A hydrogen bond network in the G-site is formed by
several residues (His®, Asn*, GIn* and Cys®') and GSH. The previously identified electron-sharing network at the glutamyl end of GSH is shown in grey [16]. The image was produced using the
UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, CA, U.S.A. (http://www.cgl.ucsf.edu/chimera) (supported

by National Institutes of Health grant P41 RR-01081) [18].

MATERIALS AND METHODS
Site directed mutagenesis

The engineered enzymes were generated using Stratagene’s
QuikChange® site-directed mutagenesis protocol. The primers
used were designed based on the sequence of the adGSTD4 wild-
type gene (GenBank® accession number AF273040). Full-length
DNA sequencing in both directions was performed to confirm the
engineered clones.

Protein expression and purification

After transformation of the engineered plasmids into Escherichia
coli BL21(DE3)pLysS, protein expression was performed. The
recombinant adGSTD4-4 engineered enzymes and wild-type were
purified either by glutathione affinity chromatography according
to the manufacturer’s instructions (Amersham Biosciences) or by
cation exchanger (SP-XL) followed by hydrophobic interaction
chromatography (phenyl-Sepharose) as described previously [19].
The purified enzymes (in 50 mM potassium phosphate, pH 6.5)
were stored in 50 % (v/v) glycerol at —20°C until used. The
concentrations of the proteins were determined by Bio-Rad
protein reagent (Bio-Rad) by using BSA as the standard protein
and the purity of the proteins was observed by SDS/PAGE.

Kinetic parameters determination

Kinetic experiments were performed as previously described [20].
Kinetic constants were determined by varying the CDNB (1-
chloro-2,4-dinitrobenzene) concentration (0.031-3.0 mM) while
GSH was held constant at a saturating concentration and by vary-
ing GSH concentrations (0.25-20 mM) at a saturating concen-
tration of CDNB. The standard GST assay was performed using
3 mM CDNB and 10 mM GSH for adGSTD4-4 wild-type. The
rate of conjugation between GSH and CDNB was monitored
by continuously measuring change in absorbance at 340 nm for
1 min using a SpectraMax 250 at 25-27°C. A molar absorp-
tion coefficient (¢) of 9.6 mM™"' - cm™' was used to convert
the absorbance to moles [21]. Steady-state kinetics followed

co-operativity upon GSH binding, demonstrated by a sigmoidal
curve instead of a hyperbolic curve on a Michaelis—Menten plot,
a Hill equation (eqn 1) was used to fit the experimental kinetic
data on the plot. K5 is the substrate concentration that gives
the rate of reaction at half of V,,, similar to the K, value for
non-co-operative binding (h = 1).

Y =V/Vou = [SI"/(Kos + [S1) )]
log[Y /(1 — Y)] = hlog[S] — log Ky (©))

A sigmoidal Hill equation was practically transformed into a linear
rate equation (eqn 2), where Y is the fractional saturation; # is
the Hill coefficient; and K5 is an averaged binding constant at
Y =0.5. A Hill plot, a plot between log[Y/(1-Y)] and log[S],
was employed to determine the degree of co-operativity by the
slope of the plot that yields the Hill coefficient (k) [22]. Catalytic
constant (k) and the catalytic efficiency (k../K,) were calculated
on an active site basis using the subunit molecular mass of
each enzyme. Maximal velocity (V,..) and Michaelis constant
(K.,) were determined by nonlinear regression software analysis
(GraphPad Prism version 5.00 for Windows; GraphPad Software,
San Diego, CA, U.S.A.; http://www.graphpad.com). One-way
ANOVA with Dunnett’s multiple comparison post test was
performed with wild-type as control using GraphPad Prism 5.

Specific activity determination

The specific activities towards several GST substrates were deter-
mined as previously described [23]. All measurements were per-
formed at 25-27°C in 0.1 M potassium phosphate buffer (pH 6.5
or 7.5). The GST activities were measured with glutathione
and five hydrophobic substrates: CDNB, DCNB (1,2-dichloro-
4-nitrobenzene), EA (ethacrynic acid), PNPBr (p-nitrophenethyl
bromide) and PNBC (p-nitrobenzyl chloride). Specific activities
were calculated according to the molar absorption coefficient for
each substrate [21].

pH dependence of kinetic parameters
The pH dependence of k.,/K,""® was obtained by performing

Michaelis—Menten kinetics except where stated. With evidence 0f42 kinetic measurements in the following buffers: 0.1 M sodium

© The Authors Journal compilation © 2007 Biochemical Society
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Table 1

Steady-state kinetic constants using GSH and CDNB as GST substrates

The units of Vi, Kear, Km and kea /K are wmol - min=" - mg of protein=", s=', mMand s=' - mM~" respectively. *These engineered GSTs showed positive co-operativity upon GSH binding
with Hill coefficient (h) shown. The value shown is K5, obtained from the Hill equation, which is the substrate concentration that gives the rate of reaction at half of Ve [22]. 2Some of these values
have been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as control; statistical

significance is shown by  for P < 0.05, F for P < 0.01 and § for P < 0.001.

CDNB GSH
Enzyme Vmax kcat Km kcat/Km Km kna\/Km h
Wild-type? 62.45+1.24 26.13 0.5040.02 51.84 0.504-0.10 52.06 0.91+0.02
H38A? 36.4+1.12§ 15.26 1.254+0.12§ 12.21 15.8+1.19§ 0.97 -
H38E 14.91 4 0.44§ 6.23 0.92+0.11§ 6.76 8.32£0.22"§ 0.74 1.83+£0.01§
H38F 9.7140.43§ 4.06 0.98 +0.09§ 414 35.26 £+ 0.86§ 0.12 -
H38D 46140128 1.93 0.714+0.017 2.1 15.90+0.21§ 0.12 -
H38K 5.54+0.12§ 2.32 0.71+0.081 3.27 23.50+1.21§ 0.10 -
M39A 25.56 £ 0.96§ 10.70 0.79 4+ 0.06§ 13.50 6.32+0.34"§ 1.69 1.724+0.12§
M39F 38.56+1.72§ 16.14 0.50 +0.02 32.22 2184 0.09+ 5.75 -
N47A 0.225+0.003§ 0.09 0.67 +0.06 0.13 11.50+0.51§ 0.01 -
Q49A 43.28 +0.96§ 18.11 0.7440.06% 24.47 5.58 +0.46"§ 324 1.64 1 0.04§
Q49E 49.75 1 1.36§ 20.82 0.49+0.05 42.49 2.87+0.09"§ 7.26 1.51+0.03§
H50A 6.46 +0.26§ 2.70 1104 0.15§ 2.45 7.34+0.21§ 0.37 -
H50E? 0.21+0.01§ 0.09 0.8140.04§ 0.11 12.34 4+ 0.36§ 0.01 -
H50Y? 0.87 +0.02§ 0.36 0.83 £ 0.06§ 0.43 12.57 £0.73§ 0.03 -
H50K 8.14+0.03§ 3.40 0.69 4 0.061 4.95 6.77+0.277§ 0.45 1.54 +0.06§
H50F 1.4440.03§ 0.60 0.76 +0.01% 0.79 6.43 +0.38§ 0.09 -
C51A 19.64 4 0.65§ 8.22 0.82 +0.04§ 10.01 6.40 +0.12%§ 1.28 1.57 £ 0.08§
C51D 216+ 0.07§ 0.91 1.30+0.08§ 0.7 16.94 + 0.69*§ 0.05 1.40+0.03§

acetate buffers (from pH5.0 to 5.5) and 0.1 M potassium
phosphate buffer (from pH 6.0 to 8.5). Increments of pH were 0.5
and control experiments showed no discontinuities from buffer
types. The pK, values of bound GSH were obtained by fitting the
data to the equation y = y'™/(1 + 10P%*=P1) a5 previously described
[13]. The program GraphPad Prism 5 was used for nonlinear fit of
the data to the sigmoidal dose—response (variable slope) equation.

Fluoride/chloride leaving group substitution

A diagnostic test in evaluating the rate-limiting step in nucleo-
philic aromatic substitution reactions is the effect of different
leaving groups on kinetic parameters [13]. The second order
kinetic constants at pH 6.5 for the spontaneous reaction of GSH
with CDNB and FDNB (1-fluoro-2,4-dinitrobenzene) were deter-
mined by kinetic measurement by using CDNB or FDNB as co-
substrate as previously described [24]. The ratios of the catalytic
constants (k"N /k.,PNB) were determined.

Effect of viscosity on the kinetic parameters

The dependence of the steady-state kinetic parameters on relative
viscosity was observed by performing kinetics measurements in
the presence of varying glycerol concentrations. The range of
relative viscosities (7/n°) was between 1.53 and 4.43. The slope
of the plots for relative catalytic constant (k. /k.,) versus relative
viscosity (n/n") was determined. Viscosity values () at 25°C
were calculated as described previously [25].

Thermal stability assay

The enzymes at 0.1 mg/ml in 0.1 M phosphate buffer (pH 6.5)
containing 1 mM EDTA and 5 mM dithiothreitol were incubated
at 45°C for various times and then activity was measured in the
standard GST assay. The data were plotted as log percentage of
remaining activity versus pre-incubation time. The half-life (#,,)
of the enzyme at 45°C was calculated from the slope of the plot
using the equations: Slope = k/2.3, k= 0.693/t,,.

43

Intrinsic fluorescence measurement

There are two tryptophan residues in each monomer of adGSTD4-
4: Trp* and Trp"'. The intrinsic fluorescence from Trp*,
which is exposed to solvent at the base of the G-site, can be
used to monitor the active site conformation indirectly. The
intrinsic fluorescence of adGSTD4-4 was measured in a single-
photon counting spectrofluorimeter. Excitation was at 295 nm and
emission was scanned from 300 to 450 nm. In these experiments, a
number of samples containing 0.1 mg/ml GST in 0.1 M potassium
phosphate buffer (pH 6.5) were prepared similarly for the wild-
type and engineered enzymes. The wavelength that gives the
maximum fluorescence intensity (X,,,,) and fluorescence intensity
at A, were observed. The experimental data was corrected both
for dilution and for inner filter effects.

RESULTS
Enzymatic characterization

Michaelis—Menten analysis was performed using nonlinear
regression to determine steady-state kinetic constants (Table 1).
The kinetic constants showed the residue changes of His*, His™,
Met¥*, Asn?, Cys”' and GIn* impacted upon catalysis. The
engineered G-site residue enzymes showed only small changes
in K,,“°"®_ whereas remarkably lower affinities towards GSH
were shown (greater K ,°") compared with wild-type. Positive co-
operativity for GSH binding was observed for several engineered
enzymes that displayed deviation of steady-state kinetics from a
Michaelis—Menten hyperbolic to a sigmoidal curve response. The
extent of positive co-operativity is shown by Hill coefficients (&)
ranging from 1 (no co-operativity) to 2 (full co-operativity) for
a dimeric enzyme with two active sites. Positive co-operativity
was observed for H38E, M39A, H50K, C51A, C51D, Q49A and
GAA49E as determined by Hill coefficients ranging from 1.40 to
1.83, suggesting that the changed residues altered the movement
of a2-helix and its flanking region to influence the induced-fit
mechanism.

© The Authors Journal compilation © 2007 Biochemical Society



4 A. Vararattanavech and A. J. Ketterman

Tahle 2 Substrate-specific activity of the engineered enzymes compared to the wild-type

The substrates used were 3 mM CDNB, 1 mM DCNB, 0.1 mM PNPBr, 0.1 mM PNBC and 0.2 mM EA. The reactions were performed at a constant GSH concentration (appropriate for each enzyme).
2Some of these values have been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as

control; statistical significance is shown by 1 for P < 0.05, ¥ for P < 0.01 and § for P < 0.001.

Specific activity (umol - min=" . mg~")

Enzyme CDNB DCNB EA PNPBr PNBC
Wild-type? 5250 +0.52 0.035 + 0.006 0.286 + 0.062 0.074+0.012 0.064 +0.002
H3gA® 21.70 + 0.20§ 0.037 + 0.001 0.146 + 0.016§ 0.040 + 0.004¢ 0.013 +0.002§
H38E? 11.21 40,248 <0.001 0.191 4 0.026§ <0.008 <0.005

H3gF? 3.76 + 0.09§ <0.001 0.230 + 0.019+ <0.005 <0.003

H38D 2.33+0.07§ <0.001 0111+ 0.011§ <0.001 <0.003

H38K 2.02+0.07§ <0.001 0.165 + 0.007§ <0.003 <0.002

M39A 18.84 % 0.66§ 0.012 +0.001§ 0.183+0.011§ <0.005 <0003

M39F 28.67 +0.71§ 0.043 + 0.002+ 0.166 + 0.010§ 0.029 4 0.008§ 0.065 + 0.009
N47A 0.13+0.01§ <0.001 0.079+ 0.001§ <0.001 <0.001

Q497 33.36 4 0.92§ 0.023 +0.002¢ 0.244+0.012 0.050 +0.002§ 0.044 +0.001%
Q49E 41.76 1 0.60§ 0.032 4 0.001 0.244 % 0.020 0.020 4 0.001§ 0.048 + 0.003%
H50A" 3.80+0.10§ 0.015 1 0.007§ 0.146 + 0.050§ 0.012 4 0.002§ 0.016 1 0.007§
H50E® 0.15+ 0.01§ <0.001 0.026 + 0.004§ <0.005 <0.005

H50Y? 0.47 +0.01§ <0.001 0.064 + 0.008§ <0.008 <0.005

H50K 6.28 + 004§ 0.007 +0.001§ 0.053 + 0.020§ <0.007 <0.004

H50F 0.93 + 0.03§ <0.001 0.077 + 0.005§ <0.001 <0.001

C51A 15.44 1 0.58§ 0.009 + 0.001§ 0.046 + 0.001§ 0.019 4 0.001§ <0.001

C51D 1.24+0.03§ <0.001 0.080 + 0.004§ <0.002 <0.001

Although Met*” interacts directly with GSH interacting resi-
dues, His*® and His*, the contribution to catalytic function is
through the effect on GSH binding. The results suggest that the
effect is mostly through a packing rearrangement that includes any
perturbation of the orientation of His*® or His*. Rearrangement
of active site residues is elicited by M39A to accommodate the
decreased volume as well as the lack of dipole—dipole interaction
with the histidines. This condition also appears to engender
flexibility to this region, which is shown by positive co-operativity
for GSH binding with a Hill coefficient of 1.72 4 0.12 (Table 1).

The GSH interaction was decreased for all His*® engineered
enzymes as shown by an increase in K" of 17-71-fold. In
addition, positive co-operativity for GSH was observed for H38E
with a Hill coefficient (/) of 1.83 £+ 0.01.

There is a hydrogen bond network in the GST active site that
is adjacent to the GSH glycine moiety. This network is formed
by several residues, Asn*’, GIn* and Cys®', as well as His*,
with the latter directly interacting with GSH. His* replacements
not only decreased binding affinity to GSH (ranging from 13- to
25-fold) but also impacted upon catalytic rates as shown by k.,
values that decreased from 13 to 0.3 % of the wild-type enzyme
k... values. The N47A change displayed several large effects on
the enzyme, one on enzyme catalysis with the enzyme having
only 0.3% k., of the wild-type, and another on GSH binding
with a 23-fold increase in K,%". GIn* and Cys’' interaction
is through their main-chain nitrogens and oxygens. Changes in
these residues showed intermediate effects on catalysis except
for C51D, which had a k., only 3.5 % of wild-type. However,
the changes in these residues all showed a major impact on
GSH binding with increased K,%" values from 6- to 34-fold.
The results suggest that a packing rearrangement occurred. This
rearrangement also enabled subunit—subunit communication as
shown by the observed positive co-operativity upon GSH binding
(Table 1).

Substrate specific activity was affected for all the engineered en-
zymes to varying degrees (Table 2). For example, most of the
enzymes exhibited less effect on activity for EA. This suggests

different from the other substrates. Both GSH and hydrophobic
substrate-binding sites are located in the same active site pocket
of GSTs, therefore it is not surprising that changes in the G-site
residues can perturb the hydrophobic substrate site.

It has been proposed that many steps occur in the GST
catalytic mechanism including GSH ionization through thiol
deprotonation, substrate conjugation by nucleophilic attack of the
thiolate at the electrophilic centre, product formation and product
release from the active site [13,26-28]. The overall velocity of the
enzyme-catalysed reaction is affected by most of the engineered
residues, although to different extents. Therefore several steps in
the catalytic pathway were studied to determine the roles of the
engineered residues.

pH dependence of kinetic constants

The pK, values of ionized GSH (enzyme-bound GSH) were
calculated from plots of k. /K, “°"® versus pH for the wild-
type and engineered enzymes (Table 3; Figure 2). The apparent
pK. for wild-type is approx. 6.0. The pK, values of ionized
GSH in the engineered enzymes varied, with the greatest effect
shown by H50A which increased it by almost 1 pH unit. GSH
ionization is considered to be an important step in the catalytic
mechanism of GST that generates the thiolate anion (intermediate
deprotonated form of GSH) for conjugation with the electrophilic
substrate. This kinetically relevant ionization of GSH has been
shown to be reflected in pH dependence for k. /K,"™® [13].
Several reports have shown that residues located near the cysteine
thiol and glutamyl «-carboxylate of GSH contribute to promoting
and stabilizing the anionic glutathione thiol group [13,27-31].
However, this is the first report of involvement of the GSH glycine
moiety in GSH ionization.

Meisenheimer complex formation

Meisenheimer complex or o -complex intermediate, is generated
during a nucleophilic aromatic substitution reaction. Leaving

that the binding mode and the orientation of this substrate arcy 4 group effects on enzyme catalysis can be used to determine
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Table 3 The pK, value of ionized GSH in the active site of wild-type and
engineered enzymes

The effect of pH on ke /k,*®"® was obtained by measuring kinetic constants using various pH
buffers of 0.1 M sodium acetate buffers (from pH 5.0 to 5.5) and 0.1 M potassium phosphate
buffer (from pH6.0 to 8.5). The pK, values of ionized GSH (GSH-bound enzyme) were
determined. n.d., Not determined (low activity precluded measurement). One-way ANOVA
with Dunnett's multiple comparison test was performed with wild-type as control; statistical
significance is shown by § for P <0.001. See Figure 2 for a plot of the experimental
data.

Enzyme pK, (ionized GSH)
Wild-type 6.00+0.05
H38A 6.10+0.02
M39A 6.52 +0.05§
N47A n.d.
Q49A 6.23 +0.05§
H50A 6.92 4 0.06§
C51A 6.22 +0.03§
C51D 6.42 +0.03§
604 B Wild type
@ His38Ala
504
®x  Met39Ala
# GInd9Ala
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Pt 30 v Cys51Ala
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Figure 2 Plot of the data to determine the pK, value of ionized GSH in the
active site of wild-type and engineered enzymes

The effect of pH on ke /k,*°"® was obtained by measuring kinetic constants using various pH
buffers of 0.1 M sodium acetate buffers (from pH 5.0 to 5.5) and 0.1 M potassium phosphate
buffer (from pH 6.0t0 8.5). The pK, values of ionized GSH (GSH-bound enzyme) were determined
(see Table 3). The results are presented as means + S.D. from at least three independent
experiments.

whether the rate-limiting step of the reaction is o -complex form-
ation. The substitution of a more electronegative leaving group
concomitant with an increase in the rate constant of the spon-
taneous reaction with glutathione is a signal that the o-complex
formation is a rate-limiting step [13]. Therefore the influence on
the catalytic constant of the chlorine leaving group of CDNB
replaced with fluorine was examined (Table 4).

Although the wild-type enzyme was insensitive, several of
the engineered enzymes demonstrated sensitivity to the halogen
leaving group, particularly H50A, C51D and D47A, with in-
creased ratio values of 19-, 27- and 18-fold respectively. The
catalytic efficiency (k../K,) of the engineered enzymes showed a
different sensitivity to the nature of the leaving group, suggesting
that an alteration of the relative catalytic-centre activity is a con-
sequence of changes in the rate of o-complex formation rather
than changes in binding affinity towards the different substrate 4

5

Table 4 Effect of fluoride/chloride leaving group substitution on the rate of
catalysis

The ratio of catalytic rates for the conjugation reaction catalysed by wild-type and engineered
GSTs using GSH and CDNB or FDNB as co-substrates. One-way ANOVA with Dunnett's multiple
comparison test was performed with wild-type as control; statistical significance is shown by +
for P <0.05, § for P < 0.01and § for P < 0.001.

Leaving group effect

Enzyme Keat™OE Jk oy POV (Keat/ Kim) OB (K gt/ K ) CON
Wild-type 1.7640.01 2059+ 1.02

H38A 3114021 14121 0.84+

M39A 8.29+ 0.95§ 3245+ 3.72§

N47A 18.09+ 0.90§ 2965+ 1.32¢

Q497 2634008 2629+ 1.7+

Q49E 150+ 0.08 2495+ 1.21

H50A 1857+ 0.41§ 16.55+ 159

C51A 2934005 3031+ 2.85§

51D 26.75+ 0.99§ 4471 ¥ 415§

Table 5 Viscosity effect on kinetic constants and free energy changes of
wild-type and engineered enzymes

The effect of viscosity on kinetic constants was assayed by using 0.1 M potassium phosphate
buffer (pH 6.5) with various glycerol concentrations. The slope of a reciprocal plot of the
relative catalytic constant (kx"/k) versus relative viscosity (/n°) was determined. n.d., Not
determined (low activity precluded measurement); AAG (the difference in the free energy
changes for the formation of the transition states in the wild-type and engineered enzymes)
is calculated from the equation: AAG = — RT In(Keat/Kin ™" Jengineerea/(Kcat/Km °8 D _type-
One-way ANOVA with Dunnett's multiple comparison test was performed with wild-type as
control; statistical significance is shown by § for P < 0.001.

Enzyme Slope AAG (kJ/mol)
Wild-type 0.959+0.036 -

H38A 0.485+0.019§ 3.58+0.033
M39A 0.430 +0.031§ 3.33+0.132
N47A n.d. 14.8+0.222
Q49A 0.797 1+ 0.036§ 1.86+0.105
H50A 0.005+0.001§ 7.56 +0.095
C51A 1.11+0.010§ 408+0.125
C51D 0.051+0.007§ 10.7+0.201

leaving groups. The results suggest that the process of o-com-
plex intermediate formation is affected by the disruption of
the hydrogen bond network to GSH which affected the overall
velocity of the enzyme-catalysed reaction. It is possible that the
residue changes caused incorrect orientation of the GSH thiol or of
the His* side chain, which then disturbs the conjugation process
of the thiolate anion with the electrophilic substrate. Additionally,
the results strongly support that the hydrogen bond network
contributes to both the GSH ionization process and o-complex
intermediate formation. This contribution appears to stabilize the
His* residue as shown by the changes in pK, and the greater effect
of the leaving group on the catalytic constants of C51D but not
C51D.

Viscosity effect on kinetic constants

The viscosity effect was studied to determine if the rate-limiting
step of the reaction is physical or chemical. The slope of the
reciprocal plot of inverse relative catalytic constant (ke,/keq)
versus relative medium viscosity (n/n°) was determined (Table 5).
A slope near unity gives a proportional decrease in rate constant
with increasing viscosity of the solution and shows a physical
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Table 6 Thermal stability of wild-type and engineered adGSTD4-4 at 45°C

The remaining GST activity was measured after incubating the enzyme at various time points at
45°C. n.d., Not determined (low activity precluded measurement). 2Some of these values have
been previously reported and are shown for purposes of comparison [19,20]. One-way ANOVA
with Dunnett's multiple comparison test was performed with wild-type as control; statistical
significance is shown by 1 for P < 0.01 and § for P < 0.001.

Enzyme Half-life at 45°C (min)
Wild-type? 15.32+0.31
H38A¢ 15.33 4+ 0.88§
H38E? 4017+ 1.26§
H38F? 19.33+0.59§
H38D 1518 +1.67
H38K 14.07+0.73
M39A 4.71+0.16§
M39F 4.7240.23§
N47A n.d.

Q49A 15.19+1.06§
Q49E 2519+ 1.37§
H50A 25.81+1.99§
H50E? 15.31+0.54
H50Y? 20.79+ 0.34§
H50K 11.99+0.51§
H50F 27.07+0.82§
C51A 14.86 +0.64
C51D 18.18+1.01%

step is rate-determining, whereas a slope of zero indicates that a
chemical reaction step is rate limiting [32,33].

Wild-type enzyme displayed a linear dependence with a slope
of approx. 1.0 suggesting that a physical step of the reaction
that includes product release and/or structural transition is rate
limiting. The engineered enzymes exhibited viscosity effects
on k., to different degrees. H50A and C51D were viscosity-
independent with a slope approaching zero. These engineered
enzymes changed the rate-limiting step of the reaction to a
chemical step that includes GSH ionization step and o -complex
formation as described above, whereas partial dependence on
a diffusion barrier and other viscosity-dependent motions were
observed for the remaining enzymes that displayed viscosity
effects with intermediate values (0 < slope < 1).

Also displayed in Table 5 is AAG, which is shown to illustrate
the differences in the free energy changes for the formation of the
transition states in the wild-type and engineered enzymes, as
calculated at 25 °C from the equation below [34]:

AAG = ~RT (ks /KE™) [ ([ KE)

wild-type *

H50A, D47A and C51D have a greater AAG (7.562, 14.842
and 10.671 kJ/mol respectively) compared with other engineered
enzymes (ranging from 1.860 to 4.075 kJ/mol) indicating that
upon disruption of the hydrogen bond network, the enzymes
require more energy than the wild-type enzyme to form and
stabilize the transition state.

Characterization of physical properties

The stability of the proteins was determined in comparison
with the adGSTD4-4 wild-type (Table 6). In general, the
engineered His*, His*, Asn*’, Cys®! and GIn* proteins exhibited
comparable stabilities to the wild-type, indicating a minor role
of these residues in structural maintenance. However, H38E

conformational change occurred which also is supported by the
observed positive co-operativity. Met* appears to play a role in
structural integrity as shown by 3-fold decreased enzyme stability
for both the alanine and phenylalanine changes. However, the
initial folding processes of the enzymes were observed to yield
comparable refolding rates to the wild-type (results not shown).
These results suggest that the Met* dipole—dipole interaction and
positioning of His*® and His™ in a suitable conformation impact
not only the kinetic properties but also enzyme stability.

The intrinsic fluorescence of tryptophan was used as an
indicator of changes in tertiary structure (Figure 3). The A, of
tryptophan fluorescence in the engineered enzymes was slightly
different from wild-type with a red shift in the range of 1-
4 nm indicating a different polarity in tryptophan environments.
In addition, differences in fluorescence intensity between wild-
type and engineered enzymes were observed. This result suggests
that there are minor conformational disturbances in the active
site topography, which affect orientations of tryptophan and/or
its neighbouring residues thereby modulating the quenching
and tryptophan exposure to the electrophilic environment. For
example, the active site topology changes that generated the
positive co-operativity in H50K also yielded the lowest fluor-
escence intensity among the His*® engineered enzymes (~44 %
of wild-type). Moreover, the conformational change induced by
glutamic acid residue replacement of His*® also gave a 2-fold
increase in enzyme stability, increased intrinsic fluorescence
intensity to 197 % of wild-type, modulated GSH binding and
enzyme catalysis as well as yielding the observed positive co-
operativity towards GSH.

DISCUSSION

The G-site residues interacting directly with cysteine and glutamy]l
moieties of GSH have been shown in several studies to contribute
to GST catalytic mechanisms including GSH binding, catalysis,
GSH ionization as well as rate-limiting step determination [10—
14]. In the present study, we have examined the significant
contributions of GST residues that interact with the GSH glycine
moiety as well as identification of a hydrogen bond network. The
network consists of His*®, Met*, Asn*’, GIn*, His® and Cys®!
and contributes to catalysis through multiple processes including
GSH ionization, nucleophilic substitution, product formation and
product dissociation.

The kinetic studies demonstrated that the engineered residues
greatly impacted the enzyme’s ability to interact with GSH.
Moreover, the engineered enzymes of His*, Met*, His*, Cys®'
and GIn* have shown strong positive co-operativity upon binding
of GSH. However, the positive co-operativity was not observed
for the engineered enzymes of residues interacting with the other
moieties of GSH [11-13,15]. Therefore it can be suggested that
the residues interacting with the GSH glycine moiety are not
only involved in GSH interaction but also control the motion of a
flexible region of GST. Upon binding of GSH in the active site,
these GST residues induce an active site conformational change
for the induced-fit mechanism. These residues are on the loops on
either side of «2-helix which connects the helix to 82-sheet and
B3-sheet. These loops would serve as hinges for the movement of
a2-helix.

In the present study, changes of the active-site residues
generated positive co-operativity between two subunits, a finding
similar to that obtained in previous studies in which the subunit
interface had been changed or where changes in highly flexible
regions, for example Gly*', Cys*’ and Lys** of hGSTP1-1 (human

increased stability of the enzyme 2.6-fold, suggesting that %6 GSTP1-1) [33,35] or Asn® and GIn** of maize GST1 [36,37],
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Figure 3 The maximum emission wavelength (A.,) and intrinsic fluorescence intensity at A,,,x of tryptophan fluorescence of wild-type and the engineered

enzymes

Excitation was at 295 nm and emission was scanned from 300 to 450 nm. Samples (n=3) contained 0.1 mg/ml protein in 0.1 M potassium phosphate buffer (pH 6.5). Percent intensity change
compared with wild-type enzyme was measured at fluorescence Amx averaged over three scans corrected for dilution and inner filter effects.

had been made. It has been proposed that the conformational
transitions generate two different binding modes upon GSH
binding: low-affinity and high-affinity conformations, which are
related to positive co-operativity observed [5,38,39]. The binding
of GSH to the first active site stabilizes the low-affinity con-
formation of the enzyme which then becomes the high-affinity
conformational state. Positive co-operativity upon GSH binding
observed in His®, Met*, His*, Cys® and GIn* engineered
enzymes may be relevant to this conformational transition
concept. These residues are located in a highly flexible region;
therefore the residue changes would alter the flexibility of the
a2-helix to fit GSH in the active site, which may then generate
two different conformational transition states upon GSH binding.

Both His® and His® interact directly with the glycine
carboxylate of GSH. The functional groups at positions 38 and
50 are significant in size, volume and polarity for GSH binding
and enzyme catalysis. However, His® contributes more to the
GSH activation process and enzyme catalysis in which the full
function is achieved by the synergistic action with the hydrogen
bond network residues (Asn*’, GIn* and Cys®"). The disruption of
the hydrogen bond network, for the engineered enzymes of His™,
Asn* and Cys®', showed progressively decreased k., values to
more than 90 %. Moreover, several aspects of the GST catalytic
mechanism were altered by HS0A. H50A decreased the enzyme’s
ability to lower the pK, of the GSH thiol group up to 1 pH
unit; this large an effect has been observed for mutations of
the conserved serine/tyrosine residue interacting with the GSH
thiol group [13,40-42]. Additionally, the rate-limiting step of the
HS50A is fully switched from a physical step to a chemical step as
determined by fluoride/chloride leaving group and viscosity effect
on the kinetic constants. As the important His™ is still present

‘47

lesser effects were observed for the engineered enzymes of Gln*
and Cys®' for minor disruptions of the stabilizing hydrogen bond
network.

