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Abstract

Glutathione S-transferases (GSTs) are dimeric proteins that play an important role in cellular detoxification.
Four GSTs from the mosquitAnopheles diruspecies B (Ad), an important malaria vector in South East
Asia, are produced by alternate splicing of a single transcription product and were previously shown to have
detoxifying activity towards pesticides such as DDT. We have determined the crystal structures for two of
these alternatively spliced proteins, AdGST1-3 (complexed with glutathione) and AdGST1-4 (apo form),
at 1.75 and 2.45 A resolution, respectively. These GST isozymes show differences from the related GST
from the Australian sheep blowflyucilia cupring; in particular, the presence of a C-terminal helix forming

part of the active site. This helix causes the active site of AhephelesGSTs to be enclosed. The
glutathione-binding helixx2 and flanking residues are disordered in the AdGST1-4 (apo) structure, yet
ordered in the AdGST1-3 (GSH-bound) structure, suggesting that insect GSTs operate with an induced fit
mechanism similar to that found in the plant phi- and human pi-class GSTs. Despite the high overall
sequence identities, the active site residues of AAGST1-4 and AdGST1-3 have different conformations.

Keywords: Glutathione S-transferase; induced fit; mosquidmopheles diruspecies B; pesticide resis-
tance

Glutathione S-transferases (GSTs, EC 2.5.1.18) are phaserib archeal GSTs are known, biochemistry involvipglu-
detoxifying enzymes that conjugate xenobiotic compoundsamylcysteine, a GSH precursor, has been described in ar-
(e.g., drugs, herbicides, insecticides) with electrophilic cenehea (Sundquist and Fahey 1989). All cytosolic GSTs fea-
ters to glutathione (GSHy-glutamyl-cysteinyl-glycine). ture a GSH binding site called the G-site, and an H-site that
GSTs also possess functions as diverse as prostaglandiecognizes the hydrophobic cosubstrate. The H-site shows
synthesis (Kanaoka et al. 1997) and regulation of intracelthe greatest variability across GST classes.
lular ion channels (Dulhunty et al. 2001). There are two Although ten GST classes (with >50% identity within a
distinct groups of GSTs: the trimeric membrane-associatedlass) are currently recognized, the known sequences can be
microsomal enzymes and the soluble, dimeric cytosolic energanized into at least 25 families (Snyder and Maddison
zymes (Hayes and Pulford 1995). The latter group has beet997). In mammals, alpha-, pi-, mu-, and theta-class GSTs
the most extensively studied, with hundreds of sequence@lannervik et al. 1992) and recently kappa- (Pemble et al.
known from animals, plants, fungi, and bacteria. Although1996) as well as zeta (Board et al. 1997) and omega-class
isozymes have been described (Board et al. 2000). Mam-
_ _ malian prostaglandin D-synthases are homologs of the in-
Reprint requests to: Dr. Matthew Wilce, Department of Pharmacology, .
University of Western Australia, 35 Stirling Highway, Crawley 6009, Aus- vertebrate S'gma_'C|aSS GS_TS (Kanaoka et al. 2000). Insect
tralia; e-mail: mwilce@receptor.pharm.uwa.edu.au; fax: 61-8-9346-3469.GSTs were previously assigned to class theta (Pemble and
Abbreviations:GST, glutathione S-transferase; GSH, glutathione; Ad, Taylor 1992). It has since been recognized that the insect
Anopheles diruspecies B; LcLucilia cuprina ) . .
Article and publication are at http://www.proteinscience.org/cgi/doi/GSTS ar_e structurally and functionally distinct from the
10.1101/ps.21201. mammalian theta-class GSTs and are now designated as
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delta class (Board et al. 1997; Ketterman et al. 2001). Reeide DDT (Prapanthadara et al. 2000). Insecticide-resistant
garding the soluble dimeric GSTs, it has been observed thatrains of housefly have been observed to possess elevated
organisms can possess multiple isoforms of various classdsvels of GST activity in crude extracts (Clark and Dauter-
of GST (Mannervik et al. 1992). Homo- and heterodimersman 1982). In a DDT-resistant strainAfiopheles gambiae
within classes can be formed. However, no heterodimethere was an increase in the synthesis of GST isozymes
combining different classes have been described (Wilce andossessing a greater dehydrochlorination activity (Prapan-
Parker 1994). thadara et al. 1993, 1995).

