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Glutathione S-transferases (GSTs) are a major family of

detoxi®cation enzymes which possess a wide range of

substrate speci®cities. Most organisms possess many GSTs

belonging to multiple classes. Interest in GSTs in insects is

focused on their role in insecticide resistance; many resistant

insects have elevated levels of GST activity. In the malaria

vector Anopheles gambiae, elevated GST levels are associated

with resistance to the organochlorine insecticide DDT [1,1,1-

trichloro-2,2-bis-(p-chlorophenyl)ethane]. This mosquito is

the source of an insect GST, agGSTd1-6, which metabolizes

DDT and is inhibited by a number of pyrethroid insecticides.

The crystal structure of agGSTd1-6 in complex with its

inhibitor S-hexyl glutathione has been determined and re®ned

at 2.0 AÊ resolution. The structure adopts a classical GST fold

and is similar to those of other insect �-class GSTs, implying a

common conjugation mechanism. A structure-based model for

the binding of DDT to agGSTd1-6 reveals two subpockets in

the hydrophobic binding site (H-site), each accommodating

one planar p-chlorophenyl ring.
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1. Introduction

Glutathione S-transferases (GSTs; EC 2.5.1.18) are a major

family of detoxi®cation enzymes that among other reactions

conjugate glutathione (GSH; -glutamyl-cysteinyl-glycine) to

xenobiotic compounds (e.g. drugs, herbicides, insecticides)

with electrophilic centers, converting them from reactive

lipophilic molecules into water-soluble non-reactive conju-

gates that may easily be excreted (Hayes & Pulford, 1995).

Most organisms possess multiple GSTs belonging to two or

more classes with differing catalytic activities to accommodate

the wide range of substrate speci®cities. Mammalian GSTs

have been classi®ed into eight soluble classes (�, �, �, �, �, �, �
and !) and a microsomal class (Mannervik, 1985; DeJong et

al., 1988; Meyer et al., 1991; Pemble et al., 1996; Board et al.,

1997, 2000). In plants, GSTs are grouped into ®ve classes (�, �,

�, ' and �; Edwards et al., 2000; Dixon et al., 2002). Insect GSTs

were recently classi®ed into six classes (�, ", �, �, ! and �) by

comparative analysis of the Drosophila melanogaster and

Anopheles gambiae genomes from the three formerly recog-

nized (Fournier et al., 1992; Syvanen et al., 1994; Ranson et al.,

2002; Ding et al., 2003). The �- and "-class GSTs have been

implicated in detoxi®cation, particularly in conferring

resistance towards various insecticides (Hemingway, 2000;

Prapanthadara et al., 2000; Ranson et al., 2001; Ortelli et al.,

2003).

Interest in insect GSTs is focused on their role in insecticide

resistance. Elevated levels of GST activity have been detected
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in strains of insects resistant to organophosphates (Fournier et

al., 1992), organochlorines (Grant & Hammock, 1992) and

pyrethroid insecticides (Kostaropoulos et al., 2001; Vontas et

al., 2001). GSTs from the important malaria vector A. gambiae

are of particular interest because of their involvement in

resistance to the organochlorine insecticide DDT [1,1,1-

trichloro-2,2-bis-(p-chlorophenyl)ethane]. In A. gambiae, an

increased rate of DDT dehydrochlorination in the resistant

strain is associated with quantitative increases in multiple GST

enzymes (Prapanthadara et al., 1993). This mosquito is the

source of an insect �-class GST, agGSTd1-6, the product of

one of four alternative transcripts from the agGSTd1 gene,

which metabolizes DDT and binds to a number of pyrethroid

insecticides (Ranson et al., 1997). The latter characteristic has

allowed this recombinant enzyme to be used to monitor

pyrethroid concentrations on insecticide-impregnated bednets

(Enayati et al., 2001). The potential role of agGSTd1-6 in

pesticide detoxi®cation makes it an attractive target for

structural analysis. Malaria kills several million people each

year (Phillips, 2001). Preventive measures have focused on

control of the mosquito vectors using insecticides such as DDT

(Trigg & Kondrachine, 1998). However, the advent of DDT-

resistant strains of mosquitos has decreased the effectiveness

of this control measure. Structural studies of insect GSTs from

insecticide-resistant strains will help in the understanding of

the mechanisms of resistance to important pesticides and

guide the design of novel inhibitors to overcome insecticide

resistance. To this end, we have determined the crystal struc-

ture of agGSTd1-6 from A. gambiae at 2.0 AÊ resolution.