The results strongly support that His™ is a key residue in the
hydrogen bond network which functions as a proton acceptor
as well as controls the electron distribution in the active site to
promote ionization and stabilization of the GSH thiolate anion.
The His™ residue contributes to precise residue and substrate
orientations, GSH ionization, o -complex intermediate formation
and the release of product from the active site. The regulation
of the electrostatic field in the active site by positively charged
residues has also been reported in several studies [15,43,44].

The changes in catalytic efficiency are also related to differences
in free energy changes for the formation of transition states in
the engineered and wild-type enzymes as determined by AAG
[34]. The greater value of AAG refers to a decrease in the
stabilization of transition state compared with wild-type in
which the enzyme utilizes more energy to stabilize its transition
state. Moreover, the stabilization of transition state contributes
to multiple mechanisms in enzyme-catalysed reactions. AAG
values are increased up to 7.562, 14.84 and 10.666 kJ/mol for
H50A, D47A and C51D respectively in which the hydrogen bond
network is strongly disrupted, indicative of the incomplete pre-
organized environment for enhancing catalysis along the reaction
pathway of the engineered enzymes [45]. Therefore it can be
noted that the network of hydrogen bonds is also required for the
organization inside the enzyme molecule to provide stabilization
of the transition state.

The positively charged residue position 50 appears to be highly
conserved or functionally conserved across GST classes by histi-
dine, lysine or arginine located at the equivalent structural
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Figure 4 Conserved G-site residues that directly interact with the glycine moiety of GSH and generate a hydrogen bond network in several GST classes

The conserved G-site residues are shown by stick models, while line models represent the hydrogen bond network residues at the glycine moiety of GSH. GSH or GSH analogues are illustrated in
ball-and-stick; GSH (a, b, ¢, d, e, f), lactoylglutathione (g), iodobenzylglutathione (h) and S-hexyl-GSH (i). Green dotted lines represent hydrogen-bond interactions. PDB code numbers: hGSTP1-1
(PDB id 8GSS), hGSTA1-1 (PDB id 1PKW), hGSTM2-2 (PDB id 1XW5), hGSTO1-1 (PDB id 1EEM), hGSTT2-2 (PDB id 1LJR), Lucilia GST [7], ZmGST1 (PDB id 1AXD), squid GSTS1-1 (PDB id
2GSQ) and TaGSTU4 [ Triticum aestivum (wheat) GSTU4; PDB id 1GWC]. The Figure was created with Accelrys DS ViewerPro 5.0.

position. This conserved residue is in hydrogen bonding distance
to the glycine carboxylate moiety of GSH which is stabilized
by a hydrogen bond network of surrounding residues (Figure 4)
for example Lys* in PtGSTU1 [Pinus tabulaeformis (Chinese
hard pine) GSTU1], Lys* in ZmGST1 [Zea mays (maize) GST1],
Lys*inhGSTP1-1,Lys* inhGSTT2-2, Lys” inhGSTO1-1, Lys*
inhGSTM2-2, Lys* in squid GSTS1-1, Lys* in Sj26GST [26 kDa
GST from Schistosoma japonicum (oriental blood-fluke)] and
Arg® in hGSTA1-1. However, the feature of two positively
charged histidines, His*® and His™, interacting with the glycine
carboxylate moiety of GSH is a unique trait for insect GSTDs.
His*® is responsible for GSH binding, whereas His*® contributes
to several steps of the enzyme-catalysed reaction from GSH
interaction to the release of product from the active site.

For the GSH activation mechanism of Alpha, Mu and Pi GST
isoenzymes, it has been described that the thiol proton is quanti-
tatively released into solution after the thiolate anion is formed
[46,47]. In contrast with GSTD, which behaves differently, the
thiol proton is captured by at least an internal base residue at high
pH value [46,47]. The present study shows that His* is also

© The Authors Journal compilation © 2007 Biochemical Society
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candidate for the thiol proton acceptor in addition to the residues
at the y-glutamyl portion of GSH reported previously [15,31].
Moreover, the overall velocity of His*® engineered enzymes is
progressively restricted; therefore it can be assumed that the thiol
proton released must be accepted first by the active site residues,
e.g. His*, before a new cycle of the reaction can initiate.

The ‘base-assisted deprotonation model’ is an alternative model
that describes the mechanism of GST enzymes in GSH ionization
process. This model has been implicated in several studies of
the glutamyl «-carboxylate of GSH acting as a catalytic base,
involved in the thiol proton acceptance from the GSH thiol group
[15,16,31,46]. In the present study, we addressed the contribution
of the glycine moiety of GSH for GSH ionization in which this
end of GSH is involved in proton acceptance by providing a
counter ion from the charged His*® which is stabilized by the
hydrogen bond network.

In conclusion, the present study revealed a critical role for
residues located at the glycine moiety of GSH in catalytic rate
determination. This area constitutes a second G-site network
involved in GSH ionization distinct from the network previously
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reported interacting with the glutamyl end of GSH [16,17]. This
second network also appears to be functionally conserved in
GSTs (Figure 4). In the present study, we showed that His® is
a central residue in the hydrogen bond network to GSH with the
protonated imidazole ring of His* being stabilized by the network.
His® plays important roles in several processes of the enzyme
mechanism. Moreover, this network at the glycine moiety of GSH
also contributed to the ‘base-assisted deprotonation model’ for
GSH ionization.

This work was funded by the TRF (Thailand Research Fund). A.V. was supported by a
Royal Golden Jubilee Ph.D. Scholarship.
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Glutamate-64, a newly identified residue of the functionally conserved
electron-sharing network contributes to catalysis and structural integrity

of glutathione transferases
Pakorn WINAYANUWATTIKUN and Albert J. KETTERMAN'

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, Nakhon Pathom 73170, Thailand

In Anopheles dirus glutathione transferase D3-3, position 64 is oc-
cupied by a functionally conserved glutamate residue, which
interacts directly with the y-glutamate moiety of GSH (gluta-
thione) as part of an electron-sharing network present in all soluble
GSTs (glutathione transferases). Primary sequence alignment of
all GST classes suggests that Glu* is one of a few residues
that is functionally conserved in the GST superfamily. Available
crystal structures as well as consideration of the property of
the equivalent residue at position 64, acidic or polar, suggest
that the GST electron-sharing motif can be divided into two
types. Electrostatic interaction between the GSH glutamyl and
carboxylic Glu®, as well as with Arg® and Asp'®, was observed
to extend the electron-sharing motif identified previously. Glu®
contributes to the catalytic function of this motif and the ‘base-
assisted deprotonation’ that are essential for GSH ionization

during catalysis. Moreover, this residue also appears to affect
multiple steps in the enzyme catalytic strategy, including binding
of GSH, nucleophilic attack by thiolate at the electrophilic centre
and product formation, probably through active-site packing
effects. Replacement with non-functionally-conserved amino
acids alters initial packing or folding by favouring aggregation
during heterologous expression. Thermodynamic and reactivation
in vitro analysis indicated that Glu** also contributes to the initial
folding pathway and overall structural stability. Therefore Glu*
also appears to impact upon catalysis through roles in both initial
folding and structural maintenance.

Key words: active-site residue, Anopheles dirus, catalytic mech-
anism, electron sharing network, glutathione transferase, struc-
tural integrity.

INTRODUCTION

GSTs (glutathione transferases; EC 2.5.1.18) are a superfamily
of enzymes that contribute towards diverse cellular processes
ranging from detoxification to control of gene expression [1-4].
The enzymes generally catalyse nucleophilic attack of the GSH
(glutathione) sulfhydryl group to an electrophilic centre of a num-
ber of endogenous and xenobiotic compounds [1,5,6]. Conjuga-
tion of GSH to such organic molecules enhances solubility, thus
facilitating their eventual elimination [5-7]. This reaction is
an early step along the mercapturic acid pathway in which
hydrophobic compounds are inactivated and eliminated from an
organism [8]. Based on amino acid identity, substrate specificities
and immunological cross-reactivity, cytosolic GSTs are currently
divided into at least 12 distinct evolutionary classes, namely
Alpha, Mu, Pi, Theta, Sigma, Zeta, Omega, Phi, Tau, Delta,
Epsilon and Beta [6,9-15]. In addition, the number of members
identified in this enzyme superfamily is increasing due to the
massive growth of genomic information, which includes a number
of unclassified GSTs [16].

All cytosolic GSTs adopt the same highly conserved tertiary
structure [17]. GSTs are dimeric proteins (with a molecular mass
of about 50 kDa) assembled from identical or structurally related
subunits. Each subunit is characterized by two distinct domains
and an active site. However, each active site is only fully functional
when amino acid residues from both subunits are present in the
final dimeric structure. The active-site of GSTs consists of two
adjacent regions. The first region is the G-site (GSH binding

site), formed mostly by the N-terminal domain (domain I), which
adopts an «/fB topology that binds GSH as the thiol substrate
[7]. The second region is the non-polar H-site (hydrophobic
substrate binding site), generated primarily by the C-terminal
domain (domain II), which is an all-helical structure that provides
structural elements for recognition of a wide range of hydrophobic
co-substrates [7]. Although GSTs possess a high specificity for
GSH as the nucleophile, the enzymes exhibit broad specificity
with regard to structurally diverse hydrophobic substrates [17].
The catalytic strategy of GSTs for the nucleophilic substitution
reaction can be divided into several steps: binding of substrates to
the enzyme active site, activation of GSH by thiol deprotonation,
nucleophilic attack by thiolate at the electrophilic centre, product
formation and product release [18-20].

The roles of several active-site residues and functional groups
of GSH have been studied intensively and a potential model
has been proposed to describe deprotonation of the GSH thiol
group which enhances the nucleophilicity of the reaction [20-24].
The hydroxyl group of the conserved tyrosine/serine residue at the
G-site of GSTs (i.e. Tyr® for Pi, Tyr’ for Alpha, Tyr® for Mu and
Ser® for Delta classes) is within hydrogen-bonding distance of
the thiol group of the bound GSH, and is required for correct
orientation and stabilization of the deprotonated thiol anion. The
deprotonated anionic GSH results from subtraction of a thiol
proton by the glutamyl «-carboxylate of GSH, which acts as
a catalytic base in the base-assisted deprotonation model with
assistance from an electron-sharing network. The functionally
conserved electron-sharing network is characterized by an ionic

Abbreviations used: adGSTD3-3, Anopheles dirus glutathione transferase Delta class homodimer of subunit 3; CDNB, 1-chloro-2,4-dinitrobenzene;
DTT, dithiothreitol; FDNB, 1-fluoro-2,4-dinitrobenzene; GdmClI, guanidinium chloride; GSH, glutathione; G-site, GSH binding site; GST, glutathione

transferase; PtGSTU1-1, plant Tau class GST.
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THR158
Water
2, THR162
ASP100
NCBI Seq ID GST class Source Isoform
AAG38505 Delta A.dirus 3 S521P
NP_000844.1 Theta H.sapiens 1 S4VP
AH004172.1 Omega  H.saplens 1 72V P
CAC94005.1 Tau T.aestivum 1 S9VP
CAD29575.1 Phi T.aestivum 1 51P
P15214 Beta P.mirabilis 1 52V P
NP_611323.1 Epsilon D.melanogaster 1 STVP
A37378 Pi H.sapiens 1 S3LP
NP_665683.1 Alpha H.sapiens 1 S55VP
P46088 Sigma O.sloani 1 S1MP
NP_000552 Mu H.sapiens 1 60LP
043708 Zeta H.sapiens 1 S59VP

Figure 1
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LVDN-GFALWESRAICTYLAEKYG
LKDG-DFTLTESVAILLYLTRKYK
LENSQGQLIYESAITCEYLDEAYP
LIHN-GRPVCESLLILEYLDDAVG
FQDG-DLLLFESRAIARYVLRKYK
LQLDNGDILTEGVAIVQYLADLKP
LDDN-GTFIWDSHAIAAYLVDKYA
FQDG-DLTLYQSNTILRHLGRTLG
VEID-GMKLVQTRAILNYIASKYN
LDID-GTKMSQSMCIARHLAREFG
LIDG-AHKITQSNAILCYIARKHN
LKID-GITIHQSLAIIEYLEETRP

Newly identified extension of an electron-sharing network in adGSTD3-3

The electron-sharing network is an fonic interaction between negatively charged and positively charged residues stabilized by a network of hydrogen-bonds. The stereo view of corresponding
three-dimensional structure of the electron-sharing network is shown in the upper panel. The lines show the putative electron movement pathway with distances between 2.5 and 3.0 A. The lower
panel shows the sequence alignment of amino acid residues in Delta, Theta, Omega, Tau, Phi, Beta, Epsilon, Pi, Alpha, Sigma, Mu and Zeta class GSTs. The newly identified functionally conserved

glutamate, aspartate and glutamine in the electron-sharing network are identified by an arrow.

bridge interaction between the negatively charged glutamyl «-
carboxylate of GSH, a positively charged residue and a negatively
charged residue, forming a resonance motif stabilized by a net-
work of hydrogen-bonds with surrounding residues. The network
is distributed among multiple interacting amino acids that collect-
ively provide a network function. This conserved motif’s contri-
bution to the base-assisted deprotonation is essential for the GSH
ionization step of catalysis.

The functionally conserved glutamate residue, Glu* in
adGSTD3-3 (Anopheles dirus GST Delta class homodimer of
subunit 3) is located in the same region as the electron-sharing
network (Figure 1). Initial characterization of the electron-
sharing network has provided further insight into this motif [25].
The carboxylic group of Glu* interacts directly with the glutamyl
a-amino group of GSH. Moreover, by observing the configuration
of the GSH glutamyl «-carboxylate, the GSH glutamyl «-amino,
Glu® and the electron-sharing network, it is now possible to
extend this conserved motif, which is maintained in all GSTs.

Glu* function in the electron-sharing network. We have observed
previously [25] that alanine replacement of Glu* caused the
enzyme to be expressed in an insoluble form. This suggested that
Glu®* is a critical residue involved in tertiary structure or initial
folding of the enzyme. Therefore the contribution of this residue
to structural maintenance and initial folding was also examined.
The results of the present paper indicate that Glu® is a part of the
functionally conserved electron-sharing network and has roles
both in catalysis as well as structural folding and maintenance.

MATERIALS AND METHODS
Site-directed mutagenesis

The plasmid pET3a-adgstD3, described previously [26], was
used as the template to generate the single point mutations via
PCR-based site-directed mutagenesis. The functionally conserved
active-site residue Glu®* was replaced by an alanine, leucine,

The aim of the present paper was to ascertain the validity 0%2 valine, lysine, glutamine, asparagine or aspartate residue by using

© 2007 Biochemical Society
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PCR primers based on the wild-type adgstD3 gene sequence
(Genbank accession number AF273039). Mutants were screened
randomly by restriction enzyme digestion analysis. Mutant
plasmids could be distinguished from the wild-type template by
digestion with restriction enzymes corresponding to the restriction
recognition site introduced by the mutagenic primers. The full-
length GST coding sequence carrying E64A, E64L, E64V, E64K,
E64Q, E64D and E64N mutations were verified by the dideoxy
chain termination method.

Heterologous expression and purification

The proteins were expressed from the pET3a-adgstD3 vector
in Escherichia coli BL21 (DE3) pLysS cells. The cells were
grown to D4y = 0.5 and expression was induced by addition of
0.1 mM isopropyl B-D-thiogalactoside. Following a 3 h induction,
cells were collected by centrifugation at 10000 g for 20 min
at 4°C and lysed by sonication using an Ultrasonic processor
XL (Misonix) at power level 3 for 10 s, paused for 1 min and
repeated three times at 4°C. The soluble recombinant GST
proteins were purified by GSTrap™ affinity chromatography
(Amersham Biosciences) or S-hexylglutathione agarose (Sigma—
Aldrich) affinity chromatography. The protein concentration was
determined by the Bradford method [27] using BSA as a standard.

Steady-state kinetics

Steady-state kinetics were studied for wild-type and mutant
enzymes at varying 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 constants, k., K., and k./K,, were determined by fitting
the collected data to a Michaelis—Menten equation by non-linear
regression analysis using GraphPad Prism (GraphPad software).

pH dependence of kinetic constants

The pH dependence of k., /K,“™® was obtained as stated above
by recording the enzymatic reaction in the following buffers:
0.1 M sodium acetate buffers (from pHS5.0 to 5.5) and 0.1 M
potassium phosphate buffer (from pH 6.0 to 8.5). The pH was
altered in increments of 0.5, and control experiments showed no
discontinuities from buffer types. pK, values were obtained by
fitting the data to eqn (1) [20]:

Y = Yim/(1 + 10°571) (M

Fluoride/chloride leaving group replacement

The second order kinetic constants at pH 6.5 for the spontaneous
reaction of GSH with CDNB and FDNB (1-fluoro-2,4-dinitro-
benzene) and the catalytic-centre activities at pH 6.5 for
adGSTD3-3 with CDNB and FDNB as co-substrates were
obtained as described previously [28].

Viscosity effect on the kinetic parameters

The effect of viscosity on kinetic parameters was obtained by
using 0.1 M potassium phosphate buffer pH 6.5 with various
glycerol concentrations. Viscosity values (1) at 25°C were
calculated as described previously [29].

Structural studies

A Jasco J-714 spectropolarimeter was used for CD measurements
in the far-UV region from 190-260 nm. Spectra were recorded
using 0.3 mg/ml of protein in 2-mm path length cuvettes. Intrinsic
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fluorescence emission spectra were measured with a Jasco FP-
6300 spectrofluorimeter. The excitation wavelength was 295 nm
and the X, and the fluorescence intensity of emission spectra
were analysed at a protein concentration of 0.2 mg/ml.

Kinetics of thermal denaturation

Heat inactivation of the wild-type and Glu® mutant enzymes
was monitored at different temperatures. Enzymes (40 uM) were
incubated in 0.1 mM potassium phosphate buffer pH 6.5, 1 mM
EDTA and 5mM DTT (dithiothreitol). The inactivation time-
courses were determined by withdrawing suitable aliquots at
different time points to assay the remaining activity using the
first time point as 100 % native protein. An equation describing a
single exponential decay with a rate constant of thermal unfolding
k, was fitted to the data according to eqn (2) [30]:
— In(%native/100%) = k,t 2)
The free-energy of activation of thermal unfolding (AG,) was
calculated according to Eyring theory as eqn (3) [30]:

KT AG,
h RT

Ink,=1n 3)

where k, is the Boltzmann constant; T, absolute temperature
Kelvin; h, Plank’s constant; R, the gas constant; and K is the
transmission factor, which was set to unity. The difference of free-
energy of activation of the thermal denaturation between wild-
type (wt) and each mutant (mut) protein (AAG,) was calculated
according to eqn (4) [30]:

AAG, = AG,"™ — AG,™ = — RT x In(k,”"/k,™) 4)
Substitution of Equation 5:
AG, = AH, — TAS, )
into eqn (3) yields eqn (6):
k, Kxk, AH, 1 AS,
In— =1In - — X =+ 6)
T h R T R

Both activation enthalpy AH, and entropy AS, were determined
from the temperature dependence of k,.

Temperature dependence of refolding in vitro

The in vitro refolding of the wild-type and Glu® mutant enzymes
were monitored at different temperatures. Enzyme (20 uM)
was first denatured in 4 M GdmCl (guanidinium chloride) in
renaturation buffer (0.2 M potassium phosphate buffer, 1 mM
EDTA and 5 mM DTT, pH 7.0) at room temperature (25 °C) for
30 min and then rapidly diluted (defining time 0) 1:40 (v/v) into
renaturation buffer at 18, 25 and 33°C. The final GdmCI con-
centration was 0.1 M during refolding. All refolding experiments
were carried out by rapid addition of the denatured enzyme to
renaturation buffer. The recovery of activity of the proteins was
monitored as a function of time by withdrawal of appropriate
aliquots of the renaturation mixture and immediately assaying for
activity at 25°C. Refolding rate constants were determined by
nonlinear regression analysis of the experimental data by using
SigmaPlot 2001 for Windows version 7.0 (SPSS). The refolding
rates of all variants were independent, in the range 10 to 30 uM,
of the protein concentration. At greater enzyme concentrations all

© 2007 Biochemical Society
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Figure 2 Stereo views of examples of electron-sharing networks for type | (A) and type Il (B) of GSTs

Categorization is based on properties of the equivalent amino acid at position 64 and configuration of the electron-sharing network. (A) Electron-sharing network type | is composed of only one
conserved acidic amino acid (circled), which forms an ionic interaction. Wheat Tau GSTI (PDB accession number 1GWC). (B) Electron-sharing network type Il contains two strictly conserved polar
and acidic residues (circled by solid and dotted lines respectively), which participate in an ionic bridge interaction. Human Pi hGSTP1-1 (PDB accession number 1PKW).

variants were characterized by reduced refolding yield. The values
reported represent the means for three different experimental data
sets. Under these conditions, an equation describing a single
exponential reaction can be fitted to the data:

F(t) = A[l — exp(— k)] + B @)

where F(t) is the activity at time t; A, the amplitude; k., the rate
constant; and B, the reactivation value at time O [31]. The effect
of mutation on the energy of the transition state of folding can be
calculated using transition-state theory in a similar manner to that
reported by Jackson et al. [32]. The stability of the transition state
of a mutant protein relative to that of the wild-type is calculated
from:

AAc;ref = —RT x ln(krefw‘/krefmm) (8)
where AAG,; is the difference in energy of the transition state
of folding relative to the unfolded state between wild-type (wt)
and mutant (mut) proteins and k., the rate constants of refolding

[32].
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RESULTS AND DISCUSSION

A functionally conserved electron-sharing network can be ob-
served in the same region for all GSTs, but with slightly different
residue positions [22]. However, a primary sequence alignment of
the known GST classes suggests that Glu® is one of a few residues
that is functionally conserved in the GST superfamily. Observa-
tion of available crystal structures; adGSTD3-3, hGSTP1-1 (hu-
man Pi GST1), hGSTA1-1 (human Alpha GST1), rtGSTMI1-1
(rat Mu GST1), hGSTO1-1 (human Omega GST1), hGSTT2-2
(human Theta GST?2), squid Sigma GST and wheat Tau GST, as
well as consideration of the property of the equivalent residue at
position 64, acidic or polar, suggests that the GST electron-sharing
motif can be divided into two types (Figure 2). Electron-sharing
network type I, consisting of GSTs from Delta, Theta, Omega,
Pi and Tau classes, contain an acidic amino acid (glutamate or
aspartate) at this position. The equivalent residue is the only amino
acid in an acceptable distance range to form an ionic interaction
between its own negatively charged side chain and the positively
charged GSH glutamyl «-amino (Figure 2A). On the other hand,
electron-sharing network type II GSTs from the Alpha, Mu, Pi
and Sigma classes have a polar amino acid (glutamine) side-chain
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Figure 3 Far-UV CD spectra of adGSTD3-3 and mutants

CD spectrawere measured in far-UV region from 190—-260 nm. Spectra were recorded at a protein
concentration of 0.3 mg/ml with cuvettes with a 2-.m path-length. D3, wild-type adGSTD3-3.

that interacts directly with the GSH glutamyl «-amino. In
addition, type II networks have a strictly conserved acidic amino
acid (Asp® in the Pi class, Asp'® in the Alpha class, Asp'® in the
Mu class and Asp®” in the Sigma class) that participates in an ionic
interaction (Figure 2B). In the Pi class GSTs, replacement of this
acidic residue (Asp” with asparagine) was shown to increase
the pK, for GSH by approx. 0.5 pH unit [33]. These results
suggest the importance of a negative charge involvement with the
positively charged GSH glutamyl «-amino to fulfil the function
of the electron-sharing network in the ionization process [33].
Dividing the electron-sharing network into two types is supported
by studies of binding, activation and ionization of GSH, including
the fate of the thiol proton in Pi, Alpha, Mu and Delta class GSTs
[23]. It has been reported that GST classes Pi, Alpha and Mu,
which are classified as electron-sharing network type II GSTs,
display similarities in the multi-step mechanism for binding of
the substrate and also yield a similar fate for the thiol proton. The
Delta class GST, which we propose belongs to electron-sharing
network type I, shows a difference in proton extrusion that implies
adifferent activation mechanism for GSH. Moreover, the modality
of proton output is also preserved in Pi, Alpha and Mu class
enzymes. This mechanistic difference suggests that Delta GST
is distantly related to Pi, Alpha and Mu GSTs in evolutionary
terms.

To investigate the role of the functionally conserved Glu®
residue in adGSTD3-3, this residue was replaced with seven
amino acids; alanine, leucine, valine, lysine, glutamine, aspartate
or asparagine. Evidence suggested that the replacements were
temperature-sensitive therefore protein expression was performed
at 18, 25 and 37°C. The E64A, E64L, E64V and E64K mutants
were expressed as insoluble proteins at all temperatures. Attempts
at refolding these four proteins were unsuccessful. The yields of
the E64Q, E64D and E64N mutants were less than wild-type
and clearly decreased with increasing temperature (results not
shown). This probably reflects the fact that the E64Q, E64D
and E64N molecules fail to achieve the native folding at near
physiological temperatures. Therefore, proteins expressed at the
more permissive temperature of 18°C were utilized in this
study.

In the present study, a structural role for Glu® for stability
and folding was examined. The similarity of the far-UV CD
spectra of all the Glu* mutants indicated that the secondary
structure content of the proteins are essentially unaffected by the
mutations (Figure 3). The intrinsic fluorescence spectra show
differences between the wild-type and all of the Glu* mutants
(Figure 4). The spectra of the Glu®* mutants were slightly red-
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Figure 4 Intrinsic fluorescence spectra of wild-type and mutant adGSTD3-3

Intrinsic fluorescence emission spectra were measured with the excitation wavelength 295 nm.
The Ama and the fluorescence intensity of emission spectra were analysed at a protein
concentration of 0.2 mg/ml. The Amax are 331 nm for wild-type (D3), 332 nm for E64Q, 335 nm
for E64D and 334 nm for E64N. The intensity is shown in arbitrary units. The results are
means + S.D. for experiments performed in triplicate.

shifted compared with the wild-type protein (A, at 331 nm) to
give a An,, at 332 nm for E64Q, 335 nm for E64D and 334 nm
for E64N. The normalized intensities of the fluorescence of the
mutants were slightly less than that of the wild-type. Changes in
amino acid side-chains around Trp® resulted in an alteration
in fluorescence intensity, and a red-shifted spectrum is observed
as the protein unfolds to random coil [34]. Consequently, the
differences in both A, and fluorescence intensity suggest
that the mutation of Glu* causes the tryptophan residue to be
more exposed to the solvent. Heat inactivation of wild-type
and Glu* mutants was performed at different temperatures
(Figure 5). Furthermore, the E64Q and E64N mutants were
much more unstable than the wild-type or E64D mutant. It is
important to note that the single Glu* replacement with polar
residues (glutamine and asparagine) became unstable at a lower
temperature than the negatively charged residues (wild-type
and E64D) and their inactivation generated the formation of
protein aggregates under the experimental conditions used.
Thermal denaturation of all variants was irreversible, showing
that inactivation kinetics could not be used to determine
thermodynamic parameters at equilibrium. However, making
use of the temperature dependence of the unfolding rate, the
application of Eyring formalism provides the thermodynamic
parameters of the activation barrier of the thermal denaturation
[30]. The heat inactivation of all variants is described by straight
lines in an Eyring plot. This indicates that the temperature
dependence of both the unfolding activation enthalpy (AH)
and activation entropy (AS) is negligible. The temperature
dependence of AG is reflected in the slope of the linear fit, depen-
dent on AH. Table 1 summarizes the kinetic and thermodynamic
constants for the activation barrier of thermal denaturation for the
wild-type and Glu® mutant enzymes. The large energy changes
of Glu* mutants compared with the wild-type (A AH) are almost
completely compensated for by an accompanying reduction in
AS (that is, AAS). At 42°C, this corresponds to lower values
of the unfolding free-energy for all the Glu®* mutant enzymes
(AAG). The Glu* mutants were remarkably more destabilized
than the wild-type enzyme, especially for the polar amino acids
glutamine and asparagine (Table 1). This corresponds to an
unfolding free-energy difference (AAG) for the polar amino
acid replacements compared with the wild-type, being greater

© 2007 Biochemical Society
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Figure 5 Thermal stability of wild-type adGSTD3-3 (A), E64Q (B), E64D (C)
and E64N (D) mutants at different temperatures

Each enzyme (40 1«M) was incubated at various temperatures in 0.1 M potassium phosphate
buffer, pH 6.5, 1 mM EDTA and 5 mM DTT. Appropriate aliquots from an incubation mixture
were assayed at 25 °C to monitor residual activity. The lines represent fits according to eqn (2),
as described in the Materials and methods section.
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than with the acidic residue aspartate. The Gibbs free-energy
for the unfolding process of wild-type and Glu®* mutants were
comparable, with general estimations of Gibbs free-energy for
small globular proteins based on the summation of increments
of the different stabilizing forces that give values in the range
42-84 kJ/mol [35]. Due to the large decrease in activation
enthalpy (AAH, 131-220kJ/mol), the destabilizing effects
of the Glu® mutants were clearly significant to the structural
properties of the enzymes. In addition the magnitude of TAAS
at 42°C, which is the energy difference from decreases in the
entropy of the thermal unfolding pathway (198.4, 126.0 and
211.0 kJ/mol for E64Q, E64D and E64N respectively), indicates
that major changes in the conformational freedom characterizes
the denaturation of the wild-type protein compared with those
occurring during the thermal inactivation of the Glu® mutants
[36]. This means that the wild-type adGSTD3-3, because it is
more rigid than the Glu® mutants, tolerates larger perturbations
of its structure before the unfolding transition state is reached.
The replacement of polar amino acids, both glutamine and
asparagine, give greater values of all thermodynamic constants
than for the acidic amino acids glutamate and aspartate. This
data suggests that the negatively charged residue forming an
ionic bridge interaction in this position plays an essential role
for the overall stability of the protein. Recent studies proposed
that Glu® is a critical residue involved in the determination
of the direction of the polypeptide chain during folding [25].
One consequence of replacing Glu® with other amino acid
residues results in a completely impaired folding property
(for E64A, E64L, E64V and E64K) or temperature-sensitive
folding (for E64Q, E64D and E64N). To test this hypothesis,
reactivation yields of adGSTD3-3 and its mutants at different
temperatures were determined. The denaturant 4 M GdmCl was
sufficient to completely unfold 20 M enzyme, as shown by
CD spectrum (results not shown). The reactivation yields of the
Glu® mutants were very different from the wild-type protein at
increasing temperatures of refolding (Table 2 and Figure 6). The
reactivation yield of the wild-type enzyme was unaffected by
temperatures from 18-33°C, whereas the yield of the mutants,
although to different extents, decreased markedly with increasing
temperature. All data sets were fit to a single exponential equation
for the refolding kinetics (Figure 6). At each temperature, as
shown in Table 2, the temperature-dependent refolding rates
show a similar tendency in the wild-type and Glu* mutants that
was expected, that is, the enzymes refold at higher temperature
more rapidly than at lower temperature. The refolding rates of
both E64Q and E64D mutants were slightly different from the
wild-type at all temperatures. These differences in refolding
rates reflect changes in free-energy of activation of folding for
a mutation. Estimated free-energy values (AAG,) at 18°C that
were significantly different from zero indicate that interactions
of the residue at position 64 toward neighbouring residues are
present in the transition state of the reactivation process. The
in vitro refolding experiments suggest that the thermal stability
of the final structure of the mutants reflects differences in the
conformational properties of a productive folding intermediate.
Reactivation in vitro of all Glu* mutants was thermosensitive, and
so the refolding yields of the Glu® mutants, although to different
extents, decreased markedly with increasing temperature. The
analysis of the reactivation at 18°C indicates that amino acid
replacement of Glu® destabilizes the transition of folding. It
should be noted that a single exponential equation could be
fitted to refolding data for all adGSTD3-3 variants indicating
that no significant amount of intermediate is accumulated during
the reactivation of wild-type and variants, and that none of the

6 mutations had a major change on the refolding pathway. Upon
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Table 1 Kinetic and thermodynamic parameters for the activation barrier of thermal denaturation for wild-type and Glu®* mutants of adGSTD3-3

Enzyme k, (min~) klkow®  AG (mol)  AAG, (/mol)  AHF(d/mol)  AAH(Jmol)  AS.t(kJmol-K)  AAS.t (kJ/mol-K)
Wild-ype  0.040+ 0.001 1 85.69 +0.09 0 439.00+ 4.90 0 112040015 0

E64Q 158340028  39.58 76,08+ 0.05 9.63 2313811302 207.62 0.490 + 0.041 0.630

E64D 0.256 + 0.008 6.40 80.85+0.08 486 307.51 1.8 131.49 0.720 + 0.004 0.400

E64N 15900045  39.75 76,07+ 0.08 9.64 2185241092 22048 0.450 + 0.035 0.670

* From denaturation kinetics at 42 °C according to eqns 2 and 4.
+ From temperature dependence of thermal unfolding (Eyring plot) according to eqn 6.