Numerous structures of mammalian GSTs have been de- Controlling the mosquito vectors of malaria is of vital
scribed. These include pi-class (Reinemer et al. 1992; Dirimportance to world health. By exploring the structure and
et al. 1994; Garcia-Saez et al. 1994; Oakley et al. 1997function of insect GSTs, an understanding of the mecha-
1998, 1999; Prade et al. 1997; Vega et al. 1998; Ji et alhisms of resistance to important pesticides can be gained.
1999), mu-class (Ji et al. 1992, 1993, 1994; Raghunathan @these tertiary structures may also be used as templates for
al. 1994) and alpha-class (Sinning et al. 1993; Cameron @he design of inhibitors that can be used to overcome insec-
al. 1995; Xiao et al. 1999). In these families, a conservedicide resistance. To this end, we have determined the struc-
tyrosine hydroxyl group is responsible for promoting thetures of two GST isoforms frorAnopheles diruspecies B,
formation of a thiolate anion in GSH. It has been demon-AdGST1-3 and AdGST1-4 (in insect GST nomenclature,
strated for alpha-, mu-, and delta-class GSTs that a proton 4" refers to the class and “3” and “4” refer to the isozyme
released by GSH upon binding to the enzyme (Caccuri et ahumbers). These GSTs are of further interest because they
1997). An analogous tyrosine residue is present in the squidrise from alternate splicing. Thus, the N-terminal domain
sigma-class GST (Ji et al. 1995). However, in the humarof the GSTs derives from the same exon, whereas the C-
theta-class GST, it is a serine residue that provides the hyterminal domain arises from different exons (Pongjaroenkit
droxyl group (Rossjohn et al. 1998a), similar to that foundet al. 2001, Jirajaroenrat et al. 2001). The relationship of
in insect delta- and plant phi-class GSTs (see below). gene structure to protein structure is discussed.

There has been increasing interest in nonmammalian
GSTs such as the bacterial beta-class (Rossjohn et af-jzesults and Discussion
1998b), insect (Wilce et al. 1995), and plant phi-class GSTs
(Remgmer gtlal.. 199@, Neuefeilnd et'a!. 1997a,b) Whlgh playl_he AdGST1-3 and AdGST1
roles in antibiotic resistance, insecticide, and herbicide re-
sistance, respectively. Only one insect GST structure hashe final electron density for the AdGST1-3 and
been determined — the homolog from the Australian sheepdGST1-4 models is excellent (Fig. 1). The overall topol-
blowfly Lucilia cuprina (Lc) (Wilce et al. 1995). These ogy of AdGST1-3 and AdGST1-4 is similar to that of
isozymes possess active-site chemistries different fronbcGST (Fig. 2). The N-terminal domain (residues 1-78)
those observed in the aforementioned mammalian GSTsdopts the canonical thioredoxin fold (wiguBaBpa to-

The insect and plant GSTs possess a serine residue in plapelogy) found in all GST structures. There is a cis-proline at
of tyrosine in the active site. The serine hydroxyl is thoughtposition 53 in both AAGST isozymes. This proline, found in
to function in a fashion analogous to that of the tyrosineall GST structures so far determined, appears to be required
hydroxyl group. In the bacterial GST crystal structure, anfor the correct formation of the GSH binding site, which is
active-site cysteine was observed to form a mixed disulfiddormed by one face of the N-terminal domain. GSH is ob-
with glutathione (Rossjohn et al. 1998b). This is a mixedserved to bind in the active site of AAGST1-3 (Figs. 1a and
disulfide intermediate similar to that found in glutaredoxins 2d). The active catalytic S9 Pis 3.28 A from the GSH
(Nordstrand et al. 1999). The recently solved human omegasulfhydryl. This is closer than the equivalent distance in
class GST also forms a similar mixed disulfide with gluta- LcGST (3.94 A). It has been noted that substitution of S9 in
thione (Board et al. 2000). LcGST reduces the catalytic turnover to about 0.5% of wild-

Malaria kills about 2.7 million people per year (Phillips, type enzyme (Caccuri et al. 1997).

