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ABSTRACT. Complex structures of a naturally occurring variant of human cleglsitathioneS-transferase

1-1 (hGSTP1-1) with eithe®-hexylglutathione or (B,10R)-9-(S-glutathionyl)-10-hydroxy-9,10-dihydro-
phenanthrene [®10R)-GSPhen] have been determined at resolutions of 1.8 and 1.9 A, respectively.
The crystal structures reveal that the xenobiotic subsbiging site (H-site) is located at a position
similar to that observed in clagsGST 1-1 from rat liver (rGSTM1-1). In rGSTM1-1, the H-site is a
hydrophobic cavity defined by the side chains of Y6, W7, V9, L12, 1111, Y115, F208, and S209. In
hGSTP1-1, the cavity is approximately half hydrophobic and half hydrophilic and is defined by the side
chains of Y7, F8, V10, R13, V104, Y108, N204, and G205 and five water molecules. A hydrogen bond
network connects the five water molecules and the side chains of R13 and N204. V104 is positioned
such that the introduction of a methyl group (the result of the V104l mutation) disturbs the H-site water
structure and alters the substrate-binding properties of the isozyme. The hydroxyl group of Y7 forms a
hydrogen bond (3.2 A) with the sulfur atom of the product. There is a short hydrogen bond (2.5 A)
between Y108 (OH) and ®10R)-GSPhen (O5), indicating the hydroxyl group of Y108 as an electrophilic
participant in the addition of glutathione to epoxides. Mi2-hydroxethyl)piperaziné¥-2-ethanesulfonic

acid (HEPES) molecule is found in the cavity betweg#handal. The location and properties of this
HEPESbinding site fit a possible non-substrdianding site that is involved in noncompetitive inhibition

of the enzyme.

GlutathioneStransferases (GSTs, EC 2.5.1 48jtalyze ing the precise enzymesubstrate interactions responsible
the addition of the tripeptide glutathione (GSH) to xenobiotic for the catalytic properties has been greatly increased by the
substrates that have electrophilic functional groups. The recent determinations of many three-dimensional structures
catalytic diversity of this family of detoxification enzymes of GST isozymes.
arises, in part, from the existence of at least seven distinct The three-dimensional structures determined by X-ray
gene classesw, u, 7, 0, 6, x, and microsomal GSTs.  crystallographic analysis include cytosolic GSTs of class
Although each isozyme generally exhibits a relatively broad [hGSTA1-1 from human liver4)], x [f[GSTM1-1 from rat
substrate selectivity, most have unique catalytic attributes jiver (5): hGSTM2-2 from human musclé)], = [pGSTP1-
that are important in defining the ability of the isozyme to 1 from pig lung ¢); hGSTP1-1 from human placentd)
metabolize a particular set of endogenous and xenobiotic; [sGSTS1-1 from squid digestive glang)}, and 6 [from
electrophiles1—3). The extent of the information concern- | ycillia cuprina (10); from Arabidopsis thaliang11)] and
a GST from Schistosoma japonicuf8jGST (12)]. The
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projection structure of microsomal GST has been elucidated Scheme 1

with the use of electron crystallography at 4.0 A resolution

(13). Both the GSHbinding site (G-site) and the xenobiotic ‘ B
substrate-binding site (H-site) can be seen in these crystal E-GS
structures. Three different GSH-binding modes have been OG

observed. Clasg GSTs and SjGST share a common GSH- o] oH
binding mode with the cysteinyl carbonyl hydrogen bonded

to the indolyl nitrogen of W75, 12). In classa, r, ando PhenO (95,105)-GSPhen  (9R,10R)-GSPhen
GSTs, however, the residue corresponding to W7 is F8, and