Table 2 Kinetics of the reactivation and percentage recovery of wild-type adGSTD3-3 and Glu®* mutants during refolding at different temperatures and

changes in free energy of the transition state of folding at 18°C

Statistics performed using one-way ANOVA and Tukey—Kramer multiple comparisons test. Values significantly different from wild-type are shown by * P < 0.001. Nd, not determined, low enzymatic

activity precluded performing this experiment.

18°C 25°C 37°C
Enzyme ket (min=") % recovery Kt (Min=1) % recovery Keet (min=1) % recovery AAG at 18°C (kJ/mol)
Wild-type 0.169 4+ 0.020 609+04 0.5184+0.053 351+34 0.957 +0.027 351406 0
E64Q 0.074+0.003 63.8+0.7 0.289 +0.004 400403 1.073+0.124 106+0.3 —1.987+0.371*
E64D 0.059 4+ 0.005 93.0+6.5 0.242 4+ 0.024 57.7+11 0.981+0.030 345+1.3 —2.521+0.129*
E64N Nd Nd Nd Nd Nd Nd Nd

mutation of adGSTD3-3, rate constants decreased for all mutants
(Table 2). This is because the removal of the negative charge or
size decrease of the side-chain at this position destabilized the
transition state and thereby increased the activation energy for
folding. In particular, the AAG, value for E64D is greater than
E64Q, suggesting that the functional group size is important for
the Glu® position, which contributes to stabilizing the transition
state. Previous investigations of the equivalent residue, Glu®,
in PtGSTU1-1 (plant Tau class GST) demonstrated that alanine
replacement made the enzyme unstable at 50°C, retaining only
about 15 % of its activity compared with 95 % for the wild-
type enzyme [37]. In contrast, the reactivation yield of E66A
was 2-fold greater than the wild-type. The effect of the mutation
at this equivalent residue in PtGSTU1-1 was less than found in
adGSTD3-3, an insect Delta class GST. This result might be
explained by data for Glu* in adGSTD4-4, an alternatively spliced
product derived from the same gene as adGSTD3-3. Glu* is not
only located at the dimeric interface of the enzyme, but has also
been identified as a ‘lock’ residue in the Delta class specific ‘lock-
and-key clasp’ motif, which is not found in plant Tau class GST
[38]. The lock-and-key motif, including the Delta class specific
lock-and-key clasp motif, is located at the intersubunit interface
and plays a crucial role in the structural stability of dimeric GSTs
[39,40]. These data therefore confirm a critical structural role for
the functionally conserved Glu® residue for both overall protein
stability and initial folding process.

Steady-state kinetic constants were obtained with various
concentrations of GSH and CDNB substrate. Michaelis—Menten
kinetic analysis was performed using non-linear regression
(Table 3). All of the mutations showed significantly increased
K., values for GSH. Individually, the mutants; E64Q, E64D
and E64N had values 26-, 34- and 29-fold greater than wild-
type. Conversely, no significant changes were found in the K,
values for CDNB substrate when compared with the wild-type
enzyme. The differences in k., values with CDNB observed
for E64D and E64N decreased approximately 1.5- and 25-fold
respectively. The kinetic studies of soluble Glu* mutant enzymes
demonstrated that replacement with a glutamine residue, a similar

57

size and property functional group, preserved the catalytic activity,
whereas replacement with the slightly smaller amino acids
aspartate and asparagine reduced k., especially the arparagine
replacement, which nearly abolished enzyme activity. This
suggests that the volume of the amino acid at this position
affects packing of the active-site, which directly impacts upon
enzyme catalysis. However, all the mutants showed a substantially
lower affinity (greater K,,) towards GSH indicating that the Glu®
position impacts upon the binding of GSH possibly through
active-site rearrangement. Catalytic efficiency can be related to
the difference in free-energy change for formation of transition
states in the mutant and wild-type enzymes (A AG), as calculated
from eqn (9) [41]:

AAG = —RT x In(kea/Kn™"), / (Keu/ Kn™") ©
These calculated values are 8.03 kJ/mol for E64Q, 9.94 kJ/mol
for E64D and 16.33 kJ/mol for E64N at 25°C, indicative of
a decreased stabilization of the transition state for the Glu®
mutations. Stabilization of the transition state may occur through
apre-organized active-site contributing to catalysis through multi-
ple mechanisms: binding interaction with GSH, activation of GSH
by thiol deprotonation or nucleophilic attack at the electrophilic
centre (o-bond formation) by the thiolate. Deficiency in the pre-
organized environment (the changes that occur along the reaction
pathway from reactants to the transition state) would decrease the
rate of catalysis by incompletely providing a stabilization of
the transition state [42]. Therefore, the effect on the rate-limiting
step in the catalytic mechanism was examined. The pH depen-
dence of k. /K, "\ reflects a kinetically relevant ionization of
the GST-GSH complex. Therefore, an apparent pK, value of 6.36
was determined for the wild-type adGSTD3-3. To differentiate
the influence of the functional group of Glu* on the GSH thiol
ionization, the pK, values for Glu* mutants were measured by
this kinetic approach (Table 3). An increased pK, for bound GSH
of approx. 0.6 and 1 pH unit greater than that found for wild-type
were observed for the E64Q and E64N mutants. It has been
shown previously that a crucial function of the electron-sharing

wt
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Figure 6 Kinetics of reactivation of wild-type adGSTD3-3 (®), E64Q (M)
and E64D (A) during refolding at different temperatures: 18 °C (A), 25°C (B)
and 33°C (C)

Purified enzyme (20 M), heterologously expressed at 18 °C, was first denatured in 4 M GdmCl
for 30 min. This denaturant concentration was sufficient to completely unfold the proteins, as
indicated by the loss of secondary structure shown by CD. Successive aliquots of unfolded
enzyme were diluted (defining time 0) 1:40 into renaturation buffer at the different temperatures.
The final GdmCI concentration was 0.1 M during the refolding. Appropriate aliquots from this
incubation mixture were immediately assayed for catalytic activity at 25°C.

network is to lower the pK, of the thiol group of the bound
GSH [22]. Our results show that Glu* replacement with the
polar amino acids glutamine and asparagine increased the pK,
values by about 0.5-1.0 pH unit. This consequence appears
to be due to the deletion of the negative charge, resulting in
loss of ionic interaction within the electron-sharing network.
This is supported by the replacement of the critical glutamate
residue with the negatively charged aspartate, which has no affect

Tahle 3 Steady-state kinetic constants and pK, values for the thiol group
of GSH of wild-type and mutants of adGSTD3-3 for the CDNB conjugation
reaction at pH 6.5 and 25°C

The enzyme activities were measured at various concentrations of CDNB and GSH in 0.1 M
phosphate buffer pH 6.5. The pK, was obtained by using 0.1 M sodium acetate buffers (from
pH 5.0 to 5.5) and 0.1 M potassium phosphate buffer (from pH 6.0 to 8.5).The reaction was
monitored at 340 nm, & 9600 M—'em~". Statistics were performed using one-way ANOVA and
Tukey—Kramer multiple comparisons test. Values significantly different from wild-type are shown
by * P < 0.001. The wild-type values have been reported previously [25].

kcat KmGSH KmCDNB kca\/KmGSH kcal/KmCDNB
Enzyme  (s") (mM) (mM) (s7'/mM)  (sT'/mM)  pK,
Wild-type 354 0274005 0144001 131 246 6.36+0.11
E64Q 36.3 7.10+0.28* 0.43+0.03 511 83.6 6.97+0.14*
E64D 216  9.12+0.20* 0.28+0.01 2.37 75.8 6.42+0.12
E64N 14 789+0.19* 0.33+0.01 0.18 44 7.37+0.07*

Table 4 Effect of fluoride/chloride leaving group substitution on the rate of
catalysis

The ratios of kinetic constants for the conjugation reaction catalyzed by adGSTD3-3 enzymes for
GSH with CDNB or FDNB as co-substrates were calculated at pH 6.5. Statistics performed using
one-way ANOVA and Tukey—Kramer multiple comparisons test. Values significantly different
from wild-type are shown by * P < 0.001. The wild-type values have been reported previously
[25].

Enzyme KoatPONB /K g OONE (Keat/ Kin)OB /(K gt/ K ) PN
Wild-type 2.40+0.08 6.72+0.34

E64Q 6.97 +0.24* 14.3611.22*

E64D 8.40 + 0.08* 10.3140.38*

E64N 5.92 4 0.05* 6.58 4 0.05

this position is essential to form an ionic interaction to fulfil
the function of the electron-sharing network in the ionization
process. However, the formation of a o-complex intermediate in
the enzyme-catalysed reaction was affected by the replacement
with glutamine and aspartate. It is well established that the
bimolecular nucleophilic substitution reactions proceed through
a o-complex intermediate [43]. Thus, the rate-limiting formation
of a spontaneous o-complex intermediate can be increased by
replacement of chlorine in the CDNB molecule with the more
electronegative fluorine. The ratio of the catalytic rate of GSH
with FDNB and CDNB was comparable to the ratio of the second-
order rate constants for a spontaneous uncatalysed reaction. That
1S, ke "PNB ko PNB =40 is similar to k.PNB/k PNB =47, which
indicates that the o-complex formation is the rate-limiting step.
Although the k,""NB/k.,,“°® of all Glu* mutants reflected varying
insensitivity to the nature of the leaving group, there were two
mutants E64Q and E64D that exhibited significant differences in
the catalytic efficiency (k../K.,) (Table 4). For the E64N mutant,
it appears that an alteration of the relative turn-over number is
a consequence of changes in binding affinity towards different
substrate leaving groups rather than a reflection of the rate of
o-complex formation. Differences in relative catalytic efficiency
(k../K ) for the fluoride/chloride leaving group replacement may
not strongly support the idea that the rate-determining step to
o -complex formation for E64Q and E64D was changed. Although
it appears that transition state stability of the enzyme—intermediate
complex, influenced by electron density and distribution in
the o-complex, was partially altered by these two amino acid

on the ionization process. Therefore, an acidic amino acid i1158 replacements [43,44].

© 2007 Biochemical Society
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Figure 7 Viscosity effect on kinetic parameters of wild-type adGSTD3-3
and mutant enzymes

The effect of viscosity on kinetic constants was assayed by using 0.1 M potassium phosphate
buffer, pH 6.5, with various glycerol concentrations. Dependence of the reciprocal of the relative
turn-over number (k4°/ke) on the relative viscosity (n/5°) for CONB as a co-substrate.
The experiment was performed in triplicate and the lines were calculated by linear regression
analysis. The slopes of the linear regression lines are 1.14 4 0.01 for wild-type, 0.05+0.01
for E64Q, 0.85 4 0.01 for E64D and 0.42 + 0.02 for E64N.

The effect of viscosity on kinetic parameters was examined
to elucidate the rate-limiting step in the catalytic reaction. A
decrease in the rate constant with increasing medium viscosity
should reflect the weight of diffusion events on catalysis [45]. It
would indicate that the rate-limiting step is related to diffusion-
controlled motions of the protein or the dissociation of the product.
A plot of the reciprocal of the relative catalytic constant (k. °/kc.;)
against the relative viscosity (1/n°) should be linear. The slope
should be equal to unity when the product release or structural
transition is limited by a strictly diffusional barrier. If the slope
approaches zero either the chemistry or another non-diffusion
barrier is rate-limiting. For wild-type adGSTD3-3, a plot of the
inverse relative rate constant (k.,.°/k.,,) versus the relative viscosity
(n/n,) gives a linear dependence with a slope (1.14 +0.01) very
close to unity (Figure 7). In contrast the E64Q mutant enzyme
yields plots that are fully viscosity independent, with a slope
approaching zero (0.05+£0.01). The other mutants, E64D and
E64N, exhibited k. values with different degrees of viscosity
dependence compared with the wild-type enzyme. The vis-
cosity experiment showed that the rate-limiting step catalysed by
adGSTD3-3 is a non-physical step (Figure 7). However, structural
alterations in the Glu® mutants decreased the viscosity effects
on the enzyme to intermediate values (0 < slope < 1), especially
for the replacement with the polar residues glutamine and
asparagine. This indicates that the rate-limiting step is not strictly
dependent on a diffusion barrier or other viscosity-dependent
motions and that conformational changes of the engineered
proteins contribute to the rate-limiting step [45]. This suggests
that the structural flexibility of functionally important regions of
the engineered enzymes have been altered. Previously, we have
observed [22] that changing the residues in the electron-sharing
network can influence the topology of the active-site, which
affects both the catalytic mechanism as well as the structural
maintenance of the enzyme. The results of the present study
demonstrate that the functionally conserved Glu®, which is now
identified as being part of the electron-sharing network, impacts
upon enzyme catalysis not only through its negative charge but
also through structural effects.

In conclusion, the results of the present paper, as well as the
high level of functional conservation of the residue at position

59

64 among all classes of GSTs supports the hypothesis that Glu®
is part of a functionally conserved electron-sharing network. The
present paper now extends the network identified previously to
include three critical residues that form ionic bridge interactions.
These are between a negatively charged/polar active site residue
(glutamate, aspartate or glutamine), a positively charged GSH
glutamyl «-amino, a negatively charged GSH glutamyl «-
carboxylate, a positively charged active-site residue (primarily
arginine) and a negatively charged active-site residue (glutamate
or aspartate) stabilized by hydrogen-bonding networks with
surrounding residues (serine, threonine and/or water mediated
contact). Glu* in the electron-sharing network contributes to the
function of this motif and the base-assisted deprotonation model
which are essential for the GSH ionization process in the catalytic
mechanism. However, this residue also appears to affect additional
steps in the enzyme catalytic strategy including binding of GSH
to the enzyme active site, nucleophilic attack by thiolate at the
electrophilic centre and product formation. Therefore, the Glu®
position also appears to impact upon catalysis through roles in
both initial folding and structural maintenance.
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Differences in the subunit interface residues of alternatively spliced
glutathione transferases affects catalytic and structural functions

Juthamart PIROMJITPONG, Jantana WONGSANTICHON and Albert J. KETTERMAN'
Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, Nakhon Pathom 73170, Thailand

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). 61
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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 a-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—m

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

interactions with the aromatic ring of Tyr® and an ionic interactionﬁ2 isoenzymes, Tyr®, Met'”' and Gly'® of adGSTD3-3 and Phe'™,

© 2007 Biochemical Society
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Val'”” 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; YO8F, 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
k./Kn 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, | 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 S-sheet 4 in domain
I and «-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

63 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) 3124+0.33 0.58 4 0.05¢ 66.1+2.83" 13.1+0.5471
D3-M101V (2/b) 2.77+0.43 0.42+0.05¢ 40.5+1.931 11.9+0.801
D3-G102A (2/c) 0.34+0.031 0.38+0.07% 944+ 5771 13.7+2.667
D3-Y98F/M101V/G102A (2/d) 1.884+0.01" 0.3140.03} 85.8 +4.39¢ 18.4+0.651
D3-D110A (3/e) 2214024 058 +0.11% 80.5+ 3.487 2344183
D4-wild-type 14.0+1.70 0.59+0.03 19.74+0.70 18.4+1.20
D4-G75A(1) 1.89+0.13F nd 0.00 2254082
D4-R96A(1) 0.91+0.07% nd 0.00 18.8+3.89
D4-F104Y (2/a) 171+1.76* 0.28+0.021 235+0.51 31.9+1.961
D4-V107M (2/b) 476 +0.15¢ nd 0.00 254+1.417
D4-A108G (2/c) 65.4+1.45¢ 0.32+0.04% 69.6 +7.551 32.8+1.03+
D4-F104Y/V107M/A108G (2/d) 16.7+1.23 0.60+0.10 250+0.18 2114183
D4-E116A (3/e) 516 +0.93t 0.68+0.11 9.93+0.68* 17.3+2.05
(37}
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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) YO8F, (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

(A) 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. 65
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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 F104Y6
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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-

6 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 Kkea/Kn K kea/Kn Purification
Enzymes (s (mM) (mMM-Tes—T) (mM) (mMM-—Tes—T) yield (%)
D3-wild-type 39.2 0.154+0.01 258 0.29+0.04 114 53.7
D3-Y98F (2/a) 24.9+% 0.12+0.01 213 0.47+0.05 53.1 492
D3-M101V (2/b) 26.0% 0.72 % 0.06+ 363 1,04 0.06+ 250 60.0
D3-G102A (2/c) 23.5% 0.37+0.02+ 63.3 2.94+0.38+ 7.99 476
D3-Y98F/M101V/G102A (2/d) 40.7 0.28+0.03+ 147 112+0.071 36.7 58.3
D3-D110A (3/e) 51.7+ 0.49+0.07+ 106 0.5440.04 95.8 34.3
D4-wild-type 22.5 0.63+0.09 35.7 0.67+0.05 33.6 61.3
D4-G75A (1) 23.3 8.26+2.63t 2.82 0.54+0.06 43 55
D4-R96A (1) 16.2% 0.80+0.06 22.0 1.08+0.02 15.0 14
D4-F104Y (2/a) 155+ 0.52+0.03 208 2401+ 2.94% 0.65 422
D4-V107M (2/b) 13.71 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/NV107M/A108G (2/d) 32.51 0.72+0.04 452 0.25+0.02 130 59.2
D4- E116A (3/e) 46.17 1.55+0.01 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 (mol/min/mg)

Enzymes CDNB DCNB EA PNPB PNBC
D3-wild-type 8534323 0.25+ 001 0.104005 nd 0.13+0.01
D3-YI8F (2/a) 469+ 6.38+ 0234003 0.03 + 0.01* nd 0.05+ 0.00¢
D3-M101V (2/b) 1110814 0.05+001% 0.08+0.02 nd 0.09 + 0.00+
D3-G102A (2/c) 46.8+0.25+ 0.08+0.01% nd nd 0.05+ 0.00¢
D3-YO8F/M101V/G102A (2/d) 8484547 0.21+0.01* 0.15+0.01 nd 0.08+ 0.00%
D3-D110A (3/e) 71.6+ 2,60+ 0.16+001% 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+ 001 0.12% 0,01 0.02+ 0.01 0.06+ 0.00
D4-RY6A (1) 260+ 0.13% 0.27+0.04% 0.18+0.01 0.23+0.02 nd

D4-F104Y (2/a) 28,5+ 224+ 0.06 +0.01 0.14+0.01 0.05+ 0.01 0.11+005
D4-V107M (2/b) 22,0+ 229+ 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-F104Y107M/A1086 (2/d) 53.8+1.43 0.05+ 0.01 0.02 + 0.00* nd 0.04+ 001
D4- E116A (3/e) 56.3+6.83* 0.06+0.01 0.01+001* 0.04+0.01 0.04+ 001

to the stabilization and folding of the protein. The mutants were
expressed in both inclusion and soluble forms, with the R96A
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

67

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



642 J. Piromjitpong, J. Wongsantichon and A. J. Ketterman

(A)

Dirus-D4 : @V
Gam-D1-3 : &
Dirus-D1 :

(B) Dirus-D5 :;

Gam-D11 : §
Dirus-D& : @
Gam-D3
Gam-D4
Gam-D5
Gam-D10
Gam-D12
Gam-D&
Gam-D9
Gam-ul
Gam-u2
Gam-u3
Gam-E1
Gam-E2
Gam-E3
Gam-E4
Gam-E5
Gam-E6
Gam-E7
Gam-E8
Gam-T1
Gam-T2 :
Gam-81-2 : AN
Gam-S51-1 : QA
Gam-21
Gam-01

Figure 6 Conserved electrostatic interaction in region 1 of the subunit interface
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(A) The planar rectangle electrostatic interaction of Glu™ 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 1D AAC79992), agGSTD1-4 (Protein ID AAC79994), agGSTD1-5 (Protein ID
AAC79993), agGSTD1-6 (Protein ID AAC79995), agGSTD? (271480), agGSTD3 (AF513638), agGSTD4 (AF513635), agGSTD5 (AF513634), agGSTD6 (AF513636), agGSTD7 (AF071161), agGSTD8
(AF316637), agGSTD9 (AY255857), agGSTD10 (AF515527), agGSTD11 (AF513637), agGSTD12 (AF316638), agGSTut (AF515521), agGSTu2 (AF515523), agGSTu3 (AF515524), agGSTET
(AF316635), agGSTE2 (AF316636), agGSTE3 (AY070234), agGSTE4 (AY070254), agGSTES (AY070255), agGSTEG (AY070256), agGSTE? (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, Y98F, M101V, G102A and
Y98F/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,
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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
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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

GLU116

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 oﬂf a-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.

This work was funded by the TRF (Thailand Research Fund). J. P. helda DPST (Development
and Promotion of Science and Technology Talent) scholarship. J. W. was supported by a
Royal Golden Jubilee scholarship.
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Crystallization and preliminary X-ray

crystallographic analysis of a highly stable mutant
V107A of glutathione transferase from Anopheles

dirus in complex with glutathione

An engineered mutant V107A of the dimeric glutathione transferase enzyme
from Anopheles dirus (adgstD4-4) was cocrystallized with glutathione substrate
using the hanging-drop vapour-diffusion method. The crystal diffracted to
2.47 A resolution in space group P3,21 (unit-cell parameters a = b = 49.4,
c=2724 z&). Although the crystal morphology differed from that previously
obtained for the wild-type enzyme, the crystal packing was the same. At 318 K,
the engineered mutant showed an enzyme stability that was increased by about
32-fold, while possessing a similar catalytic function to the wild type. Structural
determination will provide valuable understanding of the role of Vall07. This
residue is in the dimeric interface and appears to contribute towards enhancing
the physical properties of the entire protein.

1. Introduction

Glutathione transferases (GSTs; EC 2.5.1.18) are dimeric enzymes
involved in phase II detoxication processes by conjugation of a thiol
group from reduced glutathione (y-glutamyl-cysteinyl-glyine; GSH)
to an electrophilic centre of diverse xenobiotic compounds, produ-
cing less reactive and more polar substances in order to facilitate
elimination from cells (Armstrong, 1991; Mannervik & Danielson,
1988). Cytosolic GSTs are generally found as multiple isoenzymes
within organisms and with varying substrate selectivity (Hayes et al.,
2005; Hayes & Pulford, 1995). In the various GST dimeric structures,
subunits are assembled by twofold symmetry, with subunit inter-
actions that vary between the GST classes but generate a buried
interface area of about 2700-3400 A> (Dixon et al., 2002). Therefore,
homodimeric or heterodimeric GSTs are only formed by subunits
from the same gene class and with comparable molecular recognition
at the subunit interface.

The structural model of the wild-type GST adgstD4-4 from
Anopheles dirus shows that Vall07 is located in the subunit-interface
region of the dimeric GST, forming part of an intersubunit lock-and-
key ‘clasp’ motif (Oakley, Harnnoi et al., 2001; Wongsantichon &
Ketterman, 2006). The ‘key’ residue not only inserts into a hydro-
phobic pocket of the neighbouring subunit, but also itself acts as part
of the ‘lock’ for the other subunit ‘key’. In addition, the ‘key’ residues
from both subunits hook around each other in an aromatic 7—mw
interaction through slightly offset aromatic ring stacking, generating
a ‘clasp’ in the middle of the subunit interface. A special character-
istic of the motif is to stabilize the GST dimeric structure in the
middle region of the twofold axis. The motif was found to be highly
conserved in many classes of insect GSTs, as shown by primary
sequence alignments (Wongsantichon & Ketterman, 2006). The
available crystal structures of insect-specific §-class GSTs such as
Lucilia GST (Wilce et al., 1994, 1995), adgstD3-3 (PDB code 1jlv;
Oakley, Harnnoi ef al., 2001), adgstD4-4 (PDB code 1jlw; Oakley,
Harnnoi et al., 2001), adgstD5-5 (PDB code 1r5a; Udomsinprasert et
al., 2005), adgstD6-6 (PDB code 1v2a; Udomsinprasert et al., 2005)
and aggstD1-6 (PDB code 1pn9; Chen et al., 2003) also reveal the
highly conserved clasp-like motif (Wongsantichon & Ketterman,
2006). In the apo structure of adgstD4-4, the residue Vall07 is also
part of the wall of the active site. This residue’s surface area is about
100-130 A2 and is only exposed to solvent in the active-site pocket.
However, the residue is also part of the first-sphere interaction of
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Leul03, which generates a small hydrophobic core interior to the
active site and subunit interface (Wongsantichon er al., 2003). In
addition to this spatial motif, adgstD4-4 also possesses several other
intersubunit interactions which contribute to interface formation, as
previously discussed in Wongsantichon & Ketterman (2005). The
Vall07 residue has been studied by substitution with six different
amino acids of various sizes and properties in order to elucidate its
role in the dimeric enzyme (Wongsantichon & Ketterman, 2006). All
engineered mutants were found to be catalytically active, demon-
strating the presence of dimeric active forms, which suggests that the
residue position is not critical for dimerization. Steady-state kinetics
studies using GSH and CDNB as co-substrates show that substitu-
tions by hydrophobic and uncharged residues at the Vall07 position
have no effect on the catalytic properties, whereas positively and
negatively charged residues diminish the enzyme catalytic rate (k...)
and weaken the binding affinity towards GSH substrate (K,,), with
positive cooperativity observed upon binding. In this regard, charged
residue replacements were considered to be unfavourable in the
region. However, all engineered mutants appeared to enhance
thermal stability as demonstrated by a heat-inactivation assay at
318 K, suggesting that the residue also plays a role in structural
stabilization. Of the mutants, adgstD4-4 V107A shows the greatest
half-life (390.2 4= 22.4 min), which is about 32 times that of the wild
type (12.3 £ 0.9 min). There is no marked alteration in the secondary
or tertiary structure of V107A as shown by far-UV circular dichroism
and tryptophan intrinsic fluorescence, respectively. Nevertheless,
conformational rearrangement at the quaternary structural level or
subunit dimerization of the engineered enzyme was observed by
fluorescence dye binding using 1-anilinonaphthalene-8-sulfonic acid
(ANS), which is reported to bind in the hydrophobic cleft along the
dimeric interface in GST class « (Sayed et al., 2002). As shown by the
above data, substitution of valine by alanine at position 107 in
adgstD4-4 appears to be structurally important and alters the enzyme
stability and subunit dimerization, while maintaining similar catalytic
properties to the wild type. Therefore, structural determination of the
mutant is of interest and would be useful in understanding the
protein structure—function correlation, particularly for enzyme
stability.

2. Material and methods
2.1. Construction and purification of V107A

A single point mutation of A. dirus glutathione transferase isoform
4 (adgstD4-4) was obtained by PCR-based site-directed mutagenesis,
replacing valine with alanine at position 107 using the Stratagene
Quick Change site-directed mutagenesis kit (Stratagene). The engi-
neered enzyme was overexpressed by 0.1 mM IPTG (isopropyl
1-thio-B-p-galactopyranoside) induction at 298 K in Escherichia coli
BL21(DE3) pLysS as soluble protein and was purified using GSTrap
FF affinity chromatography (Amersham Pharmacia) as previously
described (Wongtrakul ef al., 2003).

2.2. Crystallization and X-ray data collection

The purified protein was concentrated using an Amicon Ultra-15
centrifugal filter device (Millipore) with 10 kDa cutoff and filtered
through an Ultrafree-MC 0.22 um centrifugal filter unit (Millipore).
Prior to crystallization, the protein concentration was adjusted to
9 mg ml™" in 50 mM Tris-HCl pH 7.5, 10 mM DTT in the presence of
10 mM GSH substrate. The hanging-drop vapour-diffusion method
was used with a crystallization droplet comprising of 2 pl protein
solution and 2 pl reservoir solution consisting of 0.1 M imidazole %

7.0, 0.35 M ammonium acetate and 30% (w/v) polyethylene glycol
(PEG) 4000. The volume of solution in the reservoir was 0.5 ml
Crystals appeared within one week at 295 K. A single prismatic
crystal with dimensions 0.46 x 0.30 x 0.18 mm was obtained; it was
dissected into a smaller piece of dimensions 0.28 x 0.08 x 0.07 mm
and briefly soaked in a cryosolution consisting of 0.1 M imidazole pH
7.0, 0.368 M ammonium acetate, 32% (w/v) PEG 4000 and 10% (v/v)
glycerol before being flash-frozen in a liquid-nitrogen stream at
110 K.

X-ray diffraction data were collected at the Center for Excellence
in Protein Structure and Function, Faculty of Science, Mahidol
University, Thailand. X-ray diffraction patterns were recorded on an
R-AXIS IV image-plate system (Rigaku/MSC) using Cu Ko
radiation from a Rigaku RU-H3R rotating-anode X-ray generator
operating at 50kV and 100 mA equipped with Osmic Confocal
Maxflux multi-layer optics and a 0.3 mm collimator. The crystal was
flash-frozen using an X-Stream 2000 low-temperature system
(Rigaku/MSC). Data were processed and scaled using the Crystal-
Clear/d*TREK program suite (Pflugrath, 1999).

3. Results and discussion

After initial screening, the crystallization conditions were optimized
by varying the pH of the buffer from 4.6 to 7.5 and the concentration
of ammonium acetate from 0.25 to 0.40 M. Two different crystal
morphologies, fine rod-shaped and prism-shaped, were obtained from
the screening in 0.1 M imidazole pH 7.0 within a week. A single
prism-shaped crystal chosen for X-ray diffraction was obtained from
conditions consisting of 32%(w/v) PEG 4000, 0.35 M ammonium
acetate, 0.1 M imidazole pH 7.0 in the presence of 10 mM GSH.
However, owing to its large dimensions of 0.46 x 0.30 x 0.18 mm, as
shown in Fig. 1, a glass fibre was used to dissect the crystal to a smaller
volume to facilitate freezing on a cryoloop. The crystal slice was
briefly soaked in a cryosolution consisting of reservoir solution
containing 10%(v/v) glycerol and approximately 5% higher concen-
trations of PEG 4000 and ammonium acetate. The crystal slice was
flash-frozen in a liquid-nitrogen stream. Diffraction data were
collected to an effective resolution of 2.47 A using a 240 mm crystal-
to-detector distance with an exposure time of 150 s and covering 0.25°
oscillation per image (Fig. 2).