2001). Successful preventive measures have focused onThe C-terminal domains of AdGST1-3 and AdGST1-4

control of the mosquito vectors using insecticides such a¢residue 85-) consist of a bundle of five helices. Four of
DDT (dichloro-diphenyl-trichloroethane) (Trigg and Kon- these align closely with equivalent helices in LcGST (Fig.

drachine 1998). Insecticides such as DDT, diazinon, feni2c). Helix a6 is central to these bundles and contains an
trothion, and parathion have been recognized as substratBscapping box (S/T-X-X-D) and a hydrophobic staple motif

for GSTs (Lamoureux and Rusness 1989). GST isozymeg-ig. 3), both of which are highly conserved among GSTs
from Anopheles diruspecies B (the nomenclature of sec- and appear to greatly stabilize the GST fold (Dragani et al.
ondary structure elements in the structures presented hel®97; Stenberg et al. 2000). In AdGST1-4, the first leucine
follows that of Wilce et al. [1995]) have been demonstratedof the staple is substituted for proline. This appears to make
to possess dehydrochlorination activity towards the insectilittle difference to the hydrophobic staple effect, since the

—4 structures
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Fig. 1. (a) Stereo diagram of electron density of GSH in AdGST1e-3Weighted 2fo-fc map shown in gold at a contour of) vith
surrounding G-site residues. Electron density of H-site residues for AdGSBl-aid AdGST1-3¢) with o,-weighted 2fo-fc maps
contoured at & are shown in blue. Ball and stick representation is used for all atoms and bonds.

contact is between the aliphatic ring atoms of proline andequivalent ADGST1-3 residues are D110 and N126). Con-
the aliphatic leucine component. Although the sequence afequently, it appears unlikely that AdGST1-4 can bind li-
LcGST is very similar to that of AdGST1-3 (71% identity), gands in this interface in a manner observed in other
it lacks the C-terminal helixx8 found in both the 1-3 and GSTs such as the schistosomal mu-class GST (McTigue
1-4 isozymes. This is apparently due to the presence ddt al. 1995; Ji et al. 1996). This observation may explain
residue W197 in LcGST, which stacks against helik.  kinetic data indicating that pyrethroid is a competitive in-
This residue overlaps with the base of hela8 in  hibitor for AdGST1-4 and noncompetitive for ADGST1-3
AdGST1-3 and AdGST1-4, and precludes the last 14 resilirajaroenrat et al. 2001). This compound could bind in the
dues of LcGST from forming a similar helix (Fig. 2e). dimer interface of ADGST1-3 but is unlikely to do so in
The dimer interface of the GSTs forms a V-shape cleftAdGST1-4.
lined primarily with residues from helix4 anda5 in both The residues forming the putative H-site are the same
monomers and features extensive hydrophobic and hydrdsetween the AdGST isozymes. This was unexpected be-
gen bonding interactions. The first of these, helk has a cause of the different kinetics for the hydrophobic cosub-
bulge in the middle that widens the cleft in the dimer inter- strate 1-chloro-2,4-dinitrobenzene (CDNB) for the two iso-
face at its entrance. Although the bulge is found in all threezymes (Table 1). H-site residues were identified as those
delta-GST structures, the dimer interface of AdGST1-4 idorming the hydrophobic cavity next to the GSH binding
much less accessible because of the presence of the rekite. For ADGST1-3 (AdGST1-4) they are Y105 (Y111),
tively bulky residues E116 and R134 on hetvd. (The Y113 (Y119), F117 (F123), F203 (F212), and Y206 (Y215)
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Fig. 2. Comparison of AdGST1-3, AdGST1-4, and LcGST structures. Monomers of AdGS&LaBd AdGST1-41lf) are shown

in ribbon form with the five-amino-acid insert in AdGST1-4 between the N- and C-terminal domains colored orange. The C-terminal
helices 8) of both enzymes are colored yellove) Superimposed structures of ADGST1-3 (green), AdGST1-4 (blue), and LcGST
monomers (orange)d) Stereo diagram of the H-sites of AdGST1-3 (yellow) and AdGST1-4 (blue). The fold is represented in ribbon
form with putative H-site amino acids shown in ball and stick form. The GSH model is of that found in AJGST1-3. Numbers
correspond to residues in AdGST1-8) Stereo diagram of superimposed structures of ADGST1-3 (green), AdGST1-4 (blue), and
LcGST (orange) in the vicinity of helix8. The residue W197 iaucilia GST overlapping helix.8 in AdGST1-3 and AdGST1-4 is
indicated in ball-and-stick formf) Comparison of AdGST 1-3 (yellow) versus AdGST1-4 (blue) with helices shown as cylinders.
Helix a8 and the region around and including heli® is highlighted in orange (for AdGST1-3) and cyan (for AdGST1-4). The shifts