2. Materials and methods

2.1. Protein preparation, crystallization and data collection

Cloning of agGSTd1-6 from a DDT-resistant A. gambiae

strain has been described previously (Ranson et al., 1997).

Detailed protocols for agGSTd1-6 expression, puri®cation,

crystallization and preliminary X-ray analysis have also been

reported (Roberts et al., 2001). Our initial screening of crys-

tallization conditions produced ®ve different crystal forms for

agGSTd1-6. The crystal form used in the structure determi-

nation was one of the two primitive orthorhombic forms. The

crystals were grown at room temperature (298 K) by the

hanging-drop vapor-diffusion method with 100 mM Tris±HCl

buffer pH 7.5, 30% PEG 4000, 10% 2-propanol as the crys-

tallization solution. Crystals formed in space group P212121,

with unit-cell parameters a = 50.2, b = 89.5, c = 100.0 AÊ , and

contain two monomers in the asymmetric unit. Preliminary

data collection was carried out with an in-house

rotating-anode X-ray source. The programs DENZO and

SCALEPACK were used for data processing and analysis

(Otwinowski & Minor, 1996). Final diffraction data to 2.0 AÊ

resolution were collected at the 19ID beamline of the APS at

Argonne National Laboratory, USA. Data-collection statistics

are summarized in Table 1.

2.2. Structure determination and refinement

The structure of agGSTd1-6 was determined by the

molecular-replacement method. The search model was a

dimer of a �-class GST from D. melanogaster, dmGST21,

which has 57% sequence identity with that of agGSTd1-6

(Wang & Rose, 2000). Molecular-replacement calculations

and structure re®nement were carried out using the CNS

program package (BruÈ nger et al., 1998). The graphics program

O was used in model building (Jones et al., 1991). Both the

cross-rotation function and subsequent translation-function

searches yielded one solution that was much higher than the

next highest peak (Table 1). This solution was used as the

initial model for agGSTd1-6 and gave an R factor of 0.46 (Rfree

= 0.46) using 20±2.0 AÊ data. Subsequent rigid-body, energy

minimization with simulated annealing and restrained indivi-

dual B-factor re®nements lowered the R factor to 0.346 (Rfree

= 0.393). The composite omit map was calculated in order to

reduce the model bias. This omit map was used to guide the

Table 1
Summary of data-collection, phasing and re®nement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
Space group P212121

Unit-cell parameters (AÊ ) a = 50.2, b = 89.5, c = 100.0
Temperature (K) 93
Wavelength (AÊ ) 0.979
Crystal-to-detector distance (mm) 200
Oscillation range per frame (�) 0.5
Exposure time (s) 10
Resolution (AÊ ) 2.0
Total No. of re¯ections

Unique 26280
Measured 118522

Completeness (%) 84.3 (87.3)
Rmerge 0.074 (0.195)
I/�(I) (average) 17.4 (7.4)

Phasing (molecular replacement)
Search model dmGST21 dimer
Cross-rotation²

Peak 1 �1 = 171.0, �2 = 41.4, �3 = 42.7�;
Height = 0.100

Peak 2 �1 = 11.5, �2 = 57.1, �3 = 251.6�;
Height = 0.039

Translation²
Peak 1 �1 = 171.0, �2 = 41.4, �3 = 42.6�;

Tx = 8.43, Ty = 36.64, Tz = 8.16;
Monitor = 0.388, Packing = 0.63

Peak 2 �1 = 12.2, �2 = 57.9, �3 = 249.9�;
Tx = 17.6, Ty = 33.8, Tz = 42.6;
Monitor = 0.091, Packing = 0.61

Initial R factor 0.462
Re®nement

Resolution range (AÊ ) 20-2.0
No. of re¯ections 24652
No. of atoms

Protein 3310
Ligand 52
Water 233

R factors (%)
Rwork 20.9 (21.9)
Rfree 25.4 (27.1)

R.m.s.d.s
Bond length (AÊ ) 0.006
Bond angle (�) 1.2

² Only the highest two peaks are listed.



model building of the agGSTd1-6 structure, including ®tting of

the inhibitor S-hexyl glutathione (GTX). Re®nement

proceeded through several cycles in combination with manual

rebuilding. After adding solvent molecules, the re®nement

converged at an R factor of 20.9% (Rfree = 25.4%). The ®nal

model contains all residues of monomers A and B, one S-hexyl

glutathione per monomer and 233 water molecules. The

re®nement statistics are summarized in Table 1.