Figure 1

A prism-shaped crystal of adgstD4-V107A photographed under polarized light.
The crystal size is 0.46 x 0.30 x 0.18 mm for the largest dimensions. The dotted
triangle represents the crystal slice that was used for X-ray diffraction.
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Figure 2
A 0.25° rotation photograph showing the X-ray diffraction pattern from the crystal
slice.

The engineered mutant in this study can also be crystallized using
the conditions previously reported for the wild-type enzyme (Oakley,
Jirajaroenrat et al., 2001), consisting of 30% (w/v) PEG 8000, 0.2 M
sodium acetate and 0.1 M sodium cacodylate pH 6.5, generating fine
rod-shaped crystals. In this regard, the present study demonstrates
that different crystal morphologies can be derived from different
crystallization conditions. However, preliminary X-ray crystallo-
graphic analysis shows that the diffraction patterns of a prism-shaped
crystal from the engineered mutant and of a rod-shaped P3,21 crystal
of the wild type (PDB code 1jlw) are isomorphous (Oakley, Jira-
jaroenrat et al., 2001). Diffraction spots of the mutant were initially
scaled and merged in space group P321 (as summarized in Table 1)
even though they showed absences that could be characteristic of
either of the trigonal space groups P3;21 or P3,21. This was to
preserve all the data for subsequent verification of the correct space
group by molecular-replacement calculations. The initial phases of
the adgstD4-4 V107A structure were determined with AMoRe from
the CCP4 program suite (Collaborative Computational Project,
Number 4, 1994; Navaza, 1994) using chain A of the wild-type
structure as a search model. Translation searches in the three space
groups P321, P3,21 and P3,21 showed a good result for calculation in
space group P3,21, which gave an amplitude correlation coefficient
(CC) of 43.1% and an R factor of 48.1% for the best solution,
compared with CC =20.7%, R = 56.6% and CC = 23.1%, R = 55.0%
for the other two space groups. Addition of the second molecule
resulted in a CC of 72.3% on amplitude and 76.4% on intensity with
an R factor of 35.8% after the fitting calculation. Examination of the
best solution revealed good crystal packing and no clashes between
symmetry-related molecules. This shows that the molecular packing is
preserved, suggesting that the V107A mutation and the presence of
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Table 1

Data-collection statistics for adgstD4-4 V107A crystals in complex with GSH.

Values in parentheses correspond to the highest resolution shell.

Space group P3,21
Unit-cell parameters
a, b (A) 49.4
¢ (A) 2724
@ B () 90
° 120
Unit-cell volume (A%) 575799

Resolution limits (A)
No. of observed reflections

42.78-2.47 (2.56-2.47)
65482

No. of unique reflections 14436
Completeness (%) 95.3 (80.0)
Multiplicity 2.55(1.5)
Ruperget (%) 102 (16.8)
(Tlo (1)) 49 (22)
Vu (A’ Da™) 1.9
Solvent content (%) 354

No. of molecules per ASU 2

T Runerge = 2 O Hi(hkl) — (I(hkD))| /3 4 3; 1,(hkl), where I;is the intensity of the ith
measurement of an equivalent reflection with indices hkl.

GSH do not cause large structural deviation from the non-ligand-
bound wild-type structure. This preliminary model of the engineered
mutant is currently being refined and will be further studied to
investigate the marked increase in structural stability.

This work was supported by a grant from the Thailand Research
Fund to AJK and a Royal Golden Jubilee scholarship to JW.
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Abstract

Four different Thai traditional chili peppers, namely bird pepper (Capsicum frutescens), red chili spur peppers (Capsicum annuum),
green bell peppers and sweet pepper (C. annuum) were investigated for their antimutagenic properties. Each chili was prepared in three
formulations commonly used for chili food processing; raw paste (chili ground in water), pickled in vinegar or stir-fried in palm oil. Each
sample was tested for its antimutagenic effect against urethane by using the somatic mutation and recombination of wing hair of
Drosophila melanogaster as an indicator. Three-day-old larvae, frans-heterozygous for two genetic markers, multiple wing hairs mwh
and orrigon (ORR;flr’), were exposed to urethane alone or in combination with each chili formulation. The various processing methods
for chilies differentially extracted the antimutagenic chili components. The specific chili as well as the method of processing influenced the
observed antimutagenic properties against urethane. This suggested each chili contains a unique complex mixture of many antimutagens.
Co-treatment and pre-treatment experiments showed that both direct and indirect protective mechanisms are involved in an ‘activation’
process to give antimutagenesis effects. An association between antigenotoxicity and glutathione transferase activity could not be
established.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Chili; Urethane; SMART; Glutathione transferase; Antimutagens

1. Introduction to be about 40 g/day (Gonzalez de Mejia et al., 1998).

Peppers are an important source of B-carotene, which have

Hot chili pepper is a common spice in Thai cuisine and it
is widely consumed as a food additive throughout the
world, particularly in South East Asia and Latin-American
countries. The consumption of pepper (Capsicum annuum)
has been traditional for thousands of years in some parts
of the world with estimates of per capita dietary intake

Abbreviations: CYP, cytochrome; SMART, somatic mutation and re-
combination test.
* Corresponding author. Tel.: +66 2 800 2380x116; fax: +66 2 441 9344,
E-mail address: nuplh@mahidol.ac.th (P. Laohavechvanich).

0278-6915/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fct.2006.02.013

antimutagenic and/or anticarcinogenic properties (Monser-
eenusorn et al., 1982). Initial work showed that rats fed
diets containing 10% chili pepper developed liver tumors
(Hoch-Ligeti, 1952). Contrastingly, extracts of certain
spices or their isolated constituents could block the
processes of experimental carcinogenesis and mutagenesis
(Unnikrishnan and Kuttan, 1990). A recent study reported
that green pepper juice had antimutagenic effects on the
nitrosation process of methyl urea and sodium nitrite in a
Drosophila spot test (Ramirez-Victoria et al., 2001).
Although it is not clear whether the green pepper juice
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had an inhibitory effect on the nitrosation process, or had
an inhibitory effect on the mutagenic activity of the nitro-
sation product. Furthermore, El Hamss showed that bell
peppers and black peppers possessed antimutagenic activ-
ity shown by somatic mutation and recombination assay
using Drosophila at concentrations of bell pepper of 5%
and 10% (w/v) and black peppers of 1% and 2% (w/v)
(El Hamss et al., 2003).

In Asian cuisine, chilies are consumed in several differ-
ent ways such as fresh chili, chili in vinegar or stir fried
chili. These different methods of processing chili have never
been tested to determine antimutagenicity effects. Four
different Thai traditional chili peppers, namely bird pepper,
red chili spur pepper, green bell pepper and sweet pepper
were investigated for their antimutagenicity. Each chili
was prepared to be a raw paste (chili ground in water),
pickled in vinegar or stir-fried in palm oil. The solid and
liquid extract (chili extract) of each sample were tested
for their effect on the mutagenic activity of urethane using
the somatic mutation and recombination test (SMART) of
wing hair of Drosophila melanogaster as an indicator. The
SMART assay is based on induced loss of heterozygosity,
which may occur through various mechanisms, such as
point mutation, deletions, certain types of chromosome
aberrations as well as mitotic recombination and gene con-
version (Graf et al., 1984). It is also well suited to determine
the antimutagenic properties of single compounds or com-
plex mixtures (Negishi et al., 1989; Graf et al., 1998). The
high bioactivation (HB) strain of D. melanogaster used in
this study is characterized by an increased cytochrome
P450-dependent bioactivation capacity for promutagens
and procarcinogens. We also examined whether the activity
of the detoxication enzyme, glutathione transferase, chan-
ged with exposure to the chili samples in the presence
and absence of urethane.

2. Material and methods
2.1. Chemical compounds and media

Ethyl carbamate (Urethane; CAS no. 51-79-6) purchased from Sigma,
was dissolved in distilled water and mixed into the yeast-glucose-agar
Drosophila medium which was slightly modified from the formula of
(Robert, 1986). Reduced glutathione (GSH; CAS no.70-18-8), 1-chloro-
2,4-dinitrobenzene (CAS no. 97-00-7) were purchased from Sigma Com-
pany. Bradford reagent (CAS no. 500-0006) was obtained from Bio-Rad
Laboratories.

2.2. Chili preparation

This study used four types of chili. Three types of chilies were C.
annuum L.; red chili spur pepper (hot pepper), green bell pepper and sweet
pepper (non-hot chili). The fourth type was Capsicum frutescens, that is,
bird chili pepper (hot pepper).

Chilies were purchased from the local market. Pedicles were removed
and the chilies cleaned with tap water several times and soaked in sodium
lauryl ether sulfate 7% (w/w) 20 min to remove adhering contaminants.
Each chili was chopped into pieces and ground in an electrical blender and
freeze dried. After freeze dry processing the chili were ground again in a
blender.
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Ground chili (0.5 g) was mixed with 4.5 ml water (1:9 w/w) or 5%
distilled vinegar , and then added to the medium (corn flour 0.562, sugar
0.45 g, yeast 0.225 g, agar 0 .063 g). For the stir-fried chili in palm oil
sample, ground chili (0.5 g) was stir-fried with palm oil 1.5 g (1:3 w/w) and
mixed with medium.

Ground chili was suspended in water or vinegar (1:9 w/w) and then was
further processed using a polytron homogenizer. The homogenate was fil-
tered through Whatman paper No. 54 to obtain soluble fraction and
residual fiber. The stir-fried chili in palm oil (1:3 w/w), after grinding, was
extracted with 2 ml hexane and then filtered through cotton mesh and
Whatman paper and dried under nitrogen gas. Chili extract (water extract,
vinegar extract and oil extract) was diluted by adding the equivalent weight
of chili extract to water (or vinegar) (1:1) and then mixed with medium.

2.3. D. melanogaster strains and crosses

Two strains of D. melanogaster were used. Virgin Females of ORR/
ORR;fir/In (3LR) TM3, ri p” sep 1(3) 89A4a bx** e B&, Ser were crossed
with males of mwh/mwh. Both strains were obtained from the Institute of
Toxicology, Swiss Federal Institute of Technology and University of
Zurich.

2.4. Somatic mutation and recombination test (SMART assay)

The Virgin ORR;flr3 females and mwh males were mated on the
standard medium. Six days after mating, the 3-day-old larvae were
transferred in equal batches to experimental medium (chili control), the
experimental medium containing 20 mM urethane (test model), standard
medium (negative control) and standard medium containing 20 mM ure-
thane (positive control). The surviving adult flies were collected on days 7—
10 after pupation. Only the insects bearing the marker trans-heterozygous
(mwh+/+£r%) indicated by round wings were stored in 70% ethanol.
Subsequently, the wings were removed, mounted and scored by using a
compound microscope for observation of the wing spots (Graf et al., 1984;
Graf et al., 1989; Graf et al., 1994).

2.5. Co-treatment

Three day old larvae were transferred to a tube with Drosophila
medium that contained one of the 3 different processed forms of each chili.
Three different processed forms of each chili, urethane and each processed
chili with urethane were used for chronic larval feeding. For negative
controls, the larvae were transferred into medium prepared with distilled
water, or 5% distilled vinegar, or palm oil.

2.6. Pre-treatment

The flies were mated on the experimental medium. Six days after
mating, the 3-day-old larvae were transferred in equal batches to either
experimental medium containing 20 mM urethane or the experimental
medium without urethane as sample control. Negative and positive con-
trols were conducted similarly to those in co-administration study. The
surviving adult flies were collected on days 10-12 after pupation.

2.7. Data evaluation and statistical analysis

To obtain a statistical assessment of antimutagenicity, the frequencies
of total spots per wing were compared in pairs (that is, urethane alone
versus urethane plus each chili; urethane plus each chili versus urethane
plus each chili) using the non-parametric Mann-Whitney U-test (Frei and
Wurgler, 1995). Level of significance was set for p <0.05. To allow a
quantitative comparison, the percentage of inhibition was determined for
each category of spot. The percentage of inhibition was also calculated as
following 100(a — b)/a where a is the frequency of spots induced by
urethane alone and b the frequency of spots induced by urethane in the
presence of chili (Abraham, 1994).
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2.8. Assay of glutathione transferase activity

All subsequent preparation procedures were carried out below 4 °C.
Larvae were ground in 0.2 M phosphate buffer, pH 6.5 at the ratio of 0.5 g
per 0.5 ml buffer with a glass rod. The homogenate was centrifuged at
15,000 g. for 10 min. The supernatant was diluted immediately (1:5) with
0.1 M phosphate buffer before assaying glutathione transferase activity.
This assay is based on the reaction between 1 mM 1-chloro-2,4-dinitro-
benzene and 10 mM glutathione in 0.1 M sodium phosphate buffer, pH 6.5
(Habig et al., 1974). Protein concentration was determined by the
Bradford method (Bradford, 1976) using the Bio-Rad Laboratories
(Hercules, CA, USA) protein reagent with bovine serum albumin as
standard protein.

3. Result

The ground chili pastes (ground chili in water, in vinegar
and in oil) as well as each chili extract were not toxic in 48 h
larval feeding. The frequency of total spots per wing
recorded in these sample controls was 0.00-0.15 (data not
shown). In the negative control series (water, vinegar and

Table 1
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oil) the frequency of spots was within the range of
0.12— 0.35 (Tables 1-6). The data given in Tables 1-6 dem-
onstrate that the different processing were not equally effec-
tive in significantly reducing the mutagenicity of urethane.
In the pre-treatment experiments, each of the chili showed
a broad but differing range of effectiveness with bird pepper
(3-95%), red chili spur pepper (17-82%), green bell pepper
(8-31%) and sweet pepper (24-54%). In general the differ-
ent processing, when effective, significantly reduced not
only the total spot frequency but also the twin spot
frequency. Single spots are produced either by mitotic
recombination or by somatic mutation, deletion or other
changes. Twin spots are produced exclusively by mitotic
recombination occurring between the proximal marker fir
and the centromere.

Hot chili pepper (bird pepper; C. frutescens) in oil
extract reduced mutagenicity more than green bell pepper
or sweet pepper (C. annuum) in both pre-treatment and
co-treatment (Fig. 1). However, sweet pepper gave greater

Inhibitory effect of ground chili in water on 20 mM urethane induced mutagenicity in pre-treatment

Pre-treatment study of ground

Frequency of spots per wing (number of spots from 40 wings)"

% Inhibition

chili in water

Small single Large single Twin spots Total spots

spots (1-2 cells) spots (>2 cells)
Water control 0.33 (13) 0.03 (1) 0.00 (0) 0.35 (14)
Urethane (URE) 5.58 (223)* 1.85 (74)* 1.35 (54)* 8.78 (351)*
Bird pepper + URE 3.73 (149)° 143 (57)* 1.15 (46)2° 6.30 (252)° 28
Red chili spur pepper + URE 3.98 (159)® 1.83 (73)* 1.33 (53)* 7.13 (285)° 19
Green bell pepper + URE 3.90 (156)° 1.55 (62)* 1.20 (48)* 6.65 (266)°° 24
Sweet pepper + URE 4.08 (163)° 1.63 (65) 0.95 (38)° 6.65 (266)°° 24

* Within a column different superscripts are significantly different at p < 0.05.

Table 2

Inhibitory effect of ground chili in vinegar on 20 mM urethane induced mutagenicity in pre-treatment

Pre-treatment study of ground

Frequency of spots per wing (number of spots from 40 wings)"

% Inhibition

chili in vinegar

Small single spots Large single Twin spots Total spots

(1-2 cells) spots (>2 cells)
Vinegar control 0.18 (7) 0.00 (0) 0.00 (0) 0.18 (7)
Urethane (URE) 5.00 (200) 1.53 (61) 1.13 (45)° 7.65 (306)*
Bird pepper + URE 3.15 (126)%¢ 1.05 (42)° 0.50 (20)° 470 (188)° 39
Red chili spur pepper + URE 3.00 (120)° 1.00 (40)° 0.50 (20)" 4.50 (180)° 41
Green bell pepper + URE 3.48 (139)® 1.15 (46)° 0.63 (25)° 5.25 (210)® 31
Sweet pepper + URE 2.83 (113)° 0.63 (25)° 0.28 (1) 3.73 (149)¢ 51

* Within a column different superscripts are significantly different at p < 0.05.

Table 3

Inhibitory effect of ground chili in oil on 20 mM urethane induced mutagenicity in pre-treatment

Pre-treatment study of ground

Frequency of spots per wing (number of spots from 40 wings)”

% Inhibition

chili in oil

Small single Large single Twin spots Total spots

spots (1-2 cells) spots (>2cells)
0il control 0.10 4) 0.02 1) 0.00 (0) 0.12 (5)
Urethane (URE) 4.88 (195) 1.65 (66)* 1.18 477 7.70 (308)*
Bird pepper + URE 0.90 (36)¢ 0.23 9)¢ 0.10 4y 1.23 (49)° 84
Red chili spur pepper + URE 2.98 (119 0.80 (32)° 0.43 (17)° 4.20 (168)° 45
Green bell pepper + URE 3.68 (147)® 1.60 (64) 1.10 (44) 6.38 (255)° 17
Sweet pepper + URE 2.68 (107)° 0.55 (22)° 0.33 (13)® 3.55 (142)¢ 54

* Within a column different superscripts are significantly different at p < %065
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Inhibitory effect of water extract on 20 mM urethane induced mutagenicity in pre-treatment

Pre-treatment study of water

Frequency of spots per wing (number of spots from 40 wings)”

% Inhibition

extract of each chili

Small single Large single Twin spots Total spots

spots (1-2 cells) spots (>2 cells)
Water control 0.22 9) 0.02 (1) 0.00 (0) 0.25 (10)
Urethane (URE) 5.50 (220)* 2.13 (85)* 1.55 (62)* 9.18 (367)*
Bird pepper + URE 2.55 (102)¢ 0.90 (36)¢ 0.78 (31)° 4.23 (169)¢ 54
Red chili spur pepper + URE 3.08 (123)° 1.28 (51)° 0.85 (34)° 5.20 (208)° 43
Green bell pepper + URE 4.48 (179)° 1.55 (62)° 0.93 (37)° 6.95 (278)° 24
Sweet pepper + URE 4.43 (177)° 1.50 (60)> 1.03 (41)° 6.95 (278)° 24

* Within a column different superscripts are significantly different at p < 0.05.

Table 5
Inhibitory effect of vinegar extract on 20 mM urethane induced mutagenicity in pre-treatment
Pre-treatment study of vinegar Frequency of spots per wing (number of spots from 40 wings)” % Inhibition
extract of each chili Small single Large single Twin spots Total spots

spots (1-2 cells) spots (>2 cells)
Vinegar control 0.22 9) 0.00 (0) 0.00 (0) 0.22 9)
Urethane (URE) 6.15 (246)* 2.15 (86)* 1.35 (54)* 9.65 (386)*
Bird pepper + URE 5.90 (236) 2.10 (84)*° 1.35 (54) 9.35 (374)° 3
Red chili spur pepper + URE 478 (191)° 2.15 (86)*° 1.08 (43)™ 8.00 (320)° 17
Green bell pepper + URE 5.63 (225)° 1.98 (79)*° 1.28 (51) 8.88 (355)° 8
Sweet pepper + URE 3.53 (141)° 1.73 (69)° 1.03 (41)° 6.28 (251)¢ 35

* Within a column different superscripts are significantly different at p < 0.05.

Table 6
Inhibitory effect of oil extract on 20 mM urethane induced mutagenicity in pre-treatment
Pre-treatment study of oil Frequency of spots per wing (number of spots from 40 wings)” % Inhibition
extract of each chili Small single spots Large single Twin spots Total spots

(1-2 cells) spots (>2 cells)
Oil control 0.10 4 0.05 2) 0.00 (0) 0.15 (6)
Urethane (URE) 4.38 (175)* 1.68 (67)* 1.13 (45)* 7.18 (287)*
Bird pepper + URE 0.30 (12)° 0.08 (3)4 0.00 (0)¢ 0.38 (15 95
Red chili spur pepper + URE 0.90 (36)¢ 0.28 (11)° 0.10 (4)° 1.28 (51)° 82
Green bell pepper + URE 3.58 (143)° 1.43 (57) 0.75 (30)° 5.75 (230)° 20
Sweet pepper + URE 2.55 (102)° 0.68 (27)° 0.45 (18)° 3.68 (147)° 49

* Within a column different superscripts are significantly different at p < 0.05.

inhibition of mutagenicity than green bell pepper in all pro-
cessing (Fig. 1c and d). In general, oil extracts of the chili
showed greater antimutagenicity than the vinegar or water
extracts in the co-treatment study (Fig. 1).

To determine whether glutathione transferase is
involved in antimutagenicity of the chili two chili treatment
groups showing the greatest effects were selected to assay
glutathione transferase activity. No significant change in
glutathione transferase activity was observed. This suggests
that glutathione transferase is not involved in the
antimutagenicity.

4. Discussion

This project was to compare the antimutagenic proper-
ties of various chili processed in several ways. The process-

used for chili in human diet. The antimutagenic properties
were evaluated in the Drosophila wing spot test (SMART);
using chili as a protective agent against genotoxic effects
induced by urethane, which is a promutagen requiring met-
abolic activation. The results show the specific chili as well
as the method of processing influence the observed antimu-
tagenic properties against urcthane. The genotoxicity of
urethane and the reactive metabolites have been investi-
gated in a variety of test systems or organisms, such as
bacteria, yeast, mammalian cells, Drosophila, and rodents
(Mirvish, 1996; Mirvish, 1968; Zimmerli and Schlatter,
1991; Giri, 1995; Ballering et al., 1996). The high bioactiva-
tion (HB) D. melanogaster strain used in the present study
is highly sensitive to the genotoxic effects of urethane
because of its high constitutive level of cytochrome P-450
activity (Frolich and Wurgler, 1990; Graf and van Schaik,

ing methods employed were chosen to mimic the processin%7 1992). Hence, it represents an extreme state of genetic
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Fig. 1. Co-treatment and pre-treatment effects with four kinds of chili (bird pepper, red chili spur pepper, green bell pepper, and sweet pepper) on the
mutagenicity of urethane in D. melanogaster. The experimental medium consisted of ground chili mixed with (1:9 w/w) water or 5% distilled vinegar and
then added to the medium. For the stir-fried chili in palm oil sample, ground chili was stir-fried with palm oil (1:3 w/w) and mixed with medium. Chili
extract (water, vinegar, oil) was the soluble fraction from extraction of the ground chili in water, in vinegar and in oil samples. Larvae of 72 h were exposed
to experimental medium containing 20 mM urethane (co-treatment). For pre-treatment, the tester strain flies were mated on the experimental medium and
then transferred in the experimental medium containing 20 mM urethane. The values beside the bars in the plots are percent inhibition of urethane
mutagenicity. The significantly different (p < 0.05) values are indicated with an *. The inhibition of urethane mutagenicity by experimental medium which
was calculated as follows: (genotoxin alone-genotoxin plus chili treatment/genotoxin alone) x 100.

susceptibility to urethane. The pathway of activation of
urethane is thought to involve two steps, both catalyzed
by the cytochrome P-450 CYP 2El; these steps are desatu-
ration or urethane to vinyl carbamate, followed by oxida-
tion to vinyl carbamate epoxide (Guengerich et al., 1991).
The metabolic activation of urethane to DNA binding
metabolites also involves cytochrome P-450 dependent
enzyme activities in D. melanogaster. Urethane is found
in very small quantities in several fermented foods and bev-
erages such as stone-fruit brandies, sherries and table wines
(Schlatter and Lutz, 1990; Stoewsand et al., 1991). This has
evoked interest in carrying out investigations to identify
chili pepper that can inhibit the carcinogenic effects of
urethane.

Although to different extents, the chilies studied
reduced all types of mutations induced by urethane. The
differences in antimutagenic effect suggest that the mixture
of anti- mutagenic compounds varied among the tested
chilies. Moreover, the extraction of the available antimu-
tagenic compounds occurred with different efficiencies
depending on the chili processing method employed. In
addition the treatment condition, co- or pre-treatment,
also impacted upon the chili antimutagenic affects. This
suggests that some of the components either must
undergo some sort of ‘activation’” or must induce or

activate a biological pathway in vivo. This of course does
not exclude the concept that some of these components
may also react directly with the electrophilic mutagens.
Thus the reduction in mutated cells produced by co-treat-
ment and pre-treatment suggest that both direct and indi-
rect protective mechanisms are involved in countering
urethane-induced mutagenesis.

One of the possible antimutagenic components found in
peppers are carotenoids. These compounds isolated from
the fruits of red paprika (C. annuum L.) exhibit potent anti-
tumor-promoting activity in vivo and in vitro (Maoka
et al., 2001). Peppers are also important sources of carote-
noids, mainly p-carotene followed by o-carotene and
B-cryptoxanthin (Mejia et al., 1988). Extracts from bell
pepper were found to give 87%, 79% and 73% inhibition
on l-nitropyrene; 1,6-dinitropyrene and 1,8-dinitropyrene
mutagenicity, respectively (Gonzalez de Mejia et al.,
1998). Antioxidants such as a- or B-carotene, xanthophylls
and retinoid have been reported to inhibit some types of
cancers (Hayatsu et al., 1988; Gross, 1991). These constit-
uents also appear to inhibit a large number of mutagens in
different test systems (Edenharder et al., 1998; Bianchi
et al., 1996; Arriaga-Alba et al., 2000).

Capsaicin is the most pungent of the group of com-
pounds called capsaicinoids that can be isolated from chili
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peppers and also are sparingly soluble in water, but very
soluble in fats. Hydrophobic compounds like capsaicin,
analogs of capsaicin, and B-carotene would be found in
chili extracts at higher concentrations in oil compared to
a water extract. Green bell pepper showed the least inhibi-
tion of genotoxicity for all processed chili in both co-treat-
ment and pre-treatment experiments. The hot chili peppers
(bird pepper, red chili spur pepper) showed greater inhibi-
tion of genotoxicity. The capsaicin content is greater in the
Thai peppers (50,000-100,000 Scoville unit) than the bell
peppers (zero Scoville units) (Prapanoppasin and Sukpra-
kan, personal communication). Capsaicin has been shown
to inhibit the mutagenicity and/or tumorigenicity of vinyl
carbamate, a metabolite of urethane activated by cyto-
chrome P450 2E1 (Surh et al., 1995). This result agreed
with previous reports that capsaicin inhibited rodent
CYP2E1 activity in vitro (Surh et al., 1995) and dihydro-
capsaicin, the saturated analogue of capsaicin, is a suicide
or  mechanism-based  inhibitor = of  cytochrome
P4502E1(CYP2E1) (Gannett et al., 1990).

In this study, we investigated the possible role of gluta-
thione transferase in detoxication of urethane. The results
suggested that glutathione transferase is not involved in
antimutagenicity of chili. A similar effect was observed in
male Swiss albino mice with aqueous extracts of spices (cin-
namon, pepper, cumin, clove and cardamom) against the
mutagenicity of urethane (Abraham et al., 1998). These
extracts did not exert any significant effect on glutathione
transferase activity. The chili may exert their antigenotoxic
effect on urethane through inhibition of the cytochrome
P-450 enzymes responsible for bio-activation of ure-
thane. This has been reported previously where capsaicin
pre-treatment gave a small but statistically significant inhi-
bition of CYP1A2 activity which correlated with its anti-
mutagenic activity against selected heterocyclic amine
(Teel et al., 1997).

5. Conclusion

In conclusion, our study has shown that four types of
chili, ground into a paste (with water, vinegar or oil) or
equivalent extracts of each chili inhibit the genotoxic effects
of urethane. Several commonly used food processing meth-
ods for chilies differentially extracted the antimutagenic
chili components. This suggests each chili contains a
unique complex mixture of many antimutagens. Co-treat-
ment and pre-treatment experiments showed that both
direct and indirect protective mechanisms are involved in
an ‘activation’ process to give antimutagenesis effects. An
association between antigenotoxicity and glutathione
transferase activity could not be established.
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AsstracT: The coding sequences of a wild type glutathione transferase (GST) Epsilon 4 and three isoenzymes
were obtained by RT-PCR from a Thai malaria mosquito, Anopheles dirus. After confirmation by sequencing,
the RT-PCR products were subcloned into an expression vector and proteins were expressed, purified, and
biochemically characterized to study the function of these enzymes and for comparison with two orthologs
from An. gambiae (agGSTE4-4) and Aedes aegypti (aaGSTE4-4). The results showed that An. dirus GST
Epsilon 4 (adGSTE4-4) shares more than 85% amino acid sequence similarity with agGSTE4-4 and aaGSTE4-
4. However, ad GSTE4-4 possesses a greater catalytic efficiency (k /K ) for 1-chloro-2,4-dinitrobenzene as
well as greater activities for several other substrates compared with agGSTE4-4 and aaGSTE4-4. Moreover,
adGSTE4-4 enzyme possesses peroxidase and DDT dehydrochlorinase activities while these activities were
not observed for agGSTE4-4. In addition, ad GSTE4-4 binds two pyrethroid insecticides (permethrin and 1-
cyhalothrin) with a relatively high affinity. We conclude that ad GSTE4-4, unlike agGSTE4-4, can contribute
to DDT resistance by DDT dehydrochlorinase activity as well as to pyrethroid resistance by sequestration and
protection against oxidation from secondary pyrethroid metabolites via its peroxidase activity.

Kevworps: Glutathione transferase; Epsilon class; Anopheles dirus; DDT dehydrochlorinase; pyrethroid

insecticide.

INTRODUCTION

Glutathione transferases (GSTs: E.C. 2.5.1.18) are
a diverse family of multifunctional enzymes that play
roles in metabolism, transportation, xenobiotic
compound detoxification, and cell mediation against
oxidative stress'. They are found in almost all living
organisms and catalyze a conjugation reaction by
transferring the thiol group of reduced glutathione
(GSH) to an electrophilic substrate, making the resultant
products more water soluble and excretable. GSTs are
composed of two subunits and each subunit consists
of two domains containing a highly conserved
glutathione bindingsite (or G site) and a hydrophobic
substrate binding site (or Hsite). Currently, more than
40 GST genes have been detected and grouped into at
least 13 different classes'?. Generally, the intra-class
GSTs have greater than 40% amino acid sequence
identity whereas the inter-class GSTs have amino acid
sequence identity less than 30%°. The insect GSTs are
of particular interest because they have the potential
to confer resistance to all major groups of insecticides.
GST-based resistance has been detected by elevated
levels of GST activity in strains of insects resistant to

organophosphates®, organochlorines’, and
pyrethroids®. The mechanisms that GSTs use to detoxify
insecticides are direct metabolism of insecticides or
the secondary products, prevention of the oxidative
damage induced by insecticide and sequestration’.
Recently, the complete genome of Anopheles gambiae
(an African malaria mosquito) was obtained and GST
genes in this species have been annotated into at least
sixdifferent classes (namely Theta, Sigma, Zeta, Omega,
Delta, and Epsilon). Two insect specific classes, Delta
and Epsilon, encode two-thirds of the An. gambiae
cytosolic GSTs?. Moreover, a cluster of eight insect-
specific epsilon class GSTs (gstel - gste8) have been
identified and co-localized with a DDT resistance locus,
rtd1, on polytene chromosome arm 3R division 33B°®.
Inaddition, a quantitative PCR assay showed five of the
eightepsilon GSTs (namely gstel, gste2, gste3, gste4, and
gste7) are expressed at significantly greater levelsin the
DDT resistant strain?®. Earlier studies had shown that
GSTE2-2 was very efficient at metabolizing DDT,
GSTE1-1possessed peroxidase activity whereas GSTE4-
4 and GSTE8-8 had no detectable DDT
dehydrochlorinase or peroxidase activities®. In our
laboratory, we are interested in Epsilon class GSTs in
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the malaria mosquito, Anopheles dirus. Malaria isamajor
public health problem in Thailand, resulting in 325
reported deaths and 37,335 cases in 2003'.
Furthermore, a comparison between the genomes of
An. dirus and An. gambiae showed that the two
Anopheline species possess a similar pattern of GST
isoenzymes, although the individual enzymes differ
significantly at the functional level'!. For example, when
comparing the equivalent alternatively spliced GSTs
from An. dirus GSTIASI and An. gambiae GST1a, the
amino acid sequence identities forad GSTD1-1 versus
agGSTD1-6, and adGSTD3-3 versus agGSTD1-5 are
93% and 92%, respectively'?, but the catalytic
efficiencies toward 1-chloro-2,4-dinitrobenzene
(CDNB) are 16.5-fold and 1.5-fold different,
respectively’”'*. Despite the high level of sequence
identity between GST enzymes from An. dirus and An.
gambiae, the enzymes display different kinetic properties
and substrate specificities that may lead to differences
at the functional level. The aim of this study was to
obtain and characterize Epsilon GSTs from the Thai
malaria vector, An. dirus. To be in alignment with a
proposed universal GST nomenclature the enzyme
reported here was named adGSTE4-4 (in insect GST
nomenclature, “E” refers to the Epsilon classand “4-4”
refers to the homodimeric isoenzyme'?). Here we
report the amino acid sequences of GST Epsilon 4
(adGSTE4-4) enzyme and three variant isoenzymes
from An. dirus, and compare with the orthologous
enzymes from An. gambiae and Aedes aegypti.