in AdGST1-4 relative to AdGST1-3 are indicated.
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Fig. 3. Structure-based sequence alignment of insect GSTs. Secondary structure is indicated above the sequences in red. The kink in
helix a4 is indicated ). The hydrophobic staple at the base of hel& is indicated (<>), as is the N-terminal capping motif ([]).
Regions of high structural conservation are boxed with amino acids indicated in bold upper case. Residue numbers are those for
AdGST1-4. The region of AdGST1-4 with no electron density (around h&)xs indicated with a horizontal line. Helix8, unique

to the AdAGST isozymes is indicated. The helix observed linking the N- and C-terminal domains of AdGST1-4 is indieé8Bd as

G-site residues have shaded backgrounds. H-site residues have white letters on a black background.

(Figs. 1b,c and 2d). The first three of these residues aréon, but site-directed mutagenesis has shown it to be rela-
equivalent to those found in LcGST. The additional H-sitetively unimportant in this regard (Caccuri et al. 1997).
residue, F203 (F212), together with Y105 (Y111) andWhen the amino acid sequences of AJGST1-3 and
Y113 (Y119) form a small pocket next to the GSH sul- AdGST1-4 are aligned with the other GSTs from the alter-
fhydryl group. In AdGST1-3, this pocket is occupied by anately spliced gene family (AdGST1-1 and AdGST1-2)
single water molecule that forms H-bond interactions with(data not shown), it is observed that the H-site residues
Y1050y (3.8 A) and Y113@ (2.9 A) and is 5.0 A from on helix a3 are identical, and the residues on hetig

the GSH sulfhydryl group. (No equivalent water moleculevary. In the 1-3 (and 1-4) isozymes, the residues are F203
is found in the LcGST structure or the AdGST1-4 struc-(F212) and Y206 (Y215). In AAGST1-2, the equivalent
ture. However, care should be taken in interpreting thigesidues are A208 and F211, and in the 1-1 isozyme they
result because of the different resolutions of these strucare F203 and K206. Thus, structural differences in the H-
tures). Residue Y113 in LcGST (Y113 in AdGST1-3) site between the isozymes has been generated by mutations
was initially hypothesized to be involved in GSH activa- of helix 8.
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Table 1. Kinetic parameters of AdGST1-3 and AdGST1-4 general shift in the putative H-site residues on hex(Fig.
Kinetic 2d). In particular, Y119 (AdGST1-4) has shifted 2.0 A
parameters AdGST1-3 AdGST1.4 toward the G-site relative to Y113 (AdGST1-4). Further-
v 6755107 7032180 more, Y111 (AdGST1-4) is shifted 1.45 A toward the G-
K:achNB 0.100 £ 0.012 0.53 £ 0.067 site compared to \_(105 (AdQSTl—S) (Flg. 2d). _The differ-
Koy oan 0.404 + 0.054 0833+00sa €NCES in the location of helix8 and H-site residues be-
Keat 26.9 16.9 tween AdGST1-3 and AdGST1-4 may be isozyme-specific
KeafKim cons 269 32 and may be responsible for the differences in catalytic prop-
KealKm csm 67 20 erties for CDNB (Table 1). Another explanation of the dif-