2.3. Protein-fold analysis

Secondary-structure elements were de®ned by their

hydrogen-bonding patterns. The DALI algorithm was used to

search for structural homologues of agGSTd1-6 and was also

used for structure-based sequence alignment of agGSTd1-6

with other GSTs (Holm & Sander, 1993, 1998). Ribbon and

stereo diagrams were prepared using the program

MOLSCRIPT (Kraulis, 1991).

3. Results and discussion

3.1. Overall structure of agGSTd1-6

The re®ned model of agGSTd1-6 in complex with its inhi-

bitor S-hexylglutathione (GTX) had good overall geometry,

with r.m.s deviations for bond lengths and angles of 0.006 AÊ

and 1.2�, respectively (Table 1). The Ramachandran plot

statistics showed that 90.4% of the dihedral angles were found

to be in the most favored regions, 8.0% in the additional

allowed regions and only 1.6% (six residues) in the generously

allowed regions. None of the non-glycine residues were in

disallowed regions. The average B values for the protein and

GTX atoms were 30.6 and 25.4 AÊ 2, respectively.

There are two agGSTd1-6 monomers in the crystal asym-

metric unit, with each monomer consisting of 209 residues

(Fig. 1). The r.m.s. deviation of the 209 C� atoms between the

two monomers is 0.70 AÊ . agGSTd1-6 adopts the canonical

GST fold (Figs. 2 and 3), containing eight �-helices (H1±H8)

and four �-strands (B1±B4), and the structure can be divided

into two distinct domains plus a short hinge loop, namely an

N-terminal domain (residues 1±78), a linker (residues 79±85)

and a C-terminal domain (residues 86±209). The N-terminal

domain consists of a central four-stranded mixed �-sheet

¯anked on one side by helices H1 (residues 9±22) and H3

(residues 64±76) and on the other by helix H2 (residues 40±

47). These secondary-structural elements are arranged in a

������� motif in which the �-strand B3 (residues 53±57) is

antiparallel with respect to the other three �-strands B1

(residues 1±5), B2 (residues 26±30) and B4 (residues 60±63).

The mixed �-sheet adopts a `±1 +2 +1' topology. Pro53 at the

start of the �-strand B3 is in the cis conformation. Equivalent

cis-residues have been found in all GST structures so far

determined (Armstrong, 1997). This proline residue appears

to be critical for the correct formation of the active site. The

C-terminal domain has an all-� fold with a bundle of ®ve

�-helices [H4 (residues 86±115), H5 (residues 123±142), H6

(residues 154±169), H7 (residues 177±189) and H8 (residues

193±209)]. Helix H4 is slightly bent at position Gly102.

3.2. Active-site structure

One molecule of GTX is bound in the active site of each

monomer (Figs. 3 and 4). The active site is located in a deep

cleft formed at the interface of the two domains (Fig. 3). The

inhibitor molecule GTX sits tightly inside the active-site

pocket formed by residues Leu6, Ser9,

Ala10, Pro11, Leu33, Met34, His38, His50,

Ile52, Glu64, Ser65, Arg66, Tyr105, Phe108,

Tyr113, Ile116, Phe117, Phe203 and Phe207

(Fig. 4). The active site can be divided into

two subsites, the glutathione (GSH) binding

site (G-site) and the hydrophobic binding

site (H-site). The G-site is mainly hydro-

philic and is polar in nature. The GSH

moiety of the inhibitor GTX lies in this site,

with its -glutamyl region forming hydrogen

bonds with the side chain of Glu64, the

main-chain amide and the hydroxyl group of

Ser65 and the side chain of Arg66. Its

cysteinyl moiety forms two hydrogen bonds,

one to the main-chain carbonyl of Ile52 and

the other to the amide N atom of Ile52. The
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Figure 1
Sequence of agGSTd1-6 and assignment of its secondary-structure
elements. The secondary-structure elements are underlined and labeled
(�-helices starting with H and �-strands with B).