MATERIALS AND METHODS

Mosquito Strain

An Anopheles dirus B colony established at the
Department of Parasitology, Faculty of Medicine, Chiang
Mai University, was used in this study. The colony was
identified on the basis of its morphological and
chromosomal characteristics'®.

RT-PCR and cDNA Sequencing of An. dirus gste4
Total RNA was extracted from 0.1 g of fourth instar
larvae of An. dirus using TRI reagent (SIGMA, USA),
according to the manufacturer’s instructions. Then
mRNA was reverse transcribed into cDNA using
ImProm-II"™ Reverse Transcriptase (Promega, USA)
and oligo(dT) primer (5'-CGGTCGACATATG(dT) -3"
following the instructions from Promega. PCR used
cDNA as a template, a 5' primer started at ATG codon
based on An. gambiae gste4 sequence (5'-ATGCCGA
ACATCAAGCTGTAC-3",a3'oligo(dT) primer, and Taq
DNA Polymerase (Promega, USA). PCR (consisted of
35 cyclesof94°Cfor 105, 55°Cfor 30s, 72°Cfor 1 min)
was performed in a Perkin—Elmer thermocycler (USA).
Then RT-PCR product was directly sequenced in both
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directions usinga Bigdye™ terminator cycle sequencing
kit (Perkin Elmer, USA). Multiple alignments of
nucleotide sequences and translated amino acid
sequences were analyzed using the ClustalX program.

5'Rapid Amplification of cDNA Ends (RACE) of
An. dirus gste4

To determine 5' amino acid sequence identity of An.
dirus gste, 5' RACE was performed according to the 5'
RACE System for Rapid Amplification of cDNA Ends,
Version 2.0 instruction manual (GIBCO BRL, USA).
Total RNA was extracted and reverse transcribed into
cDNA as previously described using adgste4 gene specific
primer 1 (5'-ATTCGT CGCCGCATAGTAGGG-3") to
obtain full-length An. dirus gste4 coding sequence.

Cloning, Expression and Purification of An. dirus
gste4

Full-length coding region of An. dirus gste4 was
amplified by RT-PCRas described above using Tag DNA
Polymerase, 3' primer containing BamHI site (5'-
GCGGATCCTCACTTTGCTTTAGCACGGTTC-3),and
two different 5' primers containing BamHI site (5'-
AAACCCATGGATCCATGCCGAA CATCAAGCTG-3")
or Ndelsite (5'-CGCATATGCCAAACATTAAGCTGTA
CACGG-3"). These two RT-PCR products were
subcloned into two different sites (BamHI site or Ndel—
BamHlI site) of the pET3a expression vector (Novagen,
USA) to generate ad GSTE4-4 enzymes with or without
a T7tag on the N-terminus, respectively. Then
recombinant plasmids were analyzed by restriction
digestion, sequenced and transformed into E. coli
BL21(DE3)pLysS. Proteins were expressed as
previously described'” and soluble target proteins were
purified using cation exchange chromatography using
a SP-XL column, followed by hydrophobic interaction
chromatography using a HiTrap Phenyl Sepharose
column (Amersham Biosciences, USA). The SP-XL
column was equilibrated with 50 mM phosphate buffer
pH 7andlysate wasapplied to the column. Thead GSTE4-
4 enzymes did not bind to the SP-XL column, so flow-
through was collected and NaCl added to a final
concentration of 3 M before loading to a HiTrap Phenyl
Sepharose column pre-equilibrated with 50 mM
phosphate buffer, pH 7, containing 3 M NaCl. Protein
was eluted with alinear gradient from 2 - 0.75 M NaCl
in 50 mM phosphate buffer, pH 7, containing 10 mM
dithiothreitol (DTT). The major activity ofad GSTE4-4
enzymes were eluted in 50 mM phosphate buffer, pH
7, containing 1 or 0.75M NaCl. Purified enzymes were
concentrated and desalted by Hitrap desalting columns
(Amersham Biosciences, USA) as previously
described'®. GSTs were observed to be homogenous by
SDS-PAGE. The enzymes were stored in 50 mM
phosphate buffer, pH 6.5, 10 mM DTT, 50% (v/v)
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glycerol at -20°C. Protein concentrations were
determined by Bio-Rad protein reagent (Bio-Rad) with
bovine serum albumin as standard protein'’.

Enzyme Characterization

Steady-state kinetics were performed by varying
concentrations of 1-chloro-2,4-dinitrobenzene
(CDNB) and glutathione (GSH) in 0.1 M phosphate
buffer,pH 6.5, as previously described to obtain kinetic
parameters, k ,K andk /K of wild type adGSTE4-
4 and variant enzymes '7. Substrate specificity of the
enzymes were determined as previously described with
five different substrates; CDNB, 1,2-dichloro-4-
nitrobenzene (DCNB), ethacrynic acid (EA), p-
nitrophenethyl bromide (PNPB) and p-nitrobenzyl
chloride (PNBC)'". A thermal stability assay was
performed to determine halflife of wild type and variant
enzymes by incubating enzymes (1 mg/ml in 0.1 M
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potassium phosphate, pH 6.5, containing 5 mM DTT
and 1 mM EDTA) at 45°C and enzyme aliquots were
assayed for activity at different time-points as previously
described'’. Insecticide K experiments for permethrin
and A-cyhalothrin (SUPELCO, USA) were performed
by varying CDNB concentrations with 30 mM GSH in
the presence and absence of the pyrethroid insecticides.
The initial rate of reaction was used to construct a
doublereciprocal plot, 1/Vversus 1/S,and the inhibition
constant (K) was determined as previously
described®**. Peroxidase activities of wild type and
variant enzymes were determined at 340 nm by coupling
the reduction of cumene hydroperoxide (CHP) to the
oxidation of NADPH by oxidized GSH with glutathione
reductase as previously described?’. DDT
dehydrochlorinase activity was determined by
conversion of DDT to 1,1-dichloro-2,2-bis-(p-
chlorophenyl)ethane (DDE) detected by high-

* 20 *
adGSTE4-4 WT
: 79
adGSTE4-4 Prol4lLeu :
: 79
adGSTE4-4 Glud44Lys :
: 79
adGSTE4-4 Ilel31Thr:
: 79
agGSTE4-4
: 79
aaGSTE4-4
: 80
adGSTD3-3
: 76

* 100
adGSTE4-4 WT
: 155

: 155
: 155
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agGSTE4-4
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aaGSTE4-4
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* 180
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: G--ADDSLYPSDAVTRSKVNAALHFDSGVLFARLREFYLEPILYYGSTETPQEKIDNLYRAYELLNATLVD--DYIVGSRL
adGSTE4-4 Prol4Lel @ == ittt ennenenennns

adGSTE4-4 Glud4LysS & == ittt ittt enneennas

adGSTE4-4 Ilel31Thr: == ittt ittt

adGSTD3-3 : .—-K..K...K.PQK.AV..QR.Y..M.T..Q.FAD.YY.Q..AKQPAN-A.NEKK.KD.VDF..-.F..GHK..A.DS.

: TLADLSCVASIASMHAIFPIDAGKYPKLLAWVERIAKLPYYAATNQAGAEELAQLYHAKLAENRAKAK : 223
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Fig 1. Amino acid sequence alignment of An. dirus GSTE4-4 wild type (adGSTE4-4 WT) and variants (Prol4Leu, Glu44Lys, and
1le131Thr), An. gambiae GSTE4-4 (agGSTE4-4), Aedes aegypti GSTE4-4 (aaGSTE4-4), and An. dirus GSTD3-3 (adGSTD3-
3). Gaps introduced to maximize sequence similarity are shown by a horizontal dash while a dot represents the same
amino acid. GenBank accession numbers for the sequences are: adGSTE4-4, DQ168030; agGSTE4-4, AY070254;

aaGSTE4-4, AY819709; adGSTD3-3, AF273039.
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Table 1. Substrate specificities, kinetic parameters, and half life of Anopheles dirus and Anopheles gambiae GSTE4-4 enzymes.

adGSTE4-4 adGSTE4-4 adGSTE4-4 adGSTE4-4 adGSTE4-4 agGSTE4-4
WT T7TWT Prol4Leu Glu44Llys 1le131Thr

Substrate specificity
CDNB (pmol/min/mg) 79.95 + 0.81 77.03 + 1.11 143 +0.08 71.21 +3.72 5356 £ 2.71 16.50 = 1.02
DCNB (pmol/min/mg) 0.324 + 0.011 0.462 = 0.011 0.002 + 0.000 0.381 + 0.016 0.276 + 0.0210.070 = 0.010
PNPB (pmol/min/mg) 0.113 + 0.009 0.123 = 0.011 not detected 0.099 + 0.005 0.128 + 0.007 -
PNBC (pmol/min/mg) 0.140 + 0.006 0.133 + 0.008 not detected 0.124 + 0.004 0.134 + 0.001 -
EA (pmol/min/mg) 0.034 + 0.006 0.095 + 0.007 0.007 + 0.002 0.029 + 0.005 0.007 + 0.004 -
CHP (nmol/min/mg) 118.02 + 6.19 not detected 74.90 = 6.46 not detected not detected

DDTase activity (nmol of DDE/mg) 2.56 + 0.32 -

Kinetic parameters
V... (amol/min/mg)

94.83 + 5.06 87.55 + 1.73

- - - not detected

1.65 + 0.04 83.17 + 0.83 69.20 = 1.05 16.30 = 1.59

k, (8D 30.28 36.26 0.69 34.45 28.66 13.74

K for GSH (mM) 453 +1.04 7.15+0.18 1126+ 130 381 +£0.15 512 +021 538 +0.79
k /K _for GSH (S'.mM™") 8.7 5.1 0.06 9 5.6 2.5

K for CDNB (mM) 0.076 + 0.010 0.060 = 0.006 0.144 + 0.017 0.070 = 0.010 0.040 + 0.0040.131 = 0.026
k_/K_for CDNB (S.mM-) 517 604 4.8 492 717 105

K, for permethrin (uM) 66.27 = 2.75 - not inhibited 53.28 = 3.42 669.28 + 27.42 -

K for A-cyhalothrin (uM) 11543 + 15.16 - not inhibited 72.20 = 1.66 433.79 = 11.63 -

Half life at 45°C (min) 2148 + 040 1893 + 1.78 32.16 + 2.53 1393 + 0.61 6.97 = 0.85 -

The data are means + standard deviation for at least three separate experiments. ad GSTE4-4 T7WT indicates wild type GSTE4 containing the T7 tag on the N-terminus.

A dash indicates data not determined.

For substrate specificity, the concentrations used were: 1 mM CDNB (1-chloro-2,4-dinitrobenzene); 1 mM DCNB (1,2-dichloro-4-nitrobenzene); 0.1 mM PNPB (p-nitrophenethyl bromide);
0.1 mM PNBC (p-nitrobenzyl chloride); 0.2 mM EA (ethacrynic acid); and 1 mM CHP (cumene hydroperoxide). An. gambiae data are given for comparison’.

performance liquid chromatography as described
previously®’.

ResuLts

Cloning, Expression and Purification of ad GSTE4-
4 Enzymes

The full-length coding sequence of An. dirus gste4
contains 672 bp translated to give a polypeptide 0of 223
amino acids which is the same length as Aedes aegypti
gste4*> but two amino acids less than An. gambiae gste4”.
A comparison of An. dirus gste4 with An. gambiae and Ae.
aegypti enzymes shows amino acid sequence identity/
similarity for the enzymes 0f 81%/90% and 74%/85 %,
respectively (Fig. 1). Inthe 52 region An. dirus gste4 had
only two nucleotides differ from An. gambiae gste4
although the same amino acids were still encoded.
However, from 12 full-length sequenced clones of An.
dirus gste4, three clones showed variations in amino
acid sequences; the first (adGSTE4-4 Prol4Leu) had
Prol4 changed to Leu, the second (adGSTE4-4
Glu44Lys) had Glu44 changed to Lys, and the third
(adGSTE4-4 1le131Thr) had Ile131 changed to Thr
(Fig. 1). These variants and wild type adgste4 were
subcloned into the Ndel-BamHI site of pET3aexpression
vector to generate enzymes without a fusion tag.
Additionally awild type adgste4 sequence was subcloned
into the BamHI site of pET3a to generate adGSTE4-4
enzyme with a T7 tag on the N-terminus. This was to

observe the effect of the T7 tag on enzyme properties
and for comparison with An. gambiae GSTE4-4 enzyme
which possessed a T7 tag’. Five adGSTE4-4 enzymes,
wild type with or without T7 tag and three variants
without T7 tag, were expressed as soluble proteins at
highlevels. These enzymes were purified by using cation
exchange chromatography followed by hydrophobic
interaction chromatography, which gave a 3-fold
greater yield for wild type ad GSTE4-4 enzyme without
T7 tag when compared with purification by S-
hexylglutathione affinity chromatography (data not
shown).

Substrate Specificity, Kinetic Properties, and Half
Life Stability of adGSTE4-4 Enzymes

Six GST substrates were used to determine substrate
specificity (Table 1). An. dirus adGSTE4-4 had 5-fold
greater activities for CDNB and DCNB than the An.
gambiae enzyme. Moreover, wild type adGSTE4-4
exhibited peroxidase and DDT dehydrochlorinase
activities whereas these activities for An. gambiae
agGSTE4-4 were undetectable. These results showed
variation in substrate specificities among wild type
adGSTE4-4 with or without T7tag, adGSTE4-4 variants,
and the orthologous enzyme from An. gambiae. The
kinetic property differences between these two
enzymes may originate from either the 14 N-terminus
amino acids (T7tag) of agGSTE4-4 or the 41 amino
acids that are different between agGSTE4-4 and wild
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type adGSTE4-4. However, the kinetic properties
between wild type ad GSTE4-4 with and without T7 tag
were similar, which suggests the T7 taghad little effect
onadGSTE4-4 kinetic properties, supporting the idea
that the enzyme differences originate with the sequence
differences.

When comparing wild type adGSTE4-4 with the
variant enzymes, we observed that adGSTE4-4
Prol4Leuexhibited the lowest enzyme activities for all
substrates tested including a dramatically decreased
catalytic efficiency toward CDNB (107-fold). Thus
Prol4 appeared to have a major impact on enzyme
catalysis. In contrast,ad GSTE4-4 Glu44Lys had similar
kinetic properties to the wild type enzyme. Whereas
adGSTE4-4 Ile131Thr had no detectable peroxidase
activity and showed 5-fold lower activity for EA than
the wild type.

The insecticide inhibition kinetics of permethrin
and A-cyhalothrin were shown to be anon-competitive
inhibitor for two variants (adGSTE4-4 Glu44Lys, and
adGSTE4-4 1le131Thr). However, for wild type
adGSTE4-4 permethrin and A-cyhalothrin were found
tobeanon-competitive inhibitor and mixed inhibitor,
respectively. A comparison of K values for permethrin
and A-cyhalothrin illustrates differences between
various An. dirus enzymes (Table 1), the most notable
one being adGSTE4-4 Prol4Leu which showed no
inhibition with either permethrin or A-cyhalothrin.

The half lives of wild type adGSTE4-4 with and
without T7 tagat 45°C were similar (Table 1). The half-
life ofad GSTE4-4 Prol4Leu increased 1.5-fold whereas
those of adGSTE4-4 Glu44Lys and adGSTE4-4
lle131Thrdecreased 1.5-and 3-fold, respectively, when
compared with the wild type enzyme. These residue
changes therefore showed only small affects on the
structural stability of the enzyme.

DiscussioN

Despite the high degree of sequence identity
between the two orthologous GSTE4-4 enzymes from
An. dirus and An. gambiae, they displayed differencesin
kinetic properties and substrate specificity, especially
for peroxidase and DDT dehydrochlorinase activities
which were only observed for the An. dirus enzyme. In
contrast to An. gambiae agGSTE2-2, agGSTE4-4 and
agGSTES8-8 enzymes, which have undetectable
peroxidase activities, An. dirus adGSTE4-4 possesses
peroxidase activity comparable to the Ae. aegypti
aaGSTE2-2 (0.11 mmol/min/mg), but 88.7-fold greater
activity than agGSTE1-1 from the DDT resistant strain
of An. gambiae (1.33 nmol/min/mg)”**. This peroxidase
activity has been shown to be protective against the
damage caused by lipid peroxidation productsinduced
by exposure to pyrethroid insecticides®. In contrast,
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several GSTs from the DDT resistant strain of An.
gambiae, agGSTE1-1, agGSTE4-4, and agGSTES8-8,
showed no detectable DDT dehydrochlorinase activity
whereas, An. dirus adGSTE4-4 possessed DDT
dehydrochlorinase activity (2.56 nmole of DDE/mg).
However, this enzyme has 1000-fold lower DDT
dehydrochlorinase activity than those of agGSTE2-2
and aaGSTE2-2 from the DDT resistant strains of An.
gambiae (2.77 nmole of DDE/pg) and Ae. aegypti (4.16
nmole DDE/pg), respectively”*. Previously it has been
reported that GST enzymes protect against pyrethroid
toxicity in insects by sequestering the insecticide®. In
the pyrethroid inhibition study, An. dirus GSTE4-4
enzyme was affected by a non-competitive and mixed
type inhibition by permethrin and A-cyhalothrin,
respectively, which demonstrates that both pyrethroids
interacted with the enzyme although not in the active
site. The K value ofad GSTE4-4 for permethrin indicates
that it has similar permethrin binding affinity to An.
dirus Delta class GSTs for which the K values range
from 9 — 53 mM*.

Three variants ofad GSTE4-4 enzymes (Prol4Leu,
Glu44Lys, and Ile131Thr) were also obtained by RT-
PCR. Asno Epsilon GST structure is currently available
we used the structure of adGSTD3-3%* to model the
variant residue positions (Fig. 2). Prol4Leuisnear the
critical active site serine residue involved in thiol
deprotonation of GSH. The Prol4 residue is a highly
conserved active-site residue in Delta, Epsilon, Theta,
and several unclassified GSTsin insects*****, suggesting
its importance for backbone orientation. As proline
causes a kink in the peptide backbone, when changed
to leucine it would therefore change the conformation
of the active site pocket, impacting on substrate
specificity aswell as catalysis. Inaddition, the Pro14Leu
variant enzyme was not inhibited by permethrin or A-
cyhalothrin. It appears that the Prol4Leu variant
enzyme lost the pyrethroid bindingsite due toa change
in the enzyme topology. The second variant enzyme,
containing a Glu44Lys change had the same kinetic
propertiesand permethrin binding affinity as wild type,
but surprisingly had peroxidase activity slightly lower
than the An. dirus wild type enzyme, which was similar
toAe. aegypti GSTE2-2. Glu44Lyshad a 56.3-fold greater
peroxidase activity than agGSTE1-1 from a resistant
strain of An. gambiae®**. Moreover, Glu44Lys variant
enzyme had a 1.6-fold greater A-cyhalothrin binding
affinity when compared to the wild type ad GSTE4-4.
The Glu44 residue is a conserved negative charge
residuein the Epsilon class GSTs?. Itis difficult tointerpret
the contribution of the Glu44 residue to peroxidase
activity and specificity as no Epsilon structure is
currently available. However the model suggests Glu44
isin othelix 2 which is known to be involved in the active
site through GSH binding but also influencing specificity
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of the hydrophobic substrate as well*. In contrast, the
third variant enzyme, Ile131Thrin othelix five, showed
no peroxidase activity and had 10- and 3.7-fold lower
binding affinities to permethrin and A-cyhalothrin,
respectively. The above data suggests one putative
surface site of interaction for the pyrethroids is a
hydrophobic groove consisting of four motifs from
both domains 1 and 2. These four motifs include 1)
residues 32-41 in the loop between B2 sheet and o
helix, 2) the C-terminus of o4 and loop residues between
and including the N-terminus of a.5, 3) the C-terminus
of 06 and 4) the C-terminus of a8. This area would be
affected through structural adjustments brought about
by the residue changes observed in this study.

In conclusion, the Epsilon 4 GST of An. dirus shares
more than 85% amino acid sequence similarity with the
two orthologs from An. gambiae and Ae. aegypti.
However, adGSTE4-4 possesses greater catalytic
efficiency (k /K ) for CDNB as well as greater activity
for several other substrates. In contrast, the An. dirus
adGSTE4-4 enzyme possesses peroxidase and DDT
dehydrochlorinase activities while these activities were
not observed for the An. gambiae enzyme. In addition,
we have shown the An. dirus enzyme binds two
pyrethroid insecticides (permethrin and A—cyhalothrin)

.DProM
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with relatively high affinity. From these results, we
conclude that An. dirus GST Epsilon 4 enzyme can
contribute to DDT resistance by DDT
dehydrochlorinase activity and to pyrethroid insecticide
resistance by sequestration as well as protect against
oxidation from the secondary pyrethroid metabolites
via its peroxidase activity.
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An intersubunit lock-and-key ‘Clasp’ motif in the dimer interface of Delta

class glutathione transferase
Jantana WONGSANTICHON and Albert J. KETTERMAN'

Institute of Molecular Biology and Genetics, Mahidol University, Salaya Campus, 25/25 Phutthamonthol Road 4, Salaya, Nakhon Pathom 73170, Thailand

Structural investigations of a GST (glutathione transferase),
adGSTD4-4, from the malaria vector Anopheles dirus show a
novel lock-and-key ‘Clasp’ motif in the dimer interface of the
Delta class enzyme. This motif also appears to be highly con-
served across several insect GST classes, but differs from a prev-
iously reported mammalian lock-and-key motif. The aromatic
‘key’ residue not only inserts into a hydrophobic pocket,
the ‘lock’, of the neighbouring subunit, but also acts as part
of the ‘lock’ for the other subunit ‘key’. The ‘key’ residues from
both subunits show aromatic ring stacking with each other in a pi—
pi interaction, generating a ‘Clasp’ in the middle of the subunit
interface. Enzyme catalytic and structural characterizations re-
vealed that single amino acid replacements in this ‘Clasp’
motif impacted on catalytic efficiencies, substrate selectivity and
stability. Substitutions to the ‘key’ residue create strong positive

co-operativity for glutathione binding, with a Hill coefficient
approaching 2. The lock-and-key motif in general and especially
the ‘Clasp’ motif with the pi—pi interaction appear to play a
pivotal role in subunit communication between active sites, as
well as in stabilizing the quaternary structure. Evidence of allo-
steric effects suggests an important role for this particular inter-
subunit architecture in regulating catalytic activity through
conformational transitions of subunits. The observation of co-
operativity in the mutants also implies that glutathione ligand
binding and dimerization are linked. Quaternary structural
changes of all mutants suggest that subunit assembly or dimer-
ization basically manipulates subunit communication.

Key words: Anopheles dirus, aromatic ring stacking, glutathione
transferase, lock-and-key, pi—pi interaction, subunit interface.

INTRODUCTION

Glutathione transferases (GST; EC 2.5.1.18) are dimeric enzymes
playing a major role in detoxication mechanisms by nucleophilic
addition of GSH (y-glutamyl-L-cysteinyl-glycine) to the electro-
philic centre of diverse non-polar endogenous and xenobiotic
compounds, rendering them less reactive and more water-soluble
substances [1-4]. Cytosolic GSTs are ubiquitous enzymes found
in all organisms to date. The nomenclature of this enzyme has
now been categorized to contain at least 13 classes, including
seven mammalian classes (Alpha, Mu, Pi, Sigma, Theta, Omega
and Zeta) and six non-mammalian classes (Beta, Delta, Epsilon,
Lambda, Phi and Tau) [4,5]. In addition, members in this enzyme
superfamily are increasing due to the massive growth of genomic
information, which also yields a number of novel unclassified
GSTs [6], a so-called ‘U’ class.

In general, all GSTs adopt the same highly conserved tertiary
structure [2]. A dimeric quaternary structure is thought to be
essential for a fully functional active site, since the active site is
formed by amino acid residues from both subunits. The dimeric
structure also has been shown to be involved in stabilization of
tertiary structures of individual subunits [7], as well as to provide
a non-substrate ligand-binding site at the dimer interface [8.,9].
Studies of equilibrium folding revealed that dimeric formation
of GSTs such as Alpha [10], Pi [11] and Sj26GST [12] has
significant impact on stabilization of subunit tertiary structure,
whereas the dimerization of GSTs such as Sigma [13] and Mu [14]
has less influence on subunit stability, due to the presence of stable
monomeric intermediates in an unfolding/refolding pathway [15].
Therefore, although the overall tertiary structure is conserved,

structural variations occur that generate diversity between the
GST classes.

Structural observations of GSTs demonstrate two distinct
types of intersubunit interactions [3]. The first is a ‘ball-and-
socket’ or so-called ‘lock-and-key’ hydrophobic interaction, in-
volving an aromatic ‘key’ residue from domain I of one subunit
that inserts into several hydrophobic ‘lock’ residues of domain II
in the other subunit. This interaction was reported to be specific
to mammalian Alpha/Mu/Pi classes [16—19]. The second type of
intersubunit interaction is more hydrophilic and lacks the ‘lock-
and-key’ motif, as in Theta/Sigma classes [20,21]. The class-
specific intersubunit interactions result in different interface topo-
logies and contribute to interface specificity. Accordingly, only
subunits with the same interfacing type appear to be compatible
for dimerization.

In the present study, an available refined crystal structure of
adGSTD4-4, an insect Delta class GST from the mosquito malaria
vector Anopheles dirus [22], was investigated for intersubunit
interactions along the dimer interface. The enzyme was previously
reported as adGST1-4 and later renamed to be in concord with
a universal GST nomenclature [23]. This Delta GST was also
observed to possess a lock-and-key motif. However, this lock-
and-key ‘Clasp’ motif is found in the centre of a 2-fold axis.
Therefore the motif appears to be different from those reported
in mammalian Alpha/Mu/Pi classes. A striking characteristic of
this motif involving the ‘key’ residue is that it not only inserts
into a hydrophobic pocket of the neighbouring subunit, but also
itself acts as part of the ‘lock’ for the other subunit ‘key’. In
addition, the ‘key’ residues from both subunits ‘hook around’
each other in an aromatic pi—pi interaction, through slightly offset

Abbreviations used: ANS, 8-anilinonaphthalene-I-sulphonic acid; CDNB, 1-chloro-2,4-dinitrobenzene; CPK, Corey—Pauling—Koltun; DCNB, 1,2-dichloro-
4-nitrobenzene; EA, ethacrynic acid; GST, glutathione transferase; PNBC, p-nitrobenzyl chloride; PNPB, p-nitrophenethyl bromide; TIM, triosephosphate

isomerase.
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aromatic ring stacking, generating a ‘clasp’ in the middle of the
subunit interface. To examine the contribution of the lock-and-key
‘Clasp’ motif to Delta class structure and function, site-directed
mutagenesis was performed to Phe-104 (the ‘key’ residue) and
Val-107 (one of the ‘lock’ residues). Mutant recombinant enzymes
were characterized for both enzymatic and structural properties
by enzyme steady-state kinetics, substrate specificity, thermal
stability, far-UV CD, tryptophan intrinsic fluorescence and fluor-
escent dye binding.

EXPERIMENTAL
Construction of mutants

A pET3a plasmid containing the full coding sequence of the
A. dirus Delta class GST isoform 4, adGSTD4-4 (GenBank®
accession number AF273040), was derived from a previous
study [24]. PCR-based site-directed mutagenesis following the
method of Stratagene Quik Change™ Site-Directed Mutagenesis
kit (Stratagene, La Jolla, CA, U.S.A.) was used to introduce point
mutations to the amino acid 104 or 107 of the wild-type enzyme. A
clone with double mutations at both positions was also generated.
The entire full-length regions encoding all mutant adGSTD4-4
were verified, using BigDye™ terminator cycle sequencing ready
reaction kit version 3.1, at least twice to confirm the absence
of undesirable mutations elsewhere. V107M mutagenic plasmid
was kindly provided by J. Piromjitpong (Institute of Molecular
Biology and Genetics, Mahidol University).

Protein expression and purification

Wild-type adGSTD4-4 and mutants were expressed in Escheri-
chia coli BL21(DE3)pLysS as previously described [24]. The
temperature of 25°C was used during protein expression under
0.1 mM isopropyl B-D-thiogalactoside induction. Cells were
harvested by centrifugation at 5000 g for 10 min. The cell pellet
was treated with lysozyme to a final concentration of 0.4 mg/ml
and then incubated on ice for 20 min. Cell lysate was additionally
disrupted by sonication, followed by cell debris separation by
centrifugation at 10000 g for 20 min at 4°C. The soluble re-
combinant GST proteins were purified from the supernatant by
using GSTrap™ FF affinity chromatography (Amersham Bio-
sciences), except for those incapable of binding to the GSH
matrix. In these cases, cation-exchange chromatography by
HiTrap™ SP XL (Amersham Biosciences) and hydrophobic-
interaction chromatography by HiTrap™ phenyl-Sepharose HP
(Amersham Biosciences) were employed. The details of cationic
and hydrophobic chromatography have been previously reported
[25]. Purified recombinant proteins were homogeneous as judged
by SDS/PAGE.

Enzyme characterization and protein assay

Enzyme activity conjugating GSH to the CDNB (1-chloro-
2,4-dinitrobenzene) substrate was determined by monitoring
the increase in absorbance (A) at 340 nm over time using a
SpectraMax® 250 spectrophotometer following a previously de-
scribed method [26]. The dependence of the initial rate on the
substrate concentration was analysed according to the Michaelis—
Menten equation (eqn 1), where V is the initial rate of the reaction,
V max 18 the maximum velocity, [S] is the concentration of substrate
and K, is the substrate concentration that gives the rate of the
reaction equal to one-half of V ,,,:

V/Viax = [S1/(Kw 4 [SD

© 2006 Biochemical Society

The values for the kinetic parameters (K, and V) were cal-
culated by using GraphPad Prism® 4 software, version 4.01.
The steady-state kinetics and substrate-specificity studies were
performed as described previously [24]. Five different hydro-
phobic electrophilic compounds were used in a substrate-
specificity study. The results shown are means £ S.D. for at
least three independent experiments. Protein concentration was
determined by the Bradford method [27] using the Bio-Rad
Laboratories (Hercules, CA, U.S.A.) protein reagent with BSA
as the standard protein.