the cysteinyl carbonyl points away from F8, forming a NO, NO,

hydrogen bond with a backbone amide grodp7, 9). A EsGS

third binding mode of GSH is represented by claSSSTs. —

An invariant tyrosine residue in claesu, i, 0, and Sj GSTs NO, NO,

forms a hydrogen bond with the cysteinyl sulfur. A cl sG

conserved aspartic acid residue across the dimer interface is CDNB GSDNB

involved in GSH recognition4, 5, 7, 9, 12). In classf
GSTs, however, the invariant tyrosine residue does not
interact with the sulfhydryl group of GSH. Its role appears
to be replaced by either a nearby serine or another tyrosine
residue located in the C-terminal domain of the enzyme.
Moreover, the neighboring subunit makes no contribution
to GSH binding {0, 11). The GSHbinding site is very well-
defined for these classes of cytosolic GSTs for which three-
dimensional structures are available. In contrast, only a )
general description of the H-site is available, primarily for bothu andz GSTs. The structures of rGSTM1-1 in
because for most GST isozymes there are no H-site-definingcomplex with (&,10R)- and (%5,105)-GSPhen, the product
product complex structures. The H-site of rGSTM1-1 has 0f GSH addition to PhenO (Scheme 1), revealed the details
been precisely defined in crystal structures of the enzyme Of the architecture of the H-site in clags5STs. The three-
thionyl)-2,4,6-trinitrocyclohexadienate and &lutathionyl)- ~ Same ligands, reported in the present paper, provides the
2,4-dinitrobenzeneld), (9R,10R)- and (%, 109)-9-(S-gluta- complementary information on the architecture of the H-site
thionyl)-10-hydroxy-9,10-dihydrophenanthrene [GSPHe&p)(  Of classz GSTs.
and S(iodobenzyl)glutathioné. The H-site of rGSTM1-1 Of the cytosolic GSTs, hGSTP1-1 is especially important
is a hydrophobic cavity defined by residues Y6, W7, V9, in cancer diagnosis and therapy, because it is expressed at a
L12, 1111, Y115, F208, and S2091%). The three- high frequency and at high levels in tumor&9¢24).
dimensional structures can be used to explain the dramaticallyElevated levels of total GST and overexpression of
different stereoselectivities of the clgsssozymes 16). In hGSTP1-1 accompany the development of drug resistance
addition to the catalytic residue Y6, a second tyrosine residue,in tumors of patients undergoing cancer chemotherapy (
Y115, may participate in catalysis. There is a direct Using inhibitors that are selective for clagsGST might be
hydrogen bond between the hydroxyl group of Y115 and a method of overcoming drug resistance in tumor cells while
atom O5 of ($109-GSPhen 15). Measurements of the  sparing normal cells. However, none of the enzyme inhibi-
offsets of site-directed mutants on the enzyme’s catalytic tors of GST has a strong isozyme specifici), which is
properties also support the idea that Y115 participates in bothprimarily due to a lack of information about the GSTP1-1
the chemical and physical steps in cataly4ig)( H-site. As a further complication, there are at least two
Residue F106 in sGSTS1-1 corresponds to Y115 in variants of hGSTP1-1 that differ by a single methyl group
rGSTM1-1. The importance of F106 has been demonstrated(26, 27). The variants, hGSTP1-1[V104] and hGSTP1-
by kinetic characterization of the native enzyme and its site- 1[1104], have significantly different specific activities and
directed mutant F106Y9j. The differences between the affinities for xenobiotic substrate28). Removing a single
wild type and F106Y are consistent with those observed for methyl group from the active site of rGSTA1-1 has been
rGSTM1-1 when the mutant Y115F was compared with the reported to cause a marked increase in activ&§).( It is
wild-type protein ). These findings fully support the role  possible that residue 104 of hGSTP1-1 is part of the active
of residue 115 in GST catalysis. The topologically equiva- site 28); however, the relevant structural evidence is not
lent residue in hGSTP1-1 is Y108. Recently, Parker and available. In an effort to elucidate the role(s) played by the
co-workers reported an indirect interaction between Y108 residues at positions 104 and 108 in hGSTP1-1, we cocrys-
and the GSH ethacrynic acid adduct in their complex tallized the V104 variant of hGSTP1-1 with eith&
structure 18). A water molecule that forms a hydrogen bond hexylglutathione (GSHex) or ®10R)-GSPhen and solved
(2.56 A) with the ketone oxygen of ethacrynic acid is 3.52 the structures of the complexes at 1.8 and 1.9 A resolution,
A away from the phenolic oxygen of Y108. However, there respectively. The H-site in hGSTP1-1 is approximately half
is no direct interaction between Y108 and any xenobiotic hydrophobic and half hydrophilic, and the hydrophilic portion
substrate or product molecule ever reported to date. Phenanappears to be regulated by a hydrophobic residue at position
threne 9,10-oxide (PhenO) is a common xenobiotic substrate104. In the structure of the hGSTP1-1[V104R,10R)-
GSPhen complex (Scheme 1), a direct hydrogen bond (2.5
2X. Ji, R. N. Armstrong, and G. L. Gilliland, unpublished data. A) is evident between the hydroxyl group of Y108 and that
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Table 1: Summary of Data Collection for the Complexes of
hGSTP1-1[V104] with GSHex and with R910R)-GSPhen