Figure 2
Stereoview of the C� trace of agGSTd1-6. Every tenth residue is labelled. The N- and C-termini
are also labeled.
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glycyl portion interacts with the carbonyl and the side chain of

His50 and is in close contact with the side chain of His38

through a hydrogen bond bridged by a water molecule. The S

atom of GTX forms a hydrogen bond (3.12 AÊ ) with the

hydroxyl group of the presumed catalytic residue Ser9. The H-

site is large and open, with the S-hexyl moiety of GTX

occupying only a small portion of it (Fig. 4). This site is

composed of residues that are mainly hydrophobic in nature:

Leu6, Ala10, Pro11, Leu33, Met34, Tyr105, Phe108, Tyr113,

Ile116, Phe117, Phe203 and Phe207. There is no close contact

of less than 3.2 AÊ distance between the S-hexyl moiety of the

inhibitor GTX and the H-site residues of agGSTd1-6.

A structure-based model for the binding of the insecticide

DDT to agGSTd1-6 was constructed based on the orientation/

conformation of the inhibitor GTX in the complex structure

and the presumed role of Ser9 in catalysis (Fig. 5). The

dehydrochlorination of DDT to the non-toxic metabolite

1,1-dichloro-2,2-bis-(p-chlorophenyl)ethane (DDE) catalysed

by agGSTd1-6 produces an intermediate glutathione conju-

gate 1-(S-glutathionyl)-1,1-dichloro-2,2-bis-(p-chlorophenyl)-

ethane (GS-DDE; Clark & Shamaan, 1984). The DDE moiety

of the conjugate is larger than the S-hexyl group of GTX and

possesses two planar p-chlorophenyl branches, one of which

®ts well in the subpocket (subpocket I) occupied by the S-

hexyl group in the H-site, while the other could be positioned

into a second subpocket (subpocket II). Subpocket I consists

of residues Leu6, Ser9, Leu33, Met34, Phe117 and Phe207,

while subpocket II is composed of residues Tyr105, Phe108,

Tyr113, Ile116, Phe117 and Phe203. The side chain of Tyr113

in subpocket II in the current model is too close to the p-

chlorophenyl ring and is expected to adopt a different orien-

tation in the actual complex of agGSTd1-6 with GS-DDE.

Similarly, the side chain of Tyr105 needs to move away from

one of the Cl atoms in GS-DDE to avoid close contact.

Gaining a complete knowledge of the accurate interactions

between agGSTd1-6 and GS-DDE will have to wait for the

structure determination of the agGSTd1-6±GS-DDE complex.

3.3. Comparison with other GSTs
Although numerous structures of GSTs have been reported

(see references in Sheehan et al., 2001), only four of them

belong to insect classes: lcGST from the Australian sheep

blow¯y Lucilia cuprina (Wilce et al., 1995), two closely related

isoforms from the mosquito A. dirus (adGSTd1-3 and

adGSTd1-4; Oakley et al., 2001) and dmGST2 from the fruit ¯y

D. melanogaster (Agianian et al., 2003). The ®rst three of these

GSTs belong to the insect � class, while the fourth belongs to

the insect � class. In addition, the structure of a ®fth insect

GST from D. melanogaster has been determined but has not

yet been published (dmGST21; Wang & Rose, 2000). Among

these known insect GST structures, agGSTd1-6 has the highest

sequence homology with adGSTd1-3 (82% sequence identity;

Fig. 6), followed by adGSTd1-4 with 69%

homology, lcGST with 68% and dmGST21

with 57% (Table 2). These four GSTs all

belong to the insect � class. Outside the

insect � class, a human �-class GST, hGSTt2-

2 (Rossjohn et al., 1998), has the highest

sequence homology with agGSTd1-6 with

33% identity, while an insect �-class GST,

dmGST2 (Agianian et al., 2003), has a very

low sequence identity (15%) with

agGSTd1-6.

Structural alignment among these GSTs

using the DALI algorithm (Holm & Sander,

1993, 1998) showed that agGSTd1-6 has the

highest structural homology to adGSTd1-3,

with a structural similarity Z score of 36.1

(Table 2), followed by dmGST21 with a Z

Figure 4
Stereoview of the active site showing the interactions between agGSTd1-6 and the inhibitor S-
hexylglutathione (labeled GTX). C atoms are colored grey, N atoms blue, O atoms red and S
atoms yellow. The bonds in GTX are colored green.