With evidence of co-operativity upon GSH binding, demon-
strated by a sigmoidal curve instead of a hyperbolic curve on a
Michaelis—Menten plot, a Hill equation (eqn 2) was used to fit
the experimental kinetic data on the plot. K5 is the substrate
concentration that gives the rate of reaction at one-half of V,,,
similar to the K, value for non-co-operative binding (A= 1):

Y =V / Vi = [SI"/(Kos + [S]") ()
log[Y /(1 = Y)] = hlog[S] — log Ko 3

A sigmoidal Hill equation was transformed into a linear rate
equation (eqn 3), where Y is the fractional saturation, /4 is the Hill
coefficient and K5 is an averaged binding constant at ¥ =0.5. A
Hill plot, a plot between log[Y/(1 — Y)] and log[S], was employed
to determine the degree of co-operativity by the slope of the plot
which yields the Hill coefficient (&) [28].

Thermal stability assay

Enzymes derived from the different engineered clones [each at
a concentration of 0.1 and 1 mg/ml in 0.1 M phosphate buffer
(pH 6.5) containing 5 mM dithiothreitol and 1 mM EDTA] were
incubated at 45 °C. Enzymatic activity was measured as a function
of time. An appropriate amount of incubated mixture (adjusted
for the specific activity of each engineered enzyme) was taken
to assay for residual GST activity at various time points ranging
from O to 420 min. The log percentage of original activity was
plotted versus preincubation time. Slopes from linear regression
analysis using GraphPad Prism® 4 software were used for the
half-life calculation [28], t,, = — (0.693/2.3)/Slope.

CD

Far-UV CD measurements were carried out on a Jasco J715
spectropolarimeter. CD spectra of proteins at a concentration of
0.4 mg/ml in 0.1 M phosphate buffer (pH 6.5) with no additives
were measured in a 0.2 cm path length quartz cell at room
temperature (25°C). Spectra were recorded from 190 to 260 nm
with 1 nm steps, averaged over three scans at a scan rate of
50 nm/min and corrected by subtraction of solvent spectra under
identical conditions.

Fluorescence measurements

Both intrinsic and ANS (8-anilinonaphthalene-1-sulphonic acid)
fluorescence emission spectra were carried out on a Jasco
model FP-6300 spectrofluorimeter in a 0.5 cm path length quartz
cell. Excitation and emission bandwidths were kept at 2.5 nm.
Fluorescence spectra of 2 uM enzyme in 0.1 M phosphate buffer
(pH 6.5) with no additives were recorded at room temperature.
All measurements were averaged over three scans at a scanning
speed of 500 nm/min and corrected by subtraction of the solvent
spectra under identical conditions.

Intrinsic fluorescence measurements were performed at an
excitation wavelength of 295nm and the emission spectra

(1)89 were recorded from 300 to 500 nm, whereas ANS fluorescence
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Table 1

The results shown are the means + S.D. for at least three independent experiments.

Steady-state kinetic constants of engineered GSTs compared with adGSTD4-4 (wild-type)

Ky (mM) kea/Kn (MM~ -57)
Enzyme Vinax (emol - min="-mg~") ke (s71) GSH CDNB GSH CDNB
Wild-type 447423 18.60 0.59+0.06 0.73+0.07 31.53 25.49
F104A 233+17 9.67 11.994+0.20 227+0.31 0.85 4.26
F104L 493+18 20.59 3.55+0.40 0.69+0.15 6.32 29.85
F104M 21+19 17.51 221+011 0.82+0.06 10.81 21.36
F104Y 27+12 17.86 6.96+0.31 0.5740.05 2.76 31.34
F104wW 39403 1.63 15.26 +0.54 1494012 0.13 1.09
F104H 18+0.1 0.74 16.97 +1.54 0.79+0.05 0.04 0.94
F104Q 95+04 3.97 15.35+1.21 1.32+0.11 0.29 3.00
F104E 46403 1.91 16.54 +1.34 1.86+0.14 0.12 1.03
F104K 0.17+0.01 0.07 6.62+0.14 0.85+0.13 0.01 0.08
F104A/N107A 153406 6.34 10.06 4+ 0.58 2.07+0.18 0.63 3.06
V107A 50.6+15 21.04 0.73+0.13 0.56 +0.02 28.82 37.57
V107L 46.9+1.7 19.53 0.40+0.03 0.47+0.05 48.83 41.56
V107M 499408 20.89 0.64+0.10 0.79+0.04 32.64 26.44
V107N 372422 15.49 0.45+0.09 0.68+0.09 34.43 22.78
V107D 135404 5.62 1.234+0.16 0.51+0.03 6.32 11.02
V107K 0.29+0.01 0.12 8.88+0.19 0.71+0.05 0.02 017

measurements were at an excitation wavelength of 395 nm and
the emission spectra were recorded from 400 to 600 nm. The final
concentration of 200 uM ANS was homogeneously mixed with
enzyme solutions prior to the measurements.

RESULTS
Protein expression and purification

All recombinant proteins were effectively expressed at compar-
able levels in E. coli as soluble protein with a size of approx.
25 kDa. Generally, adGSTD4-4 was easily purified in a single
chromatographic step using an immobilized GSH affinity chro-
matography column. It was found that the affinity for this matrix
was strongly reduced for many mutants. Therefore an alternative
method of cation-exchange and hydrophobic-interaction chro-
matography was employed. Protein purities from both techniques
proved to be equivalent. All mutants were successfully purified
and subjected to both enzymatic and structural characterizations.

Enzymatic properties
Enzyme kinetics

Steady-state kinetics was performed using CDNB as a co-sub-
strate for GSH conjugation. Mutant recombinant enzymes with
an amino acid substitution at Phe-104 possessed altered catalytic
rates (k.) ranging from approximately wild-type to 266-fold
less than wild-type activity (Table 1). Substitutions with bulky
(F104W) or polar/charged residues (F104H, F104Q, F104E and
F104K) are catalytically unfavourable at position 104, as shown
by a decrease of 5- to 266-fold in k... The binding affinity
towards GSH (K ,°") for all Phe-104 mutants was dramatically
affected in the range of 4-29-fold less than the wild-type.
These decreases in binding affinity were also accompanied by
a change to positive co-operativity for GSH binding. For positive
co-operativity, a sigmoidal curve was obtained from Michaelis—
Menten plots instead of a hyperbolic curve. The degree of co-
operativity as shown by the Hill coefficients illustrates that com-
munication occurs between the active sites (Table 2). The
sigmoidal-shaped curve for GSH binding signifies that the binding

Table 2 Hill coefficients (h) for the binding of GSH substrate

The results shown are the means + S.D. for at least three independent experiments. ANOVA
with Dunnett multiple comparisons test was applied with wild-type enzyme as control.

Enzyme h

Wild-type 1.02+0.14
F104A 1.67 +0.09*
F104L 1.44+0.12*
F104M 1.23+0.08
F104Y 1.73+0.08"
F104W 1.33+0.15*
F104H 2.10+0.05*
F104Q 164+0.11*
F104E 1.99+0.15*
F104K 1.58 +0.05*
F104ANV107A 0.99+0.09
V107A 0.96 +0.07
V107L 0.99+0.14
V107M 0.93+0.09
V107N 0.99+0.11
V107D 13440.13"
V107K 1444011

* Significantly different (P < 0.01).

the protein for that substrate in the neighbouring active site of the
other subunit, reflecting the role of the residue in communication
between subunits to stabilize the GSH binding. In addition, the
binding affinity towards CDNB substrate (K,,“®®) of the Phe-
104 mutants varied slightly as well in the range of 1-3-fold,
which most probably results from structural perturbation within
the active-site pocket.

Amino acid replacements at the position Val-107 demonstrated
that a charged residue substitution would impact upon the catalytic
efficiency of the enzyme by reducing k., and increasing K,,%", in
addition to inducing positive co-operativity for GSH binding.
In contrast, substitutions with polar, uncharged or non-polar
amino acid residues with various sized side chains show little
impact on catalytic properties. Kinetic constants of the double
mutant F104A/V107A also demonstrated that the disruption at

of one molecule of GSH in one active site increases the affinity ofgo the Phe-104 position has a major influence on catalysis, as

© 2006 Biochemical Society



138 J. Wongsantichon and A. J. Ketterman

CDNB

1.0

0.54

Relative activity (fold)

0.0-
F TS TFLFTITISISEE
SSTSSITSTISTSTSSSS
Q«q«q“q««kfa-h.\.;.\.\
k‘\.
PNPB
§1.G
o
:0_8-
2
-
= 0.6
k1]
m
£25
< 0.21 _
o o ddd<d d o k-]
| =4 c € € € C = (=

DCNB

Relative activity (fold)

PNBC
T 10
]
‘-"'-'0.8-
£
>
2 0.6-
]
©
279
3 0.2- ,
P 4 dddgd o °
s e B2 ¢ c c

Relative activity (fold)

Figure 1

Plots of the changes in substrate specificity for engineered GSTs relative to the wild-type enzyme

The change in specific activity of each enzyme for each substrate is shown as fold change relative to the wild-type enzyme. The experiment was performed in triplicate and the results shown are

means + S.D.; n.d., no detectable activity.

shown by the kinetic properties of the single alanine mutations to
either Phe-104 or Val-107. However, this double-mutation enzyme
displayed a different characteristic from F104A by possessing
non-co-operative binding for GSH substrate (Table 2). This
demonstrates that the alanine substitution at Val-107 confers a
different structural arrangement that affects the communication
between subunits.

Substrate specificity

Five different hydrophobic substrates were used to investigate

enzymes (Figure 1). Each engineered GST displayed a different
pattern of substrate specificity. The engineered GSTs with low af-
finity towards GSH (high K,,%") also appeared to possess low
activity towards most hydrophobic substrates tested, including
CDNB. In this regard, the decrease in activity appears to result
from a major disturbance to the G-site (GSH-binding site). This
disturbance produces active-site atom movements as well as
electrostatic field rearrangement, causing substrate orientation to
be in less suitable configurations resulting in catalytic changes.
Interestingly, F104L, F104M and F104Y possess comparable
activity and specificity with the wild-type enzyme towards

the changes in substrate specificities of the mutant recombinanb 1 CDNB, as shown by k. and (k./K.) ™. However, these
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Figure2 Thermal stability of engineered GSTs compared with the wild-type
adGSTD4-4
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Half-life (min)

Half-life determinations were from at least three independent experiments at 45°C. Enzyme
concentrations for heat inactivation are 0.1 and 1 mg/ml respectively. The bar graph represents
mean + S.D. (An asterisk indicates that enzyme activity was undetectable upon heat inactivation,
which precluded half-life determination.)

enzymes displayed higher specific activity with DCNB (1,2-
dichloro-4-nitrobenzene), lower specific activity with PNPB (p-
nitrophenethyl bromide) and PNBC (p-nitrobenzyl chloride), but
a variable activity with EA (ethacrynic acid) as the substrate.
This evidence suggests that the replacement residues in the G-
site Phe-104 position have significant consequences on the H-site
(hydrophobic substrate-binding site) of the enzyme. Therefore
diverse effects on the enzyme activities towards various substrates
demonstrate that the different enzyme—substrate interactions that
occur are affected in distinctly different ways.

The positively charged replacement V107K performed poorly
with all hydrophobic substrates tested, whereas the other mutants
showed variable activity towards the different substrates. The
double mutant F104A/V107A had low specificity for most of
the hydrophobic substrates tested. However, the enzyme demon-
strated EA activity comparable with the wild-type, although no
detectable EA activity was shown by either of the alanine single-
mutation enzymes. Accordingly, the properties of F104A/V107A
are not additive influences of F104A and V107A, but result from
a particular rearrangement of the enzyme active site that occurs
upon packing changes induced by the double mutation.

Structural properties
Enzyme stability

Thermal stability was monitored to demonstrate that amino acid
substitutions at either Phe-104 or Val-107, residues involved in
the lock-and-key ‘Clasp’ motif, have a role in structural stab-
ility of adGSTD4-4 (Figure 2). Most of the mutants showed a con-
centration-dependent thermal stability in which increasing
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Figure 3 Intrinsic fluorescence of engineered GSTs compared with wild-

type adGSTD4-4

F104X, F104W and V107X represent spectra of replacements of (A) Phe-104 with one of the
amino acids in the present study, replacement of Phe-104 with Trp, and (B) replacements of
Val-107 with one of the amino acids in the present study respectively. Fluorescence intensity
was measured in arbitrary units. Additional lines illustrate variation between all the engineered
GSTs.

appeared to undergo structural changes more rapidly at low con-
centrations compared with the wild-type, which displayed similar
stability at both concentrations used. The results suggest that
residue 104 is involved in regulating structural integrity of the
enzyme, while substitutions to residue 107 appeared to enhance
structural maintenance as shown by an increase in half-life.

CD

CD was used to monitor for protein secondary-structure dis-
ruption. The ellipticity spectra measured for the Phe-104 mutants
were similar to the spectrum of the wild-type enzyme, with ellip-
ticity minima at 208 and 222 nm. This is characteristic of an «-
helix predominant structure and suggests no overall secondary-
structure change (results not shown).

Intrinsic fluorescence

Tryptophan intrinsic fluorescence (excitation at 295 nm) was used
as a tertiary-structure probe. Each adGSTD4-4 subunit poss-
esses two tryptophan residues located at positions 64 and 191.
All mutants showed roughly the same emission maximum of
339 + 2 nm (Figure 3). As expected, the F104W enzyme, with

concentration showed greater stability. The engineered enzymes 92 one additional tryptophan residue, also showed the same emission
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Figure 4 Fluorescence spectrophotometry of ANS binding

(R) Fluorescence spectra of Phe-104 mutants. (B) Fluorescence spectra of Val-107 mutants.
(C) A bar graph representation of relative fluorescence intensity compared with the wild-type
enzyme. Fluorescence intensity was measured in arbitrary units. Additional lines illustrate
variation between all the engineered GSTs.

maximum (Figure 3A), demonstrating that residue 104 is buried
in the interior core of the GST dimer interface. Although all
substitutions in the present study had no impact on solvent
exposure of the tryptophan residues, the variable fluorescent
intensities from the different mutants indicate that differences
occur in local quenching by the surrounding amino acids such as
cysteine, histidine, glutamine and asparagine [29].

Fluorescent dye binding

ANS (extrinsic fluorophore) binding was used as a quaternary
structure probe. Upon binding, ANS fluorescence was signifi-
cantly enhanced and its emission maximum wavelength shifted
from 515nm to approx. 479 nm. Most Phe-104 and Val-107
mutants showed a reduction of fluorescence intensity compared

A

}
{
N

¥

with wild-type (Figure 4). Only F104W slightly increased the
fluorescent signal (Figure 4C). Both quenching and enhancement
of the fluorescent signals demonstrate conformational changes in
the non-substrate ligand-binding site for ANS.

DISCUSSION

The lock-and-key ‘Clasp’ motif shows some similar character-
istics to previously investigated lock-and-key motifs in the GST
classes Alpha [30], Mu [31] and Pi [32], for example, stabilization
of the dimeric structure through intersubunit interactions. How-
ever, the ‘Clasp’ motif is situated in a different location along the
dimer interface and possesses a unique feature (Figure 5). Using
the completed Anopheles gambiae genome project, an African
mosquito malarial vector, members of the GST supergene family
have been identified as insecticide-resistant-associated enzymes
to enable the monitoring of resistance status of mosquitoes [33].
Putative GST genes were confirmed at the transcriptional level and
12 out of 28 putative genes were classified as insect-specific Delta
class [6]. Primary sequences of A. gambiae GSTs were aligned
with available A. dirus Delta class GSTs. Equivalent amino acid
residues involved in the ‘Clasp’ motif of Anopheline GSTs are
shown in Table 3, as well as residues of the Australian sheep
blowfly (Lucilia cuprina) GST. The amino acid residues involved
in the motif are shown to be highly conserved across several in-
sect GST classes (Table 3). Available X-ray crystal structures
of six Delta class GSTs show their structural conservation in
the quaternary structure. Three-dimensional superimposition of
equivalent residues in each of the Delta class enzymes shows
conserved residues in similar environments (Figure 6). Several of
the lock residues have been previously studied by alanine scanning
in adGSTD3-3, which is an alternatively spliced product derived
from the same gene as adGSTD4-4 [34]. The corresponding
residue to adGSTD4-4 Glu-65 (Glu-64 in adGSTD3-3) was sug-
gested to be involved in an initial folding step of the enzyme and
this residue is highly conserved among GST classes. The corres-
ponding residue to adGSTD4-4 Arg-67 (Arg-66 in adGSTD3-3)
revealed a significant impact on the ionization process of GSH,
as well as structural stabilization. However, the corresponding
residue to adGSTD4-4 Val-107 (Met-101 in adGSTD3-3) showed
no significant functional or structural effects. Leu-103 has
previously been characterized in adGSTD4-4 and shown to
be important for GSH binding, with evidence for positive co-
operativity in some mutants, as well as being involved in structural

Figure 5 Two types of intersubunit lock-and-key motifs found in different GST classes

(A) Lock-and-key ‘Clasp’ motif in adGSTD4-4 (PDB id: 1JLW). (B) Lock-and-key motif in human GST class Pi, GSTP1-1 (PDB id: 1GSS). Subunits are distinguished by colouring in grey and
dark grey, amino acid residues involved in the ‘lock’ are shown by stick representation, whereas the ‘key’ residues, Phe-104 in adGSTD4-4 or Tyr-50 in human GSTP1-1, are shown in CPK

(Corey—Pauling—Koltun) space-filling mode.
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Table 3 Lock-and-key ‘Clasp’ residues in insect GST classes

Numbering of residues is based on adGSTD4 sequence. * adGST, agGST and LcGST represent
GSTs from A. dirus, A. gambiae and L. cuprina respectively. 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),
agGSTutl (AF515521), agGSTu2 (AF515523), agGSTu3 (AF515524), agGSTE1 (AF316635),
agGSTE2 (AF316636), agGSTE3 (AY070234), agGSTE4 (AY070254), agGSTES (AY070255),
agGSTEG (AY070256), agGSTE7 (AF491816), agGSTES (AY070257), agGSTT1 (AF515526),
agGSTT2 (AF515525), agGSTS1-1 (L07880), agGSTS1-2 (AF513639), agGSTZ1 (AF515522),
agGSTO1 (AY255856) and LcGST (P42860). T 104a and 104b indicate that the residue at this
position is from different subunits. : agGSTD6 and agGSTDY were suggested to be pseudogenes
[6].

Lock residue
68 103 104b+ 107
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stabilization [35]. In an attempt to characterize the contribution
of the lock-and-key ‘Clasp’ motif, the ‘key’ residue Phe-104 and
the ‘lock’ residue Val-107 of adGSTD4-4 were investigated.
Enzymatic properties of the Phe-104 mutants demonstrated a
major impact for this particular position on GSH binding affi-
nity, as shown by increased K,%" values for all of the Phe-
104 mutants. The altered side chains at position 104 in both sub-
units would impact on their interface interaction as well as causing

Figure 6 Structural representations of highly conserved lock-and-key
‘Clasp’ motifs in various Delta class GSTs

() A. dirus adGSTD4; (b) A. dirus adGSTD3; (€) A. dirus adGSTDS; (d) A. dirus adGSTDS;
(e) L. cuprina LcGST; and (f) A. gambiae agGSTD1-6. Subunits are differentiated by grey and
dark grey colours. Lock-and-key ‘Clasp’ residues are shown in GPK.

dues, several of which are in the G-site. Replacements with
hydrophobic amino acids generated enzymes with varying cata-
Iytic rates. Reduced catalytic rates were observed for both F104A
and F104W, indicating that not only hydrophobic packing in the
region but also the size of the replaced residue is important for
efficient subunit dimerization. Structural investigation reveals that
the ‘Clasp’ motif resides within the interior core of the dimer
interface that connects the G-site of one subunit to the other
(Figure 7A). The communication between subunits through this
Clasp motif was illustrated by catalytic co-operativity for GSH
binding in all Phe-104 mutants, as shown by Hill coefficients
(Table 2). In this regard, the 4 value of 2.10 4+ 0.05 upon GSH
binding for F104H is likely to be statistically similar (95 %
confidence interval) to the maximum number of interacting sites
of 2, which demonstrates extremely strong positive co-operativity
or complete co-operativity between subunits. Therefore it is
reasonable to state that the ‘key’ residue Phe-104 plays a pivotal
role in the dimeric structure of adGSTD4-4 in modulation of GSH
binding for both subunits.

The co-operativity event upon GSH binding has been previously
reported for several GST studies. Interestingly, co-operativity
from point mutations of a human GSTP1-1 at position Gly-41
[36], Cys-47 [37] and Lys-54 [38] was suggested to be a con-
sequence of structural perturbation of helix «2, which in turn was
transmitted to Tyr-50 and passed to the neighbouring subunit
through the intersubunit lock-and-key motif, where Tyr-50 is
the ‘key’ residue. Likewise, a single point mutation at His-38
located in helix o2 of adGSTD4-4 also revealed positive co-

a G-site topology change through rearrangement of ‘lock’ resi-9 4 operativity for GSH binding [25]. In this case, three-dimensional
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Figure 7
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Interactions of amino acids in the lock-and-key ‘Clasp’ motif of adGSTD4-4

(A) Stereo view of the lock-and-key ‘Clasp’ motif connecting two active site pockets of adGSTD4-4. The surface of the dimeric enzyme is shown in grey, GSH in each active site in yellow, the active-
site amino acids in green and the Clasp residues in blue. Five of the six Clasp amino acids are also active-site residues. The top panel is looking down on to the 2-fold axis at the two active sites,
which are diagonal to each other. The arrow in the top panel points to the interface groove that runs across the protein. The middle panel shows the GST rotated 90° in the direction indicated and the
bottom panel shows the GST rotated a further 90° in the same direction. (B) Stereo view showing communication of GSH binding from one active site to the other through residues involved in
the Clasp motif. Crystal structure of adGSTD4-4 (PDB id: 1JLW) is superimposed on adGSTD3-3 (PDB id: 1JLV) by fitting 1616 backbone atoms, with an R.M.S.D. (root mean square deviation) of
0.82 A (1 A=0.1nm). Distances between centroids of aromatic ‘key’ residues are monitored from adGSTD4-4, whereas distances of GSH-interacting residues are monitored from the adGSTD3-3
enzyme complex. Amino acid labelling is for adGSTD4-4. Amino acid residues of adGSTD4-4 and adGSTD3-3 are coloured in blue and green respectively. The surface representation is of ‘lock’

residues from the subunit partner.

structure suggests that His-38 is a G-site residue in close contact
with the glycine moiety of GSH. Therefore an alteration at His-
38 may be transmitted to the lock-and-key ‘Clasp’ motif by
the glutamyl moiety of GSH (Figure 7B). For subunit interface
residues, co-operativity for GSH binding was evident in studies
of Tyr-50 of human GSTP1-1 [32] as well as co-operativity for
GSH conjugation of 4-hydroxynonenal through Arg-69 of murine
GSTA4-4 [39] and Asp-101 of human GSTA1-1 [40]. As a whole,
although the co-operativity mechanism upon substrate binding
is unclear, the subunit communication is apparently triggered
from one substrate binding site to the other neighbouring subunit
through an existing subunit interface interaction that varies among
the GST classes, and the Clasp motif seems to possess a major
role in Delta class GSTs.

The Val-107 position exhibited the greatest influence on
enzymatic properties when substituted with charged residues. This
suggests that a hydrophobic amino acid is not necessary at
this position, as shown by V107N. However, decreases in cata-
lytic rates and affinity towards GSH with co-operativity on GSH
binding of V107D and V107K suggest that these replacements

close proximity, such as Glu-65 or Arg-67, that subsequently
cause structural perturbation to the G-site. Particularly, the Val-
107 position is of interest because almost all substitutions seemed
to enhance structural stability of the enzyme, especially V107A. It
is very unusual for mutants to be significantly more stable than the
wild-type. The Clasp motif is composed of hydrophobic residues
that can stabilize the structure through hydrophobic force as well
as polar/charged residues that would maintain structural integrity
by ionic interactions. The changes at the Val-107 position appear
to contribute stabilizing forces between subunits and weaken
conformational strain of the dimerization. V107A displayed
appreciably improved stability while maintaining functionality.
There was no secondary or tertiary structural changes detected
by CD or intrinsic fluorescence measurements of trypto-
phan. However, intensity differences of ANS binding indicate
conformational alterations at the quaternary level. Blue shift of the
fluorescence emission maximum of bound ANS indicates that
the ANS-binding site in adGSTD4-4 is similar to hGSTA1-
1 [30] and pGSTPI1-1 [41] with an emission maximum of
approx. 480 nm, but more hydrophobic than in squid GSTS1-1

might create additional electrostatic interactions to residues ir195 [13], hGSTM1-1 [14] and rGSTM1-1 [31] which have emission
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maxima in the range 490-500 nm. In hGSTA1-1, ANS binding
was suggested to be at the cleft in the dimer interface binding
one molecule per subunit in a native protein [42]. Assuming that
ANS binding of adGSTD4-4 is also located along the subunit
interface, the present study shows that the Clasp motif influenced
ANS binding. Since ANS fluorescence is quenched by water,
the reduction of fluorescence intensity of protein-bound ANS
in mutants illustrates greater exposure of ANS to solvent. This
suggests that amino acid substitution to either Phe-104 or Val-
107 alters the binding-site topology/solvent exposure for ANS.

The aromatic stacking of the ‘key’ residues suggests aromatic
residues to be important for enzyme stability, as shown by half-
life data for F104Y, F104W and F104H, although these replace-
ments are not always favourable for catalytic function. The pres-
ence of aromatic residues protruding from one subunit to the other
was suggested to be advantageous for increasing interface affinity,
hence gluing protein subunits together [43]. However, different
aromatic residues employed in diverse Delta class GSTs would
generate isoform-specific subunit interfaces. Therefore substi-
tutions with ‘key’ residues from other Delta class GSTs such as
in F104Y and F104H appear to induce conformation changes that
impact upon catalytic function.

Phenylalanine residues interacting across a 2-fold axis also
were shown at the dimer interface of the TIM (triosephosphate
isomerase) enzyme family. The interface between TIM subunits
is mainly composed of loops 1-3 from both monomers. At the
tip of loop 2 in trypanosomal TIM, a phenylalanine residue
(Phe-45) forms a hydrophobic contact across the dimer interface
to the equivalent residue on the other subunit. In Escherichia
coli TIM, the residue was replaced by a glutamate residue
(Glu-46) [44]. The Glu-46 also interacts with its corresponding
residue on the neighbouring subunit contributing extensive van der
Waals contacts with its local environment, as a result inducing
conformational changes to the remaining intersubunit contacts
which are different from that observed in other TIMs [44].
This implies that intersubunit residue interactions of oligomeric
enzymes are to stabilize quaternary structure or dimerization.
With similar features to GSTs, all TIMs are active only in the
dimeric form, although each monomer has its own active site [45].
In view of an important glycolytic function, TIMs are of major
interest in recent years as a potential target for therapeutic drug
design, principally by disturbing some of the intersubunit contacts
of the protein. For example, disruption of subunit assembly
through effects on pi—pi interactions of two aromatic clusters
in the interface of trypanosomal TIM [46,47] and Plasmodium
falciparum TIM [48,49] was investigated for anti-trypanosomal
agents and antimalarial drug design.

‘We have shown that an intersubunit lock-and-key ‘Clasp’ motif
of adGSTD4-4 demonstrates functional and structural signifi-
cance of the amino acids that interact across the dimer interface.
Although residues of this motif do not provide the only inter-
action between subunits of adGSTD4-4, it is noteworthy that
the unique characteristic of aromatic stacking in the middle
of the dimer interface in fact connects the two active sites,
enabling them to work in a co-operative manner. Evidence of
allosteric effects suggests an important role for this particular
intersubunit architecture in regulating catalytic activity through
conformational transitions of subunits. Quaternary structural
changes of all mutants detected by ANS dye binding suggest that
subunit assembly or dimerization basically manipulates subunit
communication. The observation of co-operativity in the mutants
also implies that GSH ligand binding and dimerization are
linked, consistent with the ANS-indicated quaternary structural
changes; consequently, GSTs are catalytically active only in their
dimeric forms. Correlations between oligomerization and ligand

926

binding have also been shown for many other enzymes, such as
dimerization of pyrophosphatase subunits improving its ligand
binding, and vice versa with active-site adjustments upon metal
cofactor or substrate binding increasing the stability of the dimer
[50].

In conclusion, for GSTs, the lock-and-key motif in general,
and especially the ‘Clasp’ motif with the pi—pi interaction, appear
to play a pivotal role in subunit communication between active
sites as well as in stabilizing the quaternary structure. Continued
elucidation of the mechanism of positive co-operativity between
subunits of oligomeric proteins would provide useful information
for protein engineering.

This work was funded by the Thailand Research Fund. J.W. was supported by a Royal
Golden Jubilee scholarship.
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The structural roles of a conserved small hydrophobic core in the active site
and an ionic bridge in domain | of Delta class glutathione S-transferase
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GSTs (glutathione S-transferases; E.C.2.5.1.18) are a supergene
family of dimeric multifunctional enzymes that have a major
role in detoxification pathways. Using a GST from the mosquito
Anopheles dirus (adGSTD4-4), we have characterized the
enzymatic and physical properties of Leu-6, Thr-31, Leu-33,
Ala-35, Glu-37, Lys-40 and Glu-42. These residues generate
two motifs located in the N-terminal domain (domain I) that
are functionally conserved across GST classes. The aim of this
study was to understand the function of these two motifs. The
first motif is a small hydrophobic core in the G-site (glutathione-
binding site) wall, and the second motif contains an ionic bridge
at the N-terminus of the o2 helix and is also part of the G-
site. The mutations in the small hydrophobic core appear to have
structural effects, as shown by the thermal stability, refolding rate
and intrinsic fluorescence differences. In the Delta class GST,
interactions form an ionic bridge motif located at the beginning

of the o2 helix. The data suggest that electrostatic interactions in
the o2 helix are involved in a-helix stabilization, and disruption of
this ionic bridge interaction changes the movement of the o2-helix
region, thereby modulating the interaction of the enzyme with
substrates. These results show that the small hydrophobic core
and ionic bridge have a major impact on structural stabilization,
as well as being required to maintain structural conformation
of the enzyme. These structural effects are also transmitted to the
active site to influence substrate binding and specificity. Therefore
changes in the conformation of the G-site wall in the active
site appear to be capable of exerting influences on the tertiary
structural organization of the whole GST protein.

Key words: Anopheles dirus, Delta class
S-transferase, mosquito, site-directed mutagenesis.

glutathione

INTRODUCTION

Cytosolic GSTs (glutathione transferases; E.C. 2.5.1.18) are a
family of dimeric isoenzymes that catalyse the conjugation of
glutathione (GSH) to a variety of organic compounds containing
an electrophilic centre [1,2], many with carcinogenic and toxic
properties [3—7]. This reaction plays an important part in cel-
lular metabolism, transport and subsequent excretion of toxic
organic compounds. Other functions of GSTs have been reported,
including binding of bilirubin and carcinogens [8,9], isomeri-
zation of maleyl acetoacetate [10—12], regulation of the stress
kinases [13] and modulation of the ryanodine receptor (a calcium
ion channel; [14,15]). A membrane-bound microsomal GST has
been well characterized, and seems to be structurally and
genetically distinct from the cytosolic enzymes [16]. Despite low
sequence homology among GST classes, all of these isoenzymes
have very similar tertiary structures, topography of the active site
and GSH-binding site [17-19].