— . : . ferences in the H-site configuration of AdGST1-3 and
ﬁ%%ﬁé:jnf:&inki':agﬁzoé :{r?ﬂftmal\l/'r(lzsgg ?hgzzt‘;”;rz?r:ﬁa%/ggoi'eslg'n”éar 4 AdGST1-4 is the presence and absence of GSH. Although
error of at least three separate experiments. GSH maintains no contacts with H-site residues, residue
M34 (the side chain of which is disordered in AdGST1-4)
is observed to be 5.9 A from helix8 in AdGST1-3. In
Comparison of the AAGST structures AdGST1-4, there appears to be a mutual movement of resi-
dues in helixa8 and the flexible loop away from each other
A crucial difference between the structures of the two(Fig. 2f). The G to C, distances from L33 to Y215
AdGST isozymes is the presence and absence of GSHAJGST1-4) and from L33 to Y206 (AdGST1-3) are 14.84
AdGST1-3 has glutathione bound in a fashion similar toand 13.61 A, respectively.
LcGST (Fig. 1a). The absence of GSH in AdGST1-4 has
had some intriguing effects. In this structure, no electron . .
density was obierv?ad for residues 38 to 49 in either mono(_:ompansons with LeGST
mer. Two water molecules were observed in the G-sitelL.cGST superimposes with AdGST1-3 and AdGST1-4 with
where GSH is observed to bind in AdGST1-3 and LcGSTroot mean square deviations (RMSDs) of 0.81 A (over 194
The side chains of residues N32, M34, H38, H50, and L52C, atoms out of 207 amino acids) and 0.96 A (over 190 C
in AdGST1-4 appear to be disordered. Of these residuestoms out of 217 amino acids), respectively. The two
H38, H50, and L52 are G-site residues. The main-chairAdGST structures superimpose with an RMSD of 1.05 A
carbonyl oxygen and nitrogen atoms of L52 accept andver 207 G atoms out of 217 amino acids. Since theilia
donate hydrogen bonds (respectively) to GSH (Fig. 1a)GST sequence has greater similarity to AdGST1-3, the
These observations strongly indicate that an induced fitower RMSD for this comparison is to be expected. This
mechanism operates in delta-class GSTs. Direct structur@umber is deceptive however, because several active-site
evidence of an induced fit mechanism was found previouslyesidues fromLucilia GST align more closely with those
for alpha- (Cameron et al. 1995), phi- (Neuefeind et al.from AdGST1-4 than with AdGST1-3 (see below).
1997b), and pi-class GSTs (Oakley et al. 1998). This feature AdGST1-3 andLucilia GST sequences align with no
of AdGST1—4 is analogous to that observed in pi- and phigaps, while AdGST1-4 aligns with three inserts (Fig. 3).
class GSTs (Neuefeind et al. 1997b; Oakley et al. 1998)The first major insert, five residues, results in the formation
The alpha-class GST is different in that the C-terminal alphaf a small helix located between helice8 anda4 in se-
helix (which normally buries the H-site) is disordered in the quence, linking the two domains of the protein (Fig. 2b).
absence of hydrophobic cosubstrate. This feature of the eff-his results in a bulge at the base of the dimer interface.
zyme may contribute to the removal of GSH-conjugateThis insert does not appear to affect the active site directly.
products from the active site, as increasing disorder is enfhe other inserts are located between heliedsand a5
tropically favorable. (two residues), extending the intervening loop, in the loop
Helicesa8 in AdGST1-3 and AdGST1-4 align well at connecting strand@3 andp4 (one residue), and in the loop
the N-terminal end, but diverge as the C-terminal is ap-connecting helicea5 anda6 (one residue). These inserts,
proached (Fig. 2f). The crystallographic data indicate thatocated exclusively in loops connecting elements of second-
this helix is inherently flexible, since the B-factors increaseary structure, do not appear to affect the topology of the
with proximity to the C-terminus (In AdGST1-4, B-factors active site. However, when kinetic characterization studies
range from 35 R at G201 to 60 A at Y215; in AdAGST1-3 were performed, the two GSTs possessed quite different
they range from 11 Ato 50 A? in equivalent residues). catalytic properties (Table 1). This was also observed for
Helix a8 in AdGST1-4 has swung 5.15° closer to the centeother substrates as well as in inhibition experiments. In a
of the dimer interface relative to ADGST1-3 (Fig. 2f). This determination of inhibition kinetics using the pyrethroid in-
results in shifts of 2.08 A in residue F212 and a 2.1 A shiftsecticide permethrin, AdAGST1-3 displayed noncompetitive
in residue Y215 in AdGST1-4 relative to the equivalentinhibition, whereas AdGST1—-4 showed competitive inhibi-
AdGST1-3 residues. The movements in hel& cause a tion (Jirajaroenrat et al. 2001). The experimental data dem-
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onstrate that although the two proteins appear to possess thge. Data were collected using a Mar Research area detector
same active-site topology, the enzymatic characteristics e)mognted with Nl-fog_us!ng mirrors on an RU-200 X-ray generator
hibited are significantly different. This may be due to the producing Cu K radiation.
aforementioned differences in the composition of the dimer
interface (a potential ligand binding site) in AdGST1-3 andStructure solution and refinement
AdGST1-4. _ . .