Figure 3
Ribbon presentation of agGSTd1-6 structure using a rainbow ramp color
coding of blue to red to mimic the chain trace from the N-terminus to the
C-terminus. Both termini are labeled and so are the secondary-structure
elements (�-helices starting with H and �-strands with B). The inhibitor
S-hexylglutathione is shown in stick representation.



score of 34.2, adGSTd1-4 with 34.2 and lcGST with

31.5. agGSTd1-6 superimposes with adGSTd1-3, adGSTd1-4

and lcGST with r.m.s. deviations of 0.60 AÊ (over 207 C� atoms

from 207 amino-acid residues), 1.0 AÊ (over 208 C� atoms from

217 residues) and 1.0 AÊ (over 200 C� atoms from 201 resi-

dues), respectively (Table 2), indicating very similar backbone

structures among these insect �-class GSTs (Fig. 7). The C�

trace of agGSTd1-6 follows that of adGSTd1-3 most closely,

with only minor differences in the loop between helices H6

and H7 and at the end of helix H8. agGSTd1-6 differs from

adGSTd1-4 mainly in ®ve loop regions where adGSTd1-4 has

zero

to ®ve inserted residues: the loops between B2 and H2 (no

insert), between B3 and B4 (one insert), between H3 and H4

(®ve inserts), between H4 and H5 (two

inserts) and between H5 and H6 (one

insert). The largest difference between

lcGST and agGSTd1-6 is in the orien-

tation of the C-terminal helix H8, with

minor deviations in the loops between

B1 and H1, B2 and H2, and H3 and H4.

Structure-based sequence alignment

showed that these insect �-class GSTs

have a very high level of sequence

homology, with many conserved amino-

acid residues, especially those residues

forming the active site (Fig. 6). The

human �-class GST hGSTt2-2 has the

highest structural similarity score of

24.6 among non-insect �-class GSTs,

superimposing with agGSTd1-6 with an

r.m.s. deviation of 1.8 AÊ (over 206

equivalent C� atoms from 244 residues)

(Table 2). The major difference

between hGSTt2-2 and agGSTd1-6 is

that hGSTt2-2 has an extra �-helix at its

C-terminus.

4. Concluding remarks

We have reported the crystal structure

of an insect �-class GST, agGSTd1-6,

from a DDT-resistant strain of

A. gambiae. The structure reveals

striking similarities with other known

insect �-class GSTs, with minor differ-

ences mainly in the loop regions. The

active site of agGSTd1-6 consists of

many residues conserved among the

insect �-class GSTs, implying a common

detoxi®cation mechanism. agGSTd1-6

is the ®rst GST structure determined

from the malaria vector A. gambiae and

provides a structural framework for the

elucidation of its DDT-resistance

mechanism. A structure-based model

for the binding of DDT to agGSTd1-6

reveals two subpockets in the H-site,

each accommodating one planar p-

chlorophenyl ring. Next, we plan to co-

crystallize agGSTd1-6 with its DDT-

glutathione conjugate in order to guide

inhibitor design for overcoming insec-

ticide resistance.
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Figure 6
Structure-based sequence alignment of four insect GSTs. Conserved residues are shown in bold. The
catalytic residue Ser9 is marked with *. Residues involved in binding glutathione (G-site) are
marked with # and those forming the hydrophobic site (H-site) with ~. The secondary-structure
elements are underlined and labeled (�-helices starting with H and �-strands with B). The labeling
scheme for secondary-structure elements is that of agGSTd1-6. This sequence alignment was
created using the following sequences (organism and sequence accession Nos. in brackets) lcGST
(Lucilia cuprina, P42860), adGSTd1-4 (A. dirus, Q9GN60), adGSTd1-3 (A. dirus, Q9GNE9),
agGSTd1-6 (A. gambiae, Q93113).

Figure 5
Model of DDT binding to agGSTd1-6. The GS-DDE conjugate in a putative-binding position in the
agGSTd1-6 active site is shown in stereo. C atoms are colored grey, N atoms blue, O atoms red, S
atoms yellow and Cl atoms black. The bonds in GS-DDE are colored green. The view is the same as
that in Fig. 4.
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