The Anopheles dirus mosquito is an important malaria vector
in South-East Asia. AdGSTD4-4 is one of four alternatively
spliced products from 7.5 kb of the adgstIAS1 gene (An. dirus
alternatively spliced GST gene), which has been identified from an
An. dirus genomic library [20]. All four spliced products have 45
identical amino acids at the N-terminus, and were named adGST1-
1,adGST1-2, adGST1-3 and adGST1-4, according to insect GST
nomenclature that is in use [that is, GST-(insect class 1)-(protein 1,
2, 3 and 4) respectively]. However, to be in alignment with
a proposed universal GST nomenclature, these were renamed
adGSTD1-1, adGSTD2-2, adGSTD3-3 and adGSTD4-4 [21,22].
The subunit number remains the same, since subunits were enu-

merated as they were initially discovered; ‘D’ refers to GST
Delta class and ‘4-4’ refers to the homodimeric isoenzyme. Two
available tertiary structures, for adGSTD3-3 and adGSTD4-4,
have assisted studies on these proteins [23]. Moreover, GSTs
are highly conserved across the insect GST Delta class at the
N-terminus (e.g. in An. dirus, An. gambiae, Lucilia cuprina,
Musca domestica and Drosophila melanogaster). Therefore,
in the present study, characterization of the N-terminal residues in
adGSTD4-4 can be used to understand their functions for all insect
Delta class GSTs [21,24].

Many hydrophobic residues are found inside a folded protein
contributing to tertiary structure as a hydrophobic core. In the
G-site (GSH-binding site), there are several such residues (Leu-6,
Leu-33 and Ile-52) surrounding the glycine moiety of GSH. In
previous studies [25,26], Leu-33 and Ile-52 were shown to impact
on structural aspects of the protein, such as folding and stability.
In the present paper, we extend our previous studies on the small
hydrophobic core in the G-site wall containing Leu-6, Thr-31,
Leu-33 and Ile-52.

An induced-fit mechanism apparently conserved across all
GST classes occurs through movement of the «2 helix and its
flanking regions to modulate G-site affinity for GSH; however,
the relative contributions of residues to the flexibility in the o2
helix have not been determined [27-30]. At the N-terminus of the
a2 helix, there is an ionic bridge interaction formed by Glu-37,
Lys-40 and Glu-42. These residues are on the outside of the
protein surface exposed to solvent. This ionic bridge interaction
should impact upon movement of part of the active site, in
addition to involvement in structural stabilization of the enzyme.
Therefore the residues Glu-37, Lys-40 and Glu-42 were studied;

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 1,2-dichloro-4-nitrobenzene; DTT, dithiothreitol; EA, ethacrynic acid; G-site, glutathione-
binding site; GST, glutathione S-transferase; PNBC, p-nitrobenzyl chloride; PNPBr, p-nitrophenethyl bromide.
" To whom correspondence should be addressed (email frakt@mahidol.ac.th). 98
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furthermore, Ala-35 was changed to arginine in an attempt to
increase the ionic bridge interaction in the o2-helix region.

MATERIALS AND METHODS
Site-directed mutagenesis

The mutants were generated using the QuikChange® site-directed
mutagenesis protocol (Stratagene). The mutagenic primers used
in these experiments were designed based on the sequence of
the adGSTD4-4 wild-type gene (GenBank® accession number
AF273040). The oligonucleotide primers, each complementary to
opposite strands of the vector, were extended during temperature
cycling by means of Pfu DNA polymerase, which replicates both
plasmid strands with high fidelity. Each mutant was randomly
screened by restriction digestion analysis. Mutant plasmids could
be distinguished from template by digestion with restriction
enzyme corresponding to the restriction recognition site intro-
duced by the mutagenic primers. Then, full-length DNA sequenc-
ing in both directions was performed to confirm the engineered
clone sequence.

Protein expression and purification

After transformation of the mutant plasmids into Escherichia coli
BL21(DE3)pLysS, protein expression was performed. All of the
adGSTD4-4 clones were expressed in LB (Luria—Bertani) broth
(containing 100 pg/ml ampicillin and 34 pg/ml chloramphenicol)
and induced with 0.1 mM IPTG (isopropyl B-thiogalactoside) for
3 h at 37°C. The pellets were collected and kept at —20°C until
used. The expression levels of the protein were determined by
SDS/PAGE. The cell pellets from 50 ml of culture were sus-
pended by mixing with 4.8 ml of 50 mM Tris/HCl, pH 7.4, con-
taining 1 mM EDTA, 200 ul of 100 mg/ml lysozyme and 3.6 ul
of 1.4 M 2-mercaptoethanol. The suspension was incubated on ice
for 20 min, then 50 ul of 1 M DTT (dithiothreitol) was added and
the suspension was lysed at 900 Ibf/in? (1 Ibf/in? ~ 6.9 kPa) in a
French Press cell. The lysate was then centrifuged at 10000 g
at 4°C for 20 min. The supernatant containing the soluble form
of the recombinant enzyme was separated from the pellet. The
recombinant adGSTD4-4 mutants and the wild-type protein were
purified by using either GSH-affinity chromatography or cation
exchange followed by hydrophobic interaction chromatography,
as described previously [25]. GSH-affinity chromatography was
used according to manufacturer’s instructions (Amersham Bio-
ciences). A cation-exchange column (SP-XL) followed by hydro-
phobic interaction chromatography (phenyl-Sepharose column)
was used for mutants that could not be purified on the GSH-af-
finity chromatography column. Briefly, cation-exchange chro-
matography employed an SP-XL column that was equilibrated
with buffer A (20 mM phosphate buffer, pH 7.0, containing
10 mM DTT). After the lysate was applied to the column, the
column was washed with buffer A. Then protein was eluted
with a linear gradient from 80-500 mM NacCl in buffer A. The
major amount of GST enzyme eluted in buffer A containing
approx. 250 mM NaCl. The eluted GST fractions were pooled and
loaded on to a phenyl-Sepharose column that was equilibrated
with buffer A containing 2 M NaCl. Washing steps were per-
formed by using stepwise decreases in salt concentration in
buffer A. The GST enzyme was eluted from the phenyl-Sepharose
column by using 20 % (v/v) ethylene glycol containing 10 mM
DTT. The purified enzymes (in 50 mM potassium phosphate,
pH 6.5) were stored in 50% (v/v) glycerol at —20°C until
used. Concentrations of the proteins were determined by Bio-
Rad protein reagent (Bio-Rad) using BSA as the standard protein,
and purity of the proteins was analysed by SDS/PAGE.

© 2006 Biochemical Society

Enzymatic characterization

The standard GST assay was performed in 0.1 M potassium
phosphate buffer, pH 6.5, in the presence of 3mM CDNB
(1-chloro-2,4-dinitrobenzene) and 10 mM GSH [31]. The rate
of conjugation between GSH and CDNB was monitored by
measuring continuously the increase in absorbance at 340 nm for
1 min using a SpectraMax 250 apparatus at 25-27 °C. The molar
absorption coefficient of 9.6 mM™"-cm™" was used to convert
absorbance into moles [32].

The kinetic experiments were performed as described pre-
viously [31]. In brief, CDNB was chosen as the electrophilic
substrate for determination of V., K., k. and k./K, values.
The kinetic parameters were determined by varying the CDNB
concentration (0.031-3.0 mM) while GSH was held constant at
a saturating concentration, and by varying GSH concentrations
(0.25-20 mM) at a saturating concentration of CDNB. The
initial rate of the enzymatic reaction was measured spectrophoto-
metrically as described for the GST activity assay determination.
The steady-state kinetics followed Michaelis—Menten kinetics,
except where stated. The maximal velocity (V,.) and the
Michaelis constant (K ,,) were determined by non-linear regression
software analysis (GraphPad Prism 4). The turnover number (or
catalytic-centre activity; k) and catalytic efficiency (k../K.)
were calculated on an active-site basis using the subunit mole-
cular mass of each enzyme. The kinetic parameters are the
means £ S.D. for at least three independent experiments.

The specific activities towards several GST substrates were
determined as described previously [31]. All measurements
were performed at 25-27°C in 0.1 M potassium phosphate buffer
at either pH 6.5 or 7.5. The GST activities were measured
with GSH and five hydrophobic substrates: CDNB, DCNB
(1,2-dichloro-4-nitrobenzene), EA (ethacrynic acid), PNPBr (p-
nitrophenethyl bromide) and PNBC (p-nitrobenzyl chloride).
Specific activities were calculated using the molar absorption
coefficient for each substrate [32].

Physical characterization

The enzymes at 0.1 mg/ml in 0.1 M phosphate buffer, pH 6.5,
containing 1 mM EDTA and 5 mM DTT were incubated at 45 °C
for various times, and the remaining activity was measured in the
standard GST assay. Data were plotted as logarithms of the per-
centage of remaining activity against pre-incubation time. The
half-life of the enzyme at 45 °C was calculated from the slope of
the plot using the equation: slope = /2.3, where k = 0.693/t, 5.

Enzymes were completely unfolded by incubating 0.5 mg/ml
enzymes in unfolding buffer [0.2 M phosphate buffer (pH 7.0)/
1 mM EDTA/5 mM dithiothreitol] containing 4 M guanidinium
chloride at room temperature (=25°C) for 10 min. Unfolded
enzymes were allowed to begin refolding by diluting 40-fold
in 0.1 M phosphate buffer, pH 6.5, to a final guanidinium
chloride concentration of 0.1 M. Appropriate aliquots from this
incubation mixture were measured for reactivation by measuring
GST activity as a function of time after dilution. GST activity
versus time of refolding followed a non-linear regression single-
exponential equation [33].

Intrinsic fluorescence of adGSTD4-4 was measured in a single-
photon-counting spectrofluorimeter. Excitation was at 295 nm,
and emission was scanned from 300-450 nm. Samples contained
0.1 mg/ml GST in 0.1 M potassium phosphate buffer, pH 6.5,
and were prepared similarly for wild-type and mutant enzymes.
The wavelength that gives the maximum fluorescence intensity
(Amax) and the fluorescence intensity at A, were observed. The
experimental data were corrected for both dilution and inner-filter

99 effects, and normalized after background subtraction.
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Table 1

Steady-state kinetic constants using GSH and CDNB as GST substrates

The rate of conjugation was monitored continuously by measuring the increase in absorbance at 340 nm for 1 min. The units of Vi, kcat, K and kea/Krm are wmol - min=" - mg protein=", S~

mMand S~ - mM~" respectively.

CDNB GSH

EnZyme Vmax kcal Krn kcal/Km Krn kcal/Km
Wild-type 62.5+1.24 26.1 0.50 +0.02 518 050 +0.10 52.1
L33A 2354057 9.70 117 £0.05¢ 8.30 8.20 £+ 0.431 1.20
L33Y 0.32+£0.01% 0.14 0.81+0.12% 0.17 1.1040.12§ 0.13
L33F 1.55+0.03F 0.65 1.30 +0.06F 0.50 2.42+0.22% 0.27
L33l 53.0+1.71% 222 0.73+0.05§ 30.3 0.42+0.01 52.8
L6A 42.3 +1.64+ 17.7 1.4940.15¢ 1.9 0.31+0.01 57.1
T31A 2334035+ 9.73 0.77 4+ 0.05% 12.6 11.4+053"+ 0.85
152A 0.630 4 0.006+ 0.26 0.3240.02 0.81 7.04+0.05%F 0.04
152L 43.8 +1.24+ 18.3 0.74 +0.02% 24.8 0.3040.04 61.1
E37A 48.5+1.45+ 20.4 0.5440.03 37.7 1.85+0.09F 1.0
E37Q 62.840.92 26.3 0.58+0.05 453 2.26 +0.04+ 11.6
K40A 51.3+1.24+ 215 0.62+0.04 34.6 1.14+0.08§ 18.8
E42A 63.4+1.95 26.5 0.57 4+ 0.05 46.4 0.63+0.04 2.0
A35R 53.6 £ 1.18+ 22.4 0.52 +0.06 427 0.734+0.05 30.7

* The mutants T31A and 152A showed positive co-operativity upon GSH binding, with Hill coefficients of 1.62 4+ 0.09 and 1.49 + 0.03 respectively.
ANOQVA analysis revealed significant differences compared with the wild-type, where indicated: 1P < 0.001; £P < 0.01; and §P < 0.05. The absence of a symbol indicates no significant difference

compared with wild-type.

CD measurements in the far-UV region from 200-250 nm were
performed with a spectropolarimeter. The enzymes at 0.2 mg/ml
in 0.1 M phosphate buffer, pH 6.5, were measured at 25 °C. A cell
of 1 cm path length and a 1 nm bandwidth were used. Spectra are
the averages of ten scans after subtraction of the average of ten
baseline scans.

RESULTS AND DISCUSSION

Protein expression and purification

In the present study we have characterized Leu-6, Thr-31, Leu-33,
Tle-52, Ala-35, Glu-37, Lys-40 and Glu-42, located in domain I in
the highly flexible loop region between the 82—« 2 or «2—£3 loops.
These residues were hypothesized to be involved in structural
maintenance or stabilization of the proteins. The mutagenesis
study was performed by individually changing each residue
chosen to alanine and/or a conservative or non-conservative amino
acid. In the present study, Leu-33 mutations generated for a pre-
vious report were included to extend that study with further
experiments. An additional conservative amino acid replacement,
L33I, was generated to confirm the function of Leu-33 in packing
of the active site. In addition, Ala-35 was mutated to an arginine in
an attempt to increase the ionic bridge interaction in the «2-helix
region. All 13 engineered enzymes could be expressed in soluble
form at 37°C in E. coli lysates. Two procedures were utilized for
protein purifications: an affinity chromatography on immobilized
GSH or sequential purification by ion-exchange chromatography
(SP-XL) followed by phenyl-Sepharose chromatography. The
latter procedure was used for the engineered enzymes that could
not be purified by GSH-affinity chromatography, including L33A,
L33F, L33Y and T31A. Purified enzymes gave a single band on
SDS/PAGE, with a size of approx. 25 kDa, corresponding to the
calculated molecular mass of the GST subunits.

Enzymatic characterization
The kinetic constants for CDNB and GSH show that most of the

All of these residues are located in the GSH-binding site, so it is
interesting to note that Leu-6 changed the active-site conformation
enough to significantly increase K, for the hydrophobic substrate
CDNB (3-fold; ANOVA, P <0.001) and decrease the K,, for
GSH (1.7-fold; ANOVA, P <0.05). GSH steady-state kinetics
of the T31A enzyme showed positive co-operativity, with a
Hill coefficient of 1.62 £ 0.09 (the Hill coefficient for wild-type
enzyme is 0.91 +0.02). Positive co-operativity indicates GSH
binding in the first active site, then facilitates another GSH binding
in the second active site by increasing binding affinity of the va-
cant binding site [34]. Thr-31 is located in the loop before the
o2 helix, and its side chain faces into the G-site in addition to
being close to His-38, which interacts directly with GSH. The
alanine mutation at Thr-31 must cause a packing rearrangement
of the G-site, which increases the K,, for GSH 23-fold, as well
as generating intersubunit communication between the two active
sites. One explanation is that the rearrangement would disturb
His-38, which directly interacts with GSH. Mutations of His-38
were shown to have large effects on GSH binding affinity, as well
as generating positive co-operativity [25]. The mutation of Ile-52
to alanine caused very large effects on catalysis, as exhibited
by a decrease in k. (1% of wild-type activity) and affinity
(14-fold increase in K,,), as well as positive co-operativity. The
conservative change of Ile-52 to leucine showed smaller effects,
including a slight increase in GSH affinity. Mutations of ionic-
bridge residues showed only small effects on catalysis, although
the GSH binding affinity was affected to a greater extent. Both
Glu-37 and Lys-40, located in the middle of the 82—«2 loop,
appeared to impact more, suggesting a greater influence on «2-
helix movement during induced-fit conformational changes.
Although the residues studied are in or behind G-site residues,
the substrate-specificity results show that these mutations yielded
various changes in specificity for several hydrophobic substrates
compared with wild-type GST (Table 2). As shown by the kinetic
constants, these residues are not critical for enzyme catalysis or
substrate binding; however, the mutations influence the enzymes’
hydrophobic substrate interaction and catalysis. Compared with
wild-type, the mutations at Leu-6, Thr-31 and Ile-52 resulted

residue positions only slightly affected enzyme catalysis (Table 1). 1 odn decreases in specificity towards several substrates, especially
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Table 2 Substrate specificity changes of the engineered enzymes relative to the wild-type adGSTD4-4

The substrates were used at the following concentrations: CONB, 3 mM; DCNB, 1 mM; PNPBr, 0.1 mM; PNBC, 0.1 mM; and EA, 0.2 mM. The reactions were performed at a constant GSH concentration.

Substrate specificity (,emol - min—" - mg protein—")

Enzyme Substrate... CDNB DCNB EA PNPBr PNBC
Wild-type 52540.52 0.035+ 0.006 0.286+ 0.062 0.07440.012 0.064 + 0.002*
L33A 183+0.3* 0.031+0.015 0.332+0.061 0.019+0.004*  0.024 +0.004*
L33Y 0.2534+0.001*  <0.0016* 0.092 + 0.006* <0.006" <0.007*

L33F 1.023+0.018*  <0.0016* 0.059+0.007* <0.006* <0.007*

L33l 45440.37* 0.047 +0.002% 0.247 4+ 0.006 0.0074+0.001*  0.044 +0.002*
L6A 28.0+0.53" 0.005340.0003*  0.380 +0.004 0.01740.002*  0.031+0.002
T31A 17.5+0.33* 0.0059+0.0006*  0.186+0.0081  <0.002* 0.039 + 0.004*
152A 051140010  <0.001* 0.307 +0.023 <0.004* 0.01140.001*
152L 35.4+0.36 0.025 4 0.001 0.37340.005 0.01840.001*  0.036 +0.003*
E37A 39.1+0.74 0.055 4 0.005+ 0.135+0.010 <0.008* 0.122 4+ 0.006*
E37Q 47.8+0.22 0.05340.001+ 043140026  0.033+0.004*  0.062+0.002
K40A 37.7+0.16* 0.037 4+ 0.001 0.110+0.004*  0.038+0.003*  0.080+ 0.002*
E42A 55.1+0.40% 0.059 +0.001* 0.24+0.02 0.016+0.001*  0.045+0.002*
A35R 4494 0.56 0.056 + 0.003* 0.37+0.04 0.020+0.001*  0.041+0.002

ANQVA analysis revealed significant differences compared with the wild-type, where indicated: *P < 0.001; 1P < 0.01;and £:P < 0.05. The absence of a symbol indicates no significant difference

compared with wild-type.

DCNB and PNPBr. The remaining mutations displayed major
effects with regard to PNPBr, but specificities were comparable
with that of wild-type for CDNB. However, changes in specificity
for EA and PNBC as substrates were varied.

Both GSH- and hydrophobic-substrate-binding sites are located
in different parts of the same active-site pocket. Therefore dif-
ferences in the mutant enzymes appear to occur from changes in
active-site conformation that disturb orientation of the substrates,
as found in the wild-type enzyme. In addition, binding modes and
orientations of the various substrates in the active site appear to be
unique, as shown by dissimilar effects on specificity of the mutant
enzymes.

Physical characterization

The half-life at 45°C of the mutant enzymes compared with
adGSTD4-4 wild-type showed that the mutants decreased in stab-
ility, except for T31A, which displayed a slight increase (Table 3).
L6A decreased enzyme stability approx. 9-fold, showing a major
impact on structural maintenance. The mutation of ionic-bridge
residues (Glu-37, Lys-40 and Glu-42) to alanine and the mutation
of Ala-35 to arginine also resulted in decreases in enzyme
stability, suggesting that the mutations cause a rearrangement
of the «2-helix, owing to disruption of the ionic bridge interaction.
The replacement of positively charged Glu-37 with a similarly
sized, polar glutamine residue decreased enzyme stability
2.3-fold, supporting the idea of charge distribution involvement
in structural stabilization of the enzyme. However, the attempt to
increase charge distribution with the A35R mutation decreased
the half-life of the enzyme 1.7-fold. This suggests that residues
in the f2—«2-helix loop appear to affect helix dipole moment,
which impacts upon structural stabilization of the enzyme.
AdGSTD4-4 became completely unfolded after incubation for
10 min in 4 M guanidinium chloride, as monitored by intrinsic
fluorescence and CD spectroscopy. Refolding rates and percent-
ages of recovered activities of wild-type and mutant enzymes were
determined (Table 4). L6A showed a decreased refolding rate
(2.5-fold compared with wild-type), suggesting the initial folding
process was disturbed, which also slightly reduced the activity
recovered as well as decreasing the enzyme stability, as described

above. L33A showed an increased refolding rate of 1.6-fold and1 01
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Table 3 Thermal stability of wild-type and engineered adGSTD4-4 mutants
at45°C

The remaining GST activity was measured after incubating the enzyme at various time points at
45°C.

Enzyme Half-life (t1,2) at 45°C (min)
Wild-type 15.3+0.31
L33A 45.3+1.56"
L33y nr+1m
L33F 212+17.9%
L33l 30.4+15*
L6A 1.73+0.01*
T31A 27+1.77*
152A 9.58 +0.65*
1521 1814133
E37A 1.73+0.04*
E37Q 6.54 +0.54*
K40A 3.94+0.20*
E42A 8.44+0.48"
A35R 9.01+0.54*

ANQVA analysis revealed a significant difference compared with the wild-type enzyme, where
indicated (*P < 0.001); the absence of an asterisk indicates no significant difference compared
with wild-type (in these experiments, exclusively the 152L mutant).

3-fold greater stability than the wild-type enzyme, demonstrating
that its final conformation is more stable. However, the mutants
L33Iand I5S2L showed only small effects on the refolding process.
The ionic bridge mutations (Glu-37, Lys-40, Glu-42 and Ala-35)
all decreased enzyme stability in the range 1.8- to 8.9-fold,
although the refolding rates were altered differently. These data
suggest that the changes in the refolding rates occur from dif-
ferential ‘flexing’ of the engineered enzyme. An interesting obser-
vation for the E37A enzyme was that it possessed a slightly
increased refolding rate of 1.3-fold, as well as a 1.8-fold in-
crease in recovered activity, even though the enzyme had an
8.9-fold decreased stability (Table 3). This suggests that this
residue position contributes to structural maintenance, but not to
initial folding events. Therefore the ionic bridge motif appears
to have a function in structural maintenance and modulation of
a2-helix movement, as well as a minor effect on folding.
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Table4 Refolding rate constants and percentages of recovered activity from
the reversible refolding experiment for the wild-type adGSTD4-4 enzyme and
its engineered mutants

The proteins were denatured initially with 4 M guanidinium chloride at room temperature for
10 min. Refolding rate constants (k) were determined by non-linear regression analysis using
a single-exponential equation (GraphPad Prism 4).

Refolding experiment

Enzyme Refolding rate constant (min—") % recovery
Wild-type ~ 0.54+0.02 20.7+0.67
L33A 0.85+0.05 18.6+0.55
L33y nd nd

L33F nd nd

L33l 0.53+0.01 14.7+0.76*
L6A 0.22+0.02* 149+0.77*
T31A 0.41+0.02* 10.1+0.41*
152A nd nd

1521 0.67 +0.02* 20.1+0.61
E37A 0.69+0.05* 37.7+1.49*
E37Q 0.74+0.03* 14.0+0.32*
K40A 0.26 +0.02* 14.2+0.95"
E42A 0.32+0.02* 31.5+1.44*
A35R 0.40+0.01% 29.6+0.641

ANOVAanalysis revealed significant differences compared with the wild-type, where indicated:
*P <0.001; +P < 0.01; and P < 0.05. The absence of a symbol indicates no significant
difference compared with the wild-type. nd, not determined (low activity precluded measurement).

The intrinsic fluorescence property of tryptophan in proteins is
modulated by various interactions in the environment around the
tryptophan residue. Therefore changes in A, and the fluorescence
intensity of the intrinsic fluorescence spectrum can suggest that
changes have occurred in the local tertiary structure of the
protein. There are two tryptophan residues present in adGSTD4-4
(Trp-64 and Trp-191). Trp-64 has the side chain exposed to
solvent, located in the subunit interface at the base of the GSH-
binding site, whereas Trp-191 is buried in the interior of domain
II. Therefore this technique can be used to monitor active-
site conformation indirectly. The same protein concentration
of wild-type and mutant enzymes was used for comparison of
the maximum emission wavelengths (A,,,.) and fluorescence in-
tensities (Table 5). The A, of intrinsic tryptophan fluorescence
for the mutants was approximately the same as that for the wild-
type (333 £ 1 nm), except for I52A, which displayed a red-shifted
spectrum with a A, at 339 nm. Therefore I52A affected tertiary
structure at the active site, causing a change in polarity in the
tryptophan environment. In addition, there were differences in
intensity of fluorescence between wild-type and several mutant
proteins, indicating a limited conformational alteration in the
active site of the final structure. The charged residue mutations
(Glu-37, Lys-40 and Glu-42) displayed decreased fluorescence
intensity. Located at the C-terminal end of the f4-sheet, Trp-
64 is in proximity with the «2-helix from which the ND2 side-
chain nitrogen of Asn-47 extends 3.07 A(1A=0.1nm)tohavea
cation— interaction with the aromatic ring of Trp-64. Disruption
of the ionic bridge interaction would most likely increase
flexibility of the «2 helix, thereby disrupting this interaction
and increasing solvent exposure of Trp-64, with a concomitant
decrease in fluorescence. In addition, a rearrangement of the
active-site topology appears to occur for the G-site-residue
mutations Leu-6, Thr-31, Leu-33 and Ile-52, which affects
orientation of Trp-64, as well as of its neighbouring residues,
which also may contribute to changes in fluorescence.

CD spectroscopy was performed to determine whether second-
ary structure content of the proteins had changed. CD spectro-

Table 5 The maximum emission wavelength (An.) and intrinsic
fluorescence intensity at A, of tryptophan fluorescence of adGSTD4-4 and
the engineered enzymes

The excitation wavelength () was set at 295 nm, and emission was scanned from 300—450 nm.
Samples (n = 3) contained 0.1 mg/ml protein in 0.1 M potassium phosphate buffer, pH 6.5. The
percentage intensities compared with wild-type enzyme were measured at fluorescence Amax
averaged over three scans, corrected for dilution and inner-filter effects.

Intrinsic fluorescence (A, 295 nm)

Enzyme Amax (NM) % intensity
Wild-type ~ 333+0 100
L33A 334+0 60.8*
L33Y 334+0 51.6
L33F 334+0 47.9*
L33l 333+0 109.1
L6A 334+0 138.6
T31A 334+0 99.1
152A 339+0 98.8
152L 333+0 115.5
E37A 333+0 66.8
E37Q 334+0 107.7
K40A 334+0 68.4
E42A 333+0 75.5%
A35R 33440 1021

ANOQVA analysis revealed a significant difference compared with the wild-type enzyme, where
indicated (*P < 0.001); the absence of an asterisk indicates no significant difference compared
with the wild-type.

scopy showed two ‘troughs’ at 210 and 222 nm, owing to the
high helical content of the proteins. All the proteins had a
similar far-UV CD spectrum (results not shown). This shows
that, although some mutations affect active-site conformation, the
overall secondary structure content of the enzymes has not been
altered.

In the present paper, we have sought to understand the function
of two features in domain I of adGSTD4-4 that have been found
in all insect Delta class GSTs: a small hydrophobic core in the
G-site and an ionic bridge at the N-terminus of the «2-helix.
The available structure of adGSTD4-4 shows that Leu-6, Thr-31,
Leu-33 and Ile-52 form part of the wall in the GSH-binding
site (Figure 1A). The mutation of Leu-6 leads to a structural
perturbation in the G-site, resulting in altered substrate specificity,
decreased stability, as well as modulation of the refolding of the
enzyme. From a previous study [25], increasing hydrophobicity
of the residue in the Leu-33 position increased enzyme stability 3-
to 14-fold, although the mutants lost enzyme activity (0.9-62 %
compared with wild type). In the present study, Leu-33 mutations
altered intrinsic fluorescence intensity when compared with wild-
type enzyme, suggesting changes in topology of the active site.
The change in structural conformation and active-site topology
of the Leu-33 mutations was confirmed by a trypsin proteolytic
experiment: the mutation of Leu-33 to alanine increased the
proteolytic rate almost 2-fold compared with the wild-type (results
not shown).The conservative mutation of Leu-33 to isoleucine
resulted in small effects on specificity and catalysis, the most
notable of which was a 10-fold decrease for PNBr. L33I displayed
only a 2-fold increase in half-life, with all other physical properties
being similar to those of the wild-type. These data support the idea
that the role of Leu-33 is to contribute to the small hydrophobic
core for structural maintenance. Previously, Ile-52 had been
characterized in adGSTD3-3 [26]. In the tertiary structures of
adGSTD3-3 (PDB identification no. 1JLV) and adGSTD4-4
(PDB identification no. 1JLW), the location of Ile-52 is identical
in both structures. A mutation of Ile-52 to alanine showed a

1 oziecrease in enzyme stability of approx. 5.5-fold, a 24-fold increase
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Figure 1

Stereo views of domain | region characterized in this study

(R) Stereo view of the active-site pocket of adGSTD4-4. Leu-6, Leu-33, Thr-31 and lle-52
form part of the G-site wall. The hydrophobic residues Leu-6, Leu-33 and lle-52 form a small
hydrophobic cluster in the G-site. GSH in the active site is shown in stick form. (B) Stereo view
of the charged residues located near the a2 helix of adGSTD4-4. The ionic bridge motif formed
by the charged residues (Glu-37, Lys-40 and Glu-42) is exposed to the solvent, located at the
N-terminus of the «2 helix. GSH in the active site is shown in stick form. Both parts of the Figure
were created with Accelrys DS ViewerPro 5.0.

in the K,, for GSH and a 2-fold decrease in k., [26]. For
adGSTD4-4, the I52A mutant showed different effects, with a
1.6-fold decrease in stability, a 14-fold increase in the K, for GSH
and a 100-fold decrease in k.. The conservative replacement of
Ile-52 with leucine showed smaller effects in enzyme properties,
and the I52L mutant was very similar to the wild-type enzyme
in terms of its physical properties. These data show that Ile-52
has roles in structural integrity and maintenance, as well as in the
initial folding of the protein. Therefore it may be surmised that
the small hydrophobic core formed by Leu-6, Leu-33 and Ile-
52 at the G-site wall plays a critical role in packing and sta-
bilization of the active site into an appropriate conformation,
and this packing also impacts upon tertiary structure of the
whole protein. A study of available crystal structures of other
GST classes shows several hydrophobic residues clustered in
the G-site wall in a similar fashion. For example, in the human
GST isoenzyme hGSTP1-1 (PDB identification no. 11GS), these
residues are Phe-8, Trp-38 and Leu-52, whereas in maize GST-I
(PDB identification no. 1AXD) they are Phe-35, Ile-33 and
Val-54. These residues are located in the G-site wall, and there-
fore are probably involved in packing of the active-site con-
formation as well.