Unexpectedly, the H-site residues of LcGST (with GSHTh"e Ad(gsg—g Cryszt?llsé’é’sere '%thg;pace f;guE’zTEEhsW'th unit

. ' cella=b=49.5,c= .86, =B =90°, y=120°. This gives a

bound) align more closely to AdGST1-4 than to AdGST1-yatthews’ coefficient for AdGST1-4 of 1.93 ¥dalton for an
3. This is despite having higher sequence identity withasymmetric unit containing 1 dimer. The structure was determined
AdGST1-3 and also having GSH bound (versus theusing molecular replacement in the MOLREP program (Vagin and
AdGST1-4 in apo form). The distance from Y113QLc- Teplyakov 2000) and coordinates from the dimeric LcGST struc-
GST) to Y1196y (AdGST1-4) is only 0.77 A, compared to ture (Wilce et al. 1995) as the search model. The optimal solution

.~ corresponded to the top peak in both rotation and translation func-
2.01 A for the Y113 (AdGST1-3) to Y113 (LcGST) dis- tigns. Statistics for the solutions are given in Table 2. The solution

tance. Similarly, the @ distance for Y111 (AdGST1-4) to was confirmed by the observation of the C-terminal helix, not
Y105 (LcGST) is 0.54 A compared to 1.45 A for the equiva- found inLucilia GST, in the initial electron density maps calculated
lent Y105 (AdGST1-3) to Y105 (LcGST) distance. This from this model. This initial model had an R factor ang.Rof

) . 0 0 - 0 i _
result lends further evidence to the above suggestion that thg'rglg’ 3\23 e“?&i@&f%ﬁfﬁgeg s(gt;(’ (T)L éegefcatggrs,(;:é)sge)n ran
I} fi . fl

H-site residue configuration found in AdGST1-4 is iS0- requced to 43.3% (41.0%) after rigid body refinement. The model
zyme-specific and not determined by whether GSH is boundvas then subject to three cycles of rebuilding usingveighted
to the enzyme. 2fo-fc and fo-fc maps in O (Jones et al. 1991), and positional and
individual restrained B-factor refinement in CNS (Briinger et al.
1998). NCS restraints were used throughout the refinement. Map
Alternate splicing interpretation was aided by twofold NCS averaging using the
RAVE package (Kleywegt and Read 1997). Noor resolution
AdGST1-3 and AdGST1-4 result from alternate splicing incutoffs were used in refinement; consequently, bulk solvent cor-
a single gene (Pongjaroenkit et al. 2001). Consequentlyection was used in refinements. After initial refinement, the C-
residues 1-45 in both enzymes result from the same exoft'Minal helix was built into the model (R factor 28%,

. . . =30.0%). Five more cycles of rebuilding and positional and
free
These residues correspond to the N-terminal GSH binding,qiviqual restrained B-factor refinement were performed, and 40

domain up to the middle of helix2, and include several water molecules were built into the electron density maps. Electron
GSH binding residues. This modular gene structure allowslensity for NCS-related residues were compared and where they
isozyme heterogeneity by allowing for different C-terminal deviated, NCS restraints were released. No electron density for

domains. It is the C-terminal domain that contains the H'Sit'%((;)rSTe\évizlsj gsbzgvt%d l{g til?]eer}:ﬁgf'rygnglrig:oagfvgg stﬁe%bfﬁé‘gzd

residues, and thus different substrate specificity could b&egigues were removed, an increase in R factor apgd Rsulted.
generated efficiently by this gene arrangement. Howeverrhe final model (R factor= 22.3%, R... = 27.1%) includes these
the gene arrangement must place some constraints on sesidues, which have very high B-factors ranging from 78 to 113
quence diversity in the C-terminal domains: they must be

able to form the correct fold and structurally compliment the
N-terminal domain. Investigation of the contacts between 2PI¢ 2. Molecular replacement data

residues 1-45 and the rest of the enzymes reveals that thgcsT1-4:

contacting residues are almost identical. The exceptions aidolecular replacement results from MOLREP using Lucilia GST as the
residue C69 (AdGST1-3) versus Q70 (AdGST1-4) in thesearch model

middle of helixa3, and residues 1195 (AdGST1-3) versus B,y peak height )

K204 (AdGST1-4) at the base of hel®8. These residues

show very similar packing and do not appear to affect thERotation function solution 48.67,85.30,-53.13 6.96'

overall fold. X, tY,tZ Correlation, R factor
Translation function solution 0.901,0576,0.488 47.7, 47.0
AdGST1-3:

Molecular replacement results from AMORE using AdGST1-4 as the
search model

The cloning, purification, crystallization, and data collection meth- By peak height ¢)
ods have been reported (Jirajaroenrat et al. 2001; Oakley et al. _ _

2001). Briefly, crystals of GST1-3 were obtained by the hangingRotation function solution 45.21,89.82,158.29 10.0

drop technique using 0.2 M ammonium acetate, 0.1 M sodium Xty tz Correlation, R factor
acetate pH 4.6, 30% PEG 4,000 as the mother liquor at roondranslation function solution 1 0.805,0.305,0.000 20.7 64.0
temperature. Crystals of AdGST1-4 were obtained by the hangindranslation function solution 2 0.807,0.305,0.666 52.9 53.9

drop technique with 0.2 M sodium acetate, 30% PEG 8,000, 0.1 Mrranslation function solution 3 0.806,0.305,0.333 65.2 66.6
sodium cacodylate pH 6.5 as the mother liquor at room tempera-

Materials and methods
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A2 Thus, it appears that the absence of density is due to higffable 3. Refinement statistiés

mobility. Figure 1b shows 2fo-fc maps generated from the final

model for the H-site of AdGST1-4. AdGST1-4 AdGST1-3
The AdGST1-3 crystals were tetragona=(b=87.81, A

c=166.1 A,a =B =+=90°). The space group was PVith this  Numper of atoms

symmetry, the asymmetric unit contains three dimers with a Mat- (Protein) 3494 9960

thews’ coefficient of 2.24 Aldalton or four dimers with a Mat-  (Waten 40 641

thews’ coefficient of 1.68 A/dalton. Attempts to solve the struc- (GSH) _ 120

ture using MOLREP and the final AdGST1-4 model were unsuc-X2¢tr 22.3 (31.1) 223 (28.1)

cessful. AMORE (CCP4 1994) was then used, because of it§free 27.1 (37.8) 23.1(284)

ability to subtly control the search criteria. Strong peaks wereResolution range (A) 19.92-2.45 17.22-1.75

found in the rotation function for the 4/m symmetry space groups Refections in working set 14264 (1996) 91965 (17355)
[ i %) 94.4 (85.7) 77.2 (87.1)

Using the AAGST1-4 dimer as a search model, a &i0p@ak was Completepess (

found in the rotation function. The highest nonsolution peak wagefections in test set 725 (125) 4830 (878)

4.3 0. The first peak found in the translation function had a cor- _ COmPleteness (%) 5.1 5.0

relation coefficient of 20.7% and an R factor of 64.0%. This so- RMS de"'at"’”/{rom ideal geometry

lution was fixed, and another peak, using the same rotation solugOnd lengths (A) 0.007 0.006

tion, was found (correlation coefficient 52.9%, R factor= ond angles (°) 13 12

53.9%). This solution was in turn fixed and another peak was>nedral angles () 21.4 20.7

found (correlation coefficient= 65.2%, R factor= 66.6%). The '"Proper angles (%) 0.81 0.81

solutions in the translation function corresponded to similar pOSi_EZASiSdDug:irl?(::g;df:vso@ble region 2.7 2.0

tions with translations equivalent to 0, 1/3, and 2/3 of the unit ceIIOf ramachandran plot (%) go.1 o013

along the Z direction. Full statistics for the solutions are given in
Table 2. The packing gives three dimers, aligned along the Z axis: - - ——
The crystal packing is pseudo-42. The packing is also pseudo #Numbers in parentheses refer to the highest resolution bin (1.75-1.86 for
P4, with the transformation c¢’= 1/3c. The solution was con- AdGST1-3,2.45-2.60 for AdGST1-4).

firmed by the observation of electron density for GSH (not in the
model) in the active site. The initial model had an R factor of
69.7% (R,ce = 66.9%). This rapidly reduced to 58.3% (R =