Several studies show a2 helices of Delta, Theta, Sigma and
Pi GSTs to have high conformational flexibility and to display
the highest temperature factors of the whole protein [29,35,36].
In insect Delta class GSTs, there is a unique ionic bridge motif
exposed to solvent on the 2 helix consisting of three charged
residues: Glu-37, Lys-40 and Glu-42 (Figure 1B). The data
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suggest that this feature influences the flexibility of the @2 helix
and its flanking region in Delta class GSTs. In the present study,
the alanine mutations of Glu-37, Lys-40 and Glu-42 in adGSTD4-
4 showed structural effects in the domain I region, as shown by
decreased thermal stability and changes in refolding rates and
intrinsic fluorescence intensities. The apparent changes in «2-
helix movements resulting from mutations of the charged resi-
dues also appear to modulate interaction of the enzymes with
substrates, as shown by changes in substrate specificity. The
charged residues and ionic bridge motif in this region appear
to play a role in maintenance of a stable conformation, as well as
in influencing refolding of the enzymes. The attempt to increase
the ionic-bridge interaction by constructing the A35R mutant did
not result in any improvement in kinetic properties or enzyme
stability, although it did appear to have some effects on substrate
specificity. This may be because the side chain of arginine in
A35R is not in the correct orientation for interacting with the
other residues. In hGSTP1-1, there is an ion pair formed by
Cys-47 and Lys-54 at the end of the o2 helix. The disruption
of the electrostatic interaction between Cys-47 and Lys-54 causes
an increased mobility of the o2 helix, local structural changes,
lowered GSH-binding affinity and strong positive co-operativity
towards GSH [37,38]. Therefore electrostatic interactions in the
a2 helix appear to be involved in a-helix stabilization for GSTs in
general. In cephalopod Sigma class GSTS1-1, charged residues
at each end of the o2 helix (Asp-37 and Lys-42 at the N- and
C-termini of the 2 helix respectively) have been described to
interact with the helix dipole, and thereby stabilize the helix [39].
This feature is also found in adGSTD4-4 (residues Glu-37 and
Lys-45), as well as in the blood fluke (Schistosoma japonicum)
GST, Sj26GST, a GST of 26 kDa (PDB identification no. IM9A;
residues Glu-37 and Lys-44). These charged residues would
appear therefore to interact with the helix dipole, and contribute
to stabilizing the 2 helix.

In the present study of adGSTD4-4, we examined the roles of
conserved residues in the N-terminal domain (domain I) that are
involved in a small hydrophobic core in the G-site wall and an
ionic bridge motif in the N-terminus of the «2 helix. The results
have shown that both the small hydrophobic core and the ionic
bridge motif can have a major impact on structural stabilization,
as well as being required to maintain the structural conformation
of the enzyme. The packing of the small hydrophobic core is
important for structural integrity and, as part of the G-site wall,
directly affects GSH binding. These packing effects in the active
site appear not only to affect the G-site, but are transmitted through
rearrangement of the active-site residues to the adjacent H-site,
thereby impacting on specificity as well as catalysis.

This work was funded by the TRF (Thailand Research Fund). A.V. was supported by a
Royal Golden Jubilee Ph.D. Research Scholarship.
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Abstract

Protein kinases are now the second largest group of drug targets, and most protein kinase inhibitors in clinical development are directed
towards the ATP-binding site. However, these inhibitors must compete with high intracellular ATP concentrations and they must discriminate
between the ATP-binding sites of all protein kinases as well the other proteins that also utilise ATP. It would therefore be beneficial to target sites
on protein kinases other than the ATP-binding site. This review describes the discovery, characterisation and use of peptide inhibitors of protein
kinases. In many cases, the development of these peptides has resulted from an understanding of the specific protein-binding partners for a
particular protein kinase. In addition, novel peptide sequences have been discovered in library screening approaches and have provided new leads
in the discovery and/or design of peptide inhibitors of protein kinases. These approaches are therefore providing exciting new opportunities in the

development of ATP non-competitive inhibitors of protein kinases.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Peptide inhibitor; Endogenous inhibitor; Pseudosubstrate; Library screening; Peptide design; Small molecule ATP non-competitive inhibitor

1. Introduction

Protein kinases comprise a large family of enzymes that
catalyse the transfer of the terminal phosphoryl group of ATP
to their specific protein substrates. When the sequences of
protein kinases have been aligned, multiple conserved motifs
have been identified [1]. This information has lead to the
development of a standard nomenclature that defines critical
subdomains or motifs within the protein kinase fold. These
motifs have provided a powerful predictive tool in the
identification of new protein kinases, and have revealed the
presence of ~500 protein kinases within the human or mouse
genomes [2,3].

Abbreviations: AKAP, A-Kinase Anchoring Protein; EGF-R, Epidermal
Growth Factor-Receptor; GSK, Glycogen Synthase Kinase; ICs,, concentration
of compound to achieve 50% inhibition; JIP, INK Interacting Protein; JNK, c-
Jun N-terminal Kinase; K;, inhibition constant; MLCK, Myosin Light Chain
Kinase; PKC, Protein Kinase C; PKI, Protein Kinase A Inhibitor; RACK,
Receptor for Activated C-Kinase; SOCS, Suppressor of Cytokine Signalling;
TI-JIP, truncated inhibitory region of JIP

* Corresponding author. Tel.: +61 8 6488 1348; fax: +61 8 6488 1148.

E-mail address: marieb@cyllene.uwa.edu.au (M.A. Bogoyevitch).

1570-9639/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2005.07.025

It has been recognised for more than 50 years that protein
phosphorylation regulates many aspects of cellular function
such as metabolism, division, movement, survival and death.
Thus, any disruption of normal phosphorylation can alter cell
function and cause disease [4]. Protein kinases are now the
second largest group of drug targets, coming after only the G-
protein-coupled receptors [4]. To date, most protein kinase
inhibitors in clinical development have been directed towards
the ATP-binding site. However, one drawback with this current
strategy is that these inhibitors must compete with high
intracellular ATP concentrations. Furthermore, if they are to
be specific, these inhibitors must discriminate between the
ATP-binding sites of all protein kinases as well as >200 other
human proteins that also utilise ATP (see review [5]).

For these reasons, it would be beneficial to target sites on
protein kinases other than the ATP-binding site. However,
protein—protein interaction interfaces have generally been
considered as difficult targets for small molecule drug
discovery. This is largely because the interactions appear to
involve larger and frequently less well-defined contact areas
when compared with classical drug targets such as enzyme
active sites and ligand-binding sites on receptors. There have
been some notable successes. For example, small molecule
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Fig. 1. Protein Kinase Interactions with ATP-competitive and ATP-noncompetitive inhibitors: c-Jun N-terminal Kinase. (a) In a recent example, structural analysis
has shown that the ATP-binding site of the protein kinase c-Jun N-terminal Kinase (JNK) is occupied by an ATP-competitive inhibitor of INKs, SP600125 [9]. (b) In
this same study, the structure of the complex between JNK1 and the peptide inhibitor derived from the INK pathway scaffold protein, JIP1, was solved. This shows
the interaction of the JNK1 protein with the peptide inhibitor at a site remote from the ATP-binding pocket.

inhibitors of the interaction of p53 with its suppressor protein
HDM2 have been designed, synthesised, tested in vitro and
shown to have in vivo efficacy (see review [6]).

In this review, the discovery, characterisation and use of
peptide inhibitors of protein kinases are considered. As will be
shown, the development of many of these peptides has resulted
from an understanding of the specific protein-binding partners
for a particular protein kinase. In addition, novel peptide
sequences as discovered in library screening approaches have
provided new leads in the discovery and/or design of peptide
inhibitors of protein kinases. Lastly, how information on
peptide inhibitors can aid the development of new non-peptide

small molecule inhibitors is considered alongside a number of
examples of small molecule ATP-noncompetitive inhibitors of
protein kinases. In combination, these approaches provide
exciting new opportunities in the development of ATP non-
competitive inhibitors of protein kinases.

2. Protein kinase inhibitors derived from
biologically-relevant protein partners

The crystal structure of cAMP-dependent protein kinase [7]
has provided insights into the organization of the catalytic core
of serine/threonine kinases. Striking similarities have been

Fig. 2. Protein Kinase Interactions with ATP-competitive and ATP-noncompetitive inhibitors: cAMP-dependent Protein Kinase. (a) Structural analysis has shown
that the ATP-binding site of cAMP-dependent protein kinase is occupied by an ATP-competitive inhibitor of protein kinases, staurosporine. (b) The structure of the
complex between cAMP-dependent protein kinase and the peptide inhibitor derived from the Protein Kinase Inhibitor (PKI) protein. Again, this shows the interaction
of cAMP-dependent protein kinase with the peptide inhibitor at a site remote fiqg@e ATP-binding pocket.
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subsequently seen in other protein kinases, including tyrosine
kinases, with at least 46 unique protein kinase structures now
available [8]. From these structures, it is clear that a relatively
small pocket of the protein kinase constitutes the ATP-binding
region. This is highlighted in Fig. 1(a), where a recent example
shows the ATP-binding site of the protein kinase c-Jun N-
terminal Kinase (JNK) occupied by an ATP-competitive JNK
inhibitor, SP600125 [9]. Similarly, a complex of cAMP-
dependent protein kinase with the ATP-competitive inhibitor
staurosporine is shown in Fig. 2(a). Thus there are extensive
regions outside the ATP-binding site, but the question remains
which, if any, of these regions act to regulate protein kinase
activity? Furthermore, it is not obvious which regions might
also be regulated by the binding of small peptides or other
small molecules. In Figs. 1(b) and 2(b), peptide inhibitors of
JNK and cAMP-dependent protein kinase are also shown.
These structures highlight that the sites of interaction of these
peptides can be remote from the ATP-binding site and that the
sites of peptide inhibitor interaction may differ between protein
kinases. In the following subsections, the development of
peptide inhibitors using information derived from biologically-
relevant protein partners for a number of kinases is presented.

2.1. Peptide kinase inhibitors derived from endogenous
inhibitory proteins

2.1.1. Inhibitors of cAMP-dependent protein kinase derived
from the specific inhibitory protein, Protein Kinase A Inhibitor
(PKI)

Studies published in the early 1970s characterising thermo-
stable protein inhibitors of the cAMP-dependent protein kinase
purified from crude tissue extracts [10—12] provided some of
the first leads in the development of peptides as ATP non-
competitive inhibitors of protein kinases. An 11-kDa inhibitory
protein, known simply as Protein Kinase Inhibitor or PKI, was
shown to interact specifically with the catalytic subunit of
cAMP-dependent protein kinase, thus potently inhibiting
kinase activity with an inhibition constant (K;) of 2 nM [13].
Proteolytic digestion of PKI revealed a 20 amino acid
inhibitory peptide corresponding to amino acids 11-30
[14,15]. This sequence is shown in Table 1, along with many
other reported peptide inhibitor sequences that are discussed in
this review. Interestingly, within this PKI-derived peptide, a
short amino acid sequence resembled the optimal sequence
phosphorylated by cAMP-dependent protein kinase. Thus, the
peptide contained a pseudosubstrate sequence (R—R—X-S*,
where S* represents the phosphoacceptor residue in the
substrate that is a non-phosphorylated amino acid in the
pseudosubstrate) [14]. Additional pseudosubstrate inhibitors
are considered in Section 2.3 as this type of inhibition has now
been observed for a number of other protein kinases.

The chemical synthesis of PKI-derived peptides has allowed
further characterisation of inhibitory actions [14,15]. This
revealed potent inhibition and high specificity towards
cAMP-dependent protein kinase without inhibition of other
protein kinases tested (phosphorylase kinase, skeletal muscle

kinase II or cGMP-dependent protein kinase) even when these
peptides were included at millimolar concentrations in in vitro
assays [14]. Further biochemical analyses of peptide sequences
derived from PKI revealed the primary structural requirements
for inhibition of cAMP-dependent protein kinase [16]. For
example, residues 25-30 within PKI(11-30) were not
essential for inhibition. Indeed, PKI(1-24) with a K; of 4.8
nM was ~150-fold more potent than PKI(11-30). Thus, the
inhibitory effects of PKI(1—24) were comparable with the PKI
protein [16], and showed that the inclusion of greater numbers
of amino acids did not always maintain highest inhibitory
activity. Furthermore, the critical nature of the two arginine
residues within the pseudosubstrate site was confirmed when
their individual substitution by glycine decreased inhibitory
potency of the peptides by up to 500-fold [16]. Thus, a single
amino acid change in this inhibitory peptide greatly reduced
inhibition.

A 20mer peptide corresponding to PKI(5—24) (Table 1) has
also been shown to inhibit cAMP-dependent protein kinase
with potency comparable to full-length PKI and a K; of 2.3 nM
[17]. Structural studies of PKI(5—-22) revealed the secondary
structure within this short sequence required for its high
biological potency [18]. Amino acid substitutions further
defined primary structural determinants essential for the
inhibitory actions of the PKI-derived peptides [19] even prior
to structural information on the peptide—protein kinase
complex being available. Now that the structure of this
complex has been solved [20], the amino acids making contact
with the peptide have been identified and models developed on
the mechanism of substrate binding and the phosphotransferase
reaction. Fig. 2(b) shows the complex of cAMP-dependent
protein kinase and PKI(12-24) together with the ATP-
competitive inhibitor staurosporine and this highlights the
spatial separation between the binding sites of the two different
inhibitors. In summarising a range of studies, Walsh and Glass
concluded that these PKI-based peptide inhibitors showed K;
values in the range of 4 nM to 150 pM. Table 1 shows the
sequence of the most potent 9mer inhibitor, PKI(14-22), with
a K; of 36 nM [21]. This 9mer demonstrated that a minimal
sequence could retain considerable affinity for inhibition of the
cAMP-dependent protein kinase.

The studies on PKI or the PKI-derived peptides described
thus far have emphasised the biochemical evaluation of
structure—activity relationships in vitro. Studies addressing
the intracellular roles of cAMP-dependent protein kinase have
used various techniques for expression or delivery of PKI. An
early study used a plasmid encoding PKI(1-31) to characterise
the role of cAMP-dependent protein kinase in the transcrip-
tional regulation of genes encoding collagenase, the chorionic
gonadotrophin-alpha subunit, or enkephalin [22]. This plasmid-
driven expression allowed continued production of the peptide
intracellularly, chronic inhibition of cAMP-dependent protein
kinase, and clear biological effects. Therefore, these results
have demonstrated the value of this approach.

In contrast, the sensitivity of small peptides to proteolytic
degradation could hamper their study in cells, particularly if

myosin light chain kinase, protein kinase C (PKC), caseiggy longer-term inhibition is required. Thus, PKI(6—-24) has been
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Table 1
Peptide inhibitors of protein kinases
Peptide name Peptide sequence Protein kinase inhibited Source of inhibitor References
PKI(11-30) I-A-S-G-R-T-G-R-R-N-A-I-H-D- cAMP-dependent Inhibitory Protein-PKI [14,15]
I-L-V-S-S-A protein kinase
PKI(1-24) T-D-V-E-T-T-Y-A-D-F-I-A-S-G-R- Inhibitory Protein-PKI [16]
T-G-R-R-N-A-I-H-D-I-L-V-S—-S—-A
PKI(5-24) T-T-Y-A-D-F-I-A-S-G-R-T-G-R- Inhibitory Protein-PKI [17]
R-N-A-I-H-D
PKI(14-22) G-R-T-G-R-R-N-A-1 Inhibitory Protein-PKI [21]
[Ala-5]Kemptide L-R-R-A-A-L-G Synthetic substrate-Kemptide [34,35]
Ht31 peptide V-Q-G-N-T-D-E-A-Q-E-E-L-A-W- Anchoring protein-AKAP [120,123]
K-I-A-K-M-I-V-S-D-V-M-Q-Q
AKAP-IS Q-I-E-Y-L-A-K-Q-I-V-D-N-A-I- Anchoring protein-AKAP [134]
Q-Q-A
AKB(RI), RI specific F-E-E-L-A-W-K-I-A-K-M-1-W-S— Anchoring protein-AKAP [135]
D-V-F-Q-Q
n.d.? Myr-R-K-R-T-L-R-R-L" Protein Kinase C (PKC) Synthetic peptide substrate [40]
modified by myristoylation
n.d.? Myr- R-K—-R—-C-L-R-R-L" Synthetic peptide substrate [42]
modified by myristoylation
and Cys substitution
nd.? R-F-A-R-K-G-A-L-R-Q-K-N-V- PKC-a/p/y PKC-a/p pseudosubstrate [65]
H-E-V-K-N sequence (19-36)
nd.? R-F-A-R-K-G-A-L-R-Q-K-N-V PKC-a/p/y PKC-a/p pseudosubstrate [66]
sequence (19-31)
myr-PKC Myr-F-A-R-K-G-A-L-R-Q" PKC-o/PR/y PKC-o/p pseudosubstrate [76]
sequence (20—-28)
myr-yPKCg Myr-R-R-G-A-R-R-W-R-K" PKC-¢ PKC-¢ pseudosubstrate [82]
sequence (116—124)
pC2-4 S-L-N-P-E-W-N-E-T PKC-o/ply PKC-p sequence (218—-226) [99]
oVI-1 S—-F-N-S-Y-E-L-G-S-L PKC-6 PKC-6 sequence (8—17) [106]
“peptide 17 K-G-D-Y-E-K-I-L-V-A-L-C-G-G-N PKC Annexin-1 (332-346) [171]
MLC(11-19) K-K-R-A-A-R-A-T-S Myosin light chain kinase C-terminal truncation of [49]
(MLCK) MLC phosphorylation site
n.d.? A-K-K-L-S-K-D-R-M-K-K-Y-M-A- Myosin light chain kinase [91]
R-R-K-W-Q-K-T-G pseudosubstrate site (480—501)
n.d.? K-R-R-F-K-K Variant on pseudosubstrate site [91]
that minimizes calmodulin
inhibition
CaMKII(290-302) L-K-K-F-N-A-R-R-K-L-K-G-A Calmodulin-dependent Calmodulin-dependent protein [95]
protein kinase kinase II pseudo-substrate/
Calmodulin-binding
(290-309)
CaM peptide 1 W-D-T-V-R-I-S-F Random Peptide Library
Screening with Calmodulin
CaM peptide 2 W-P-S-L-Q-A-I-R [154]
“Peptide 2” V-E-L-D-P-E-F-E-P-R-A-R-E-R- Aktl Substrate based [45]
T-Y-A-F-G-H
“Peptide 4” V-E-L-D-P-E-F-E-P-R-A-R-E-R- Substrate based [45]
A-Y-A-F-G-H
Akt-in A-V-T-D-H-P-D-R-L-W-A-W-E-K-F Peptide from Activator-TCL1 [143]
KRX-014.H151 Myr-G-G-Y-N-Q-N-H-Q-K-L-F-Q- KinAce [115]
L-amide”
n.d.? R-K-Q-I-T-V-R Phosphorylase kinase Based on peptide substrate [47]
“Peptide 3” Y-c[Pen-Y —G—S—F-C]-K-K-amide® c-Src Substrate based [51]
“Peptide 29” Y-c[D-Pen-(3-lodo-Y)—~G—-S—F-C]-K-R-amide® Substrate based [51]
“Peptide 30” Y-c[D-Pen-(3,5-dilodo-Y)-G—-S—-F-C]-K— Substrate based [51]
R-amide®
n.d.? Myr-E-F-L-Y-G-V-F-F" Substrate and myristoylation [53]
n.d.? Myr-EfFfoamideb Substrate and myristoylation [53]
n.d.? F-V-G-F-L-G-F-L-G Random Peptide Library [147]
Screening with kinase
C4 T-Y-T-K-K-Q-V-L-R-M-A-H-L- Cyclin-dependent kinase 2 Cyclin—cyclin-dependent [145]
V-L-K-V-L-T-F-D-L kinase interface
“peptide 4” K-L-I-L-F-L-L-L-L ZAP70 Oriented peptide library screen [153]
TI-JIP R-P-K-R-P-T-T-L-N-L-F INK Based on JIP scaffold protein [137]
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Table 1 (continued)

Peptide name Peptide sequence Protein kinase inhibited Source of inhibitor References
KRX-147.D103 Myr—G—N—L—L—NfFfL—R—R—K—amideb c-Kit KinAce [115]
KRX-702.H105 Myr-G—G-R~A-G-N-Q-Y —L-amide® PDK1 KinAce [115]
KRX123.101 Myr-G—I-V-T-Y-G-K-I-amide” Lyn KinAce [114]
KRX-123.302 Myr-G-L—V-T—(3,5-dilodo-Y)—k—K—T— KinAce [114]

K&-amide >4
KRX-055.G106 Myr-G—R—T—N-A—V-Nle-amide™ KinAce [115]
P1 ¢c[C-R-N-C-T-V-1-Q-F-S-CJ* Casein Kinase 2 Random Peptide Library [155]
P15 c[C-W-M-S-P-R-H-L-G-T-C]° Screening with Substrate

Peptide

Tkip W-L-V-F-F-V-I-F-Y-F-F-R JAK2, EGF-R Designed peptide [33]

A range of approaches has been used in the discovery and development of peptide inhibitors of protein kinases. This table summarises peptide sequences and their
sources as described in this review. Further details on the characterisation of these peptide inhibitors including estimates of the affinities (K; or ICs, values for

inhibition) and their use in cellular studies is described in the text.
? n.d.=not defined. No name was specifically given to these peptides.
® In this sequence, myr=N-terminal myristoylation.

¢ In this sequence, the sequence contained within the designation c[ ] is cyclized by the formation of a disulphide bond between the side chain of the amino acid

Penicillamine (Pen) and the side chain of Cysteine (C).
4 In this sequence, k=D-stereoisomer of K, and K&=K-& amino benzoyl.

¢ In this sequence, the sequence contained within the designation c[ ] is cyclized by the formation of a disulphide bond between the side chains of the of the 2

Cysteine (C) residues.
' In this sequence, Nle—norleucine.

modified to address this concern [23]. PKI(6—24), modified in
two ways by the substitution of arginine in position 18 with its
D-stereoisomeric form and blocking the side chain of the C-
terminal aspartate with a cyclohexyl ester group, was active
intracellularly for 4 to 6 h following its microinjection. This
peptide prevented the changes in cell morphology and
cytoskeleton following cAMP-dependent protein kinase acti-
vation [23]. Under the same conditions, the microinjection of
non-modified PKI(6—24) was without effect [23]. Others have
used microinjection of PKI-derived peptides in a wide range of
studies. Examples include the evaluation of the role for cAMP-
dependent protein kinase in mitosis and nuclear envelope
breakdown [24], and more recently in the evaluation of cell
cycle progression of one-cell stage mouse fertilised eggs [25].
PKI-derived peptides have also been added to permeabilised
cells to evaluate cAMP-dependent protein kinase actions in
renal tubule cells [26], P,-adrenergic receptor desensitisation
[27] and the IP;-dependent release of Ca** and relaxation of
smooth muscle [28].

Intracerebroventricular injection of either PKI(6—22) or an
N-terminal myristoylated form of PKI(14-22) has also
significantly reversed the antinociception tolerance that fol-
lowed low level morphine exposure [29]. In this example, the
myristoylated PKI(14—22) was most effective, this being
attributed to the lipophilic myristoyl moiety and smaller
peptide size enhancing cellular permeability [29]. Similarly,
the use of myristoylated PKI(14—22) has implicated cAMP-
dependent protein kinase in insulin secretion by pancreatic
beta-cells [30], as a mediator of ischemic preconditioning and
isoprenaline-induced protection in the heart [31], and in the
regulation of adenylyl cyclase and phosphodiesterase activity
in smooth muscle [32]. Therefore, simple chemical modifica-
tions of the PKI-derived peptides have allowed a range of
studies evaluating the biological functions of cAMP-dependent
protein kinase.

2.1.2. Endogenous inhibitory proteins as new leads in the
development of protein kinase inhibitors

Following the success of the approach to develop cAMP-
dependent kinase inhibitors based on the endogenous inhibi-
tory protein PKI, other protein kinase inhibitors could be
developed using similar principles. To date, there are few
reports of this approach to discover peptide inhibitors of
protein kinases. However, as described in subsequent sections
of this review, other proteins such as substrates, scaffolds or the
protein kinases themselves have provided numerous leads in
the development of peptide inhibitors of protein kinases. It is of
interest that a peptide considered to mimic some of the actions
of the Suppressors Of Cytokine Signalling (SOCS) protein
family as inhibitors of Epidermal Growth Factor-Receptor
(EGF-R) or JAK2 has been recently described [33]. However, a
short 12mer peptide mimetic of SOCS-1, called Tkip (see Table
1), was designed to bind JAK2 and not found within the
SOCS-1 sequence. Tkip is therefore considered further in
Section 3.2 where approaches to the discovery of novel
inhibitory peptide sequences are described in more detail.

2.2. Peptide inhibitors of protein kinases derived from
substrates

2.2.1. Substrate-based inhibitors of cAMP-dependent protein
kinase

As described in Section 2.1.1, the inhibitory sequence
within PKI has been attributed to a sequence resembling its
substrate, i.e., a pseudosubstrate sequence. This relationship
between substrate and inhibitor is further emphasised by the
observation that the appropriate substitution of a single amino
acid in PKI-derived peptides has produced effective substrates
for cAMP-dependent protein kinase. Thus, the substitution of
alanine at position 21 in PKI(4—-22), with the phosphorylatable

4109 serine residue (sequence: E-T-T-Y-A-D-F-I-A-S-G—



84 M.A. Bogoyevitch et al. / Biochimica et Biophysica Acta 1754 (2005) 79—99

R-T-G-R—-R—-N-S-1I), has produced a kinase substrate
more effective than the standard peptide substrate Kemptide
(where the Kemptide sequence is L-R—-R—A-S-L-G) [19].
In both sequences, the phosphorylated serine is denoted by the
underline (i.e., S). It is therefore not surprising that some of the
earliest attempts to develop inhibitors of cAMP-dependent
protein kinase performed the reverse modifications. Thus,
substituting the phosphorylatable serine in Kemptide with
alanine produced an inhibitor, [Ala-5]-Kemptide (see Table 1)
[34,35]. In addition, the irreversible inactivation of cAMP-
dependent protein kinase has been achieved with peptide
substrate analogs, some of which bind a highly reactive active
site Cys residue [36,37] as well as other residues in the cAMP-
dependent protein kinase active site [38].

2.2.2. Substrate-based peptide inhibitors of protein kinase C
(PKC)

Other modifications of substrate peptides of protein kinases
have also produced novel inhibitors. For example, as shown in
Table 1, the major PKC phosphorylation site (Thr-654) of the
EGF-R (i.e., T within the sequence context R—-K—-R-T—-L—
R—R-L) when added to an N-terminal myristoyl moiety
produced an 8mer PKC inhibitory peptide rather than a
substrate [39,40]. This myristoylated peptide entered cells
more readily and inhibited PKC-mediated interleukin-2 and
interleukin-2 receptor expression in Jurkat T cells [41]. When
various substitutions of this peptide were then tested for their
potency in PKC inhibition, myr-R—K—-R—-C-L—-R—-R-L was
the most potent of the peptides evaluated [40]. However, its
potency was decreased 10-fold in the presence of the reducing
reagent dithiothreitol [40]. This sensitivity to dithiothreitol
suggested a covalent interaction with a conserved active site
Cys in PKC. Further studies confirmed an irreversible
mechanism of inhibition following S-thiolation of PKC [42].
In addition, many studies as considered in Section 2.3 have
evaluated the use of pseudosubstrate sequences as inhibitors of
PKC.

Lee and colleagues have further generated peptide inhibitors
specific for the a-PKC isoform based on the PKC-a consensus
substrate sequence (sequence: R—-R—K—-G—-S—-Hyd—R, where
Hyd=a hydrophobic amino acid, and the phosphorylated serine
is underlined) [43]. Again, the phosphorylatable serine at
position 5 in this sequence was replaced with an alanine, the
residues considered essential (i.e., the two arginine residues
and the hydrophobic residues), were retained whereas the other
3 positions were changed through the inclusion of each one of
720 carboxylic acid moieties within an (L)-2,3-diaminopro-
pionic acid substitution. This resulted in a number of high
affinity modified peptide inhibitors of PKC-o most notably
with one inhibitor showing a K; of 0.8 nM. Interestingly this
peptide also showed >350-fold preference for PKC-a over the
closely-related conventional PKC isoforms, PKC-p and PKC-y
and even higher selectivity over the more distantly related
PKCs (600-fold to 2730-fold). Thus, the substitutions in the
original peptide sequence would appear to access a structurally
distinct subsite unique to PKC-a.. Further structural analysis of

approaches to this family of kinases as well as the general
approach to inhibitor design.

2.2.3. Substrate-based peptide inhibitors of Akt

Like cAMP-dependent kinase and PKC, the Akt family of
kinases are serine/threonine kinases within the AGC group [2].
An optimal peptide substrate sequence (A—R-K—-R—-E—-R-
T-Y-S-F-G-H-H-A) discovered in an oriented peptide
library screening approach has been shown to bind and inhibit
Aktl with a K; of 12 uM [44]. This has more recently been
used in the development of small peptide inhibitors of Akt [45].
The most effective inhibitors showed K; values in the range of
0.1 pM. The sequence of one of these peptides is shown in
Table 1, and this 100-fold improved inhibition was attributed to
the addition of 9 amino acids from the FOXO3 transcription
factor to the N-terminus of the original peptide and the
substitution of threonine and serine residues by alanine [45].
When evaluating specificity by testing 8 other protein kinases,
only Serum/Glucocorticoid-regulated Kinase SGK, which
shares similar substrate preferences, was also inhibited [45].

Two approaches have been initially taken to deliver these
Akt inhibitors to cells [45]. First, these peptide inhibitors were
delivered to HeLa cells using the BioPORTER protein
transfection reagent. This provided transient exposure to the
peptide, and Glycogen Synthase Kinase (GSK)-3 phosphory-
lation was inhibited [45]. However, no phenotypic change in
these cells was observed [45]. Thus, in a second approach, the
peptide was synthesised as a fusion with a poly-arginine
membrane-permeable sequence. Continuous incubation with
this peptide provided a mechanism for sustained delivery.
Significant inhibition of GSK3 phosphorylation was demon-
strated, and growth of both HeLa and MiaPaCa cells was
reduced as expected if growth inhibition required persistent
Akt inhibition [45]. This has therefore demonstrated the
importance of appropriate delivery mechanisms when deter-
mining the cellular efficacy of these peptide inhibitors.

2.2.4. Substrate-based peptide inhibitors of other
serine/threonine kinases

In addition to the identification of peptide inhibitors of
serine/threonine protein kinases based on their specific
substrates as described in the preceding subsections, others
have shown the ability of substrate-based peptides to inhibit
protein kinase activities in vitro. Here, two additional inhibitors
are considered, a minimal peptide inhibitor of phosphorylase
kinase and a peptide inhibitor of smooth muscle myosin light
chain kinase (MLCK).

Phosphorylase kinase is one of the key enzymes involved in
glycogenolysis, catalysing the phosphorylation of phosphory-
lase b to its active form, phosphorylase . Its reaction
mechanism has been extensively studied, and specifically it
has been of interest that other protein kinases cannot perform
the function of phosphorylase kinase (see review [46]). In
studying its catalytic mechanism, small peptide substrates have
been identified and those poorly phosphorylated have been
screened as potential competitive inhibitors [47]. Of those

this complex will be of interest in the application of similar qqgeptides screened, a threonine containing 7mer was studied