59.5%) after rigid body refinement. After three cycles of building __ . . .
(using o -weighted 2fo-fc and fo-fc maps), NCS restrained posi-Th'S research is supported by a grant from The Thailand Research

tional and restrained individual atom B-factor refinement, the RrFund (A'J'K') z_an_d a UWAIARC Small Research Grant (A'J'O‘.)'
factor reduced to 37.3% (R. = 41.9%). Maps were improved A.J.O. is a recipient of a UWA postdoctoral research fellowship
with sixfold NCS averaging. At this stage, NCS restraints were@Nd ARC fellowship. M.C.J.W. is supported by a Raine Medical

released, resulting in a slight decrease in R factor (35.7%) apd R €Search Foundation Fellowship. .

(35.7%) after another cycle of positional and B-factor refinement. The publication costs of this article were defrayed in part by
After another two rounds of energy minimization and B-factor P2Yment of page charges. This article must therefore be hereby
refinement, the R factor reduced to 30.0%{R= 33.8%). At this marked “advertisement” in accordance with 18 USC section 1734

stage, numerous peaks in fo-fc and 2fo-fc maps corresponding t8°!€lY to indicate this fact.
water molecules were observed. Twenty cycles of ARP/Refmac
refinement (Lamzin and Wilson 1993) were used to automatically,
build and refine water molecules in the model. The resulting modeR

had 641 Waters_and an R factor of _23-3%45: 29'9%)_' Th's Board, P., Baker, R.T., Chelvanayagam, G., and Jermiin, L.S. 1997. Zeta, a
model was subjected to another five rounds of rebuilding and  novel class of glutathione transferases in a range of species from plants to
positional and B-factor refinement, during which six GSH mol-  humansBiochem. J328: 929-935.

ecules were built into the model. The 2fo-fc maps generated fronoard, P.G., Coggan, M., Chelvanayagam, G., Easteal, S., Jermiin, L.S., Sch-

the final model are shown for the H-site of AJGST1-3 (Fig. 10). [ L PEE B HED o ekl sruciure of the omega class

The electron density for GSH is shown in Figure 1a. glutathione transferased. Biol. Chem275: 24798-24806.

Brunger, A.T., Adams, P.D., Clore, G.M., Gros, P., Grosse-Kunstleve, R.W.,

Structure analysis Jiang, J.-S., Kuszewski, J., Nilges, N., Pannu, N.S., Read, et al. 1998.
Crystallography and NMR system (CNS): A new software system for mac-

Structure alignment and RMSD calculations were performed using romolecular structure determinatioicta Crystallogr. D Biol. Crystallogr.

LSQMAN (Kleywegt 1999). The individual and aligned structures  54:905-921. ) o

are shown in Figure 2a—c. The geometry of the structures wa§accur, AM., Antonini, G., Nicotra, M., Battistoni, A., Bello, M L., Board,

analyzed with PROCHECK (Laskowski etal 1993) and CNS. The P.G., Parker, M.W., and Ricci, G. 1997. Catalytic mechanism and role of

y . hydroxyl residues in the active site of theta class glutathione S-transferases.
final models have excellent statistics (Table 3). The two AAGST |y estigation of Ser-9 and Tyr-113 in a glutathione S-transferase from the

structures were aligned with the LcGST structure in the STAMP  australian sheep blowflyLucilia cuprina J. Biol. Chem.272: 29681~
structure-based sequence alignment program (Russell and Barton 29686.

1992). The resulting alignment is shown in Figure 3. Cameron, A.D., Sinning, I., L'Hermite, G., Olin, B., Board, P.G., Mannervik,
B., and Jones, T.A. 1995. Structural analysis of human alpha-class gluta-

thione transferase A1-1 in the apo-form and in complexes with ethacrynic
acid and its glutathione conjugat8tructure3: 717-727.

. . . Clark, A.G. and Dauterman, W.C., 1982. The characterization by affinity chro-
AdGSTl—'3 and AdGSTl__4 coordinates have been deposited W'tﬁ matography of glutathione S-transferases from different strains of house fly.
the Protein Data Bank with ID codes 1JLV and 1JLW, respec- Ppestic. Biochem. Physiol7: 307—314.
tively. Collaborative Computational Project, Number 4. 1994. The CCP4 suite: Pro-
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