GSHex (R 10R)- GSPhen

X-ray source (rotating anode) Enraf Nonius FR591  Rigaku RU 200
detector (image plate system) MacScience DIP 2020 MSC R-AXIS I

Drmin (A) 1.80 1.90
redundancy 4.23 3.92
overall completeness (%) 96.0 95.5
overalll/o(l) 13.92 12.31
last shell completeness (%)  86.9 77.3
last shelll/o(1) 1.81 1.92
Rscalind 0.057 0.059

8 Rscaling= » || —OOVY |. Friedel pairs were merged.

of the product, suggesting that the hydroxyl group of Y108
is an electrophilic participant in the addition of GSH to
epoxides. An N-(2-hydroxethyl)piperazin&¥-2-ethane-
sulfonic acid (HEPES) molecule is found in the cavity
betweenp2 and al. The binding mode of this HEPES
molecule is different from that of two previously reported
HEPES molecules3Q, 31). The binding site of this HEPES
molecule is different from other non-substrate-binding sites
found in the subunitsubunit interface of SjGST3@) and
sGSTS1-133). The location and properties of this HERES
binding site fit a possible non-substrate-binding site that is
involved in noncompetitive inhibition of the enzyme.

EXPERIMENTAL PROCEDURES

Sample Preparation The hGSTP1-1[\V104] variant was
expressed and purified as described previouady. ( Briefly,
position 313 (relative to the start codon) in the cDNA coding
for hGSTP1-1[1104] was mutated (A to G) to replace lle
codon Val. The mutated cDNA was subcloned into the

bacterial expression vector pET9a (Novagen), and the

hGSTP1-1[V104] protein was expressedscherichia coli
BL21(DE3)pLysS cells and purified to homogeneity by
GSH-affinity chromatography3@). GSHex was purchased
from Sigma. (®,10R)-GSPhen was synthesized and purified
as previously describe®%).

Crystallization and X-ray Diffraction Data Collection
Crystals of the hGSTP1-1[V1043SHex complex were
grown in hanging drops that initially consisted of 5.9 mg/
mL protein in 0.1 M HEPES buffer (pH 6.5) containing 8.3

Ji et al.

Crystal Structure DeterminationThe crystal structure of
the hGSTP1-1[V104{5SHex complex was solved by the
molecular replacement techniqu@7) using the program
AmoRe @8) embedded in the program suite CCB8)( The
search model was the 2.8 A dimeric structure of the hGSTP1-
1[1104]-GSHex complexg) with the hexyl groups of GSHex
molecules and water molecules removed. Diffraction data
from 4 to 10 A resolution were included for both the
rotational and translational searches. The solution was
obtained with a correlation coefficient of 0.60 and a
crystallographid®-factor of 0.39, which were improved by
rigid body refinement to 0.72 and 0.33, respectively.

Crystallographic RefinementThe molecular replacement
solution was first refined by using the X-PLORQ] package,
which reduced the crystallograph#efactor to 0.19 for X-ray
diffraction data between 6.0 and 1.8 A whém(l) > 1. 1104
was replaced by V104 according to the indication of
difference Fourier maps contoured at and —30. The
initiator methionine for subunit A (which is involved in
intermolecular interaction) was built into the — Fc. map
contoured at 8 without any ambiguity. Further refinement
was carried out with the program suite GPRLSH)(using
the restrained least-squares refinement procedure of Hen-
drickson and Konnert4@, 43) and Hendrickson44, 45).
The crystallographidR-factor for the final model of the
hGSTP1-1[V104JGSHex complex was 0.18, which, after
removing the inhibitor and water molecules, was used as
the starting model for the refinement of the hGSTP1-
1[V104]-(9R,10R)-GSPhen complex. B10R)-GSPhen was
clearly seen in thd&~, — F; map. The finalR-factor was
also 0.18 for X-ray diffraction data between 6.0 and 1.9 A
whenl/o(l) = 1.5. The O program suitet§) was used on
an Indigo2 computer with a Solid Impact graphics system
for model building and adjustments.

The entire model was checked and adjusted after each
cycle of refinement. Complete models of the GSH conju-
gates were built into the difference Fourier map contoured
at 29. Water molecules were located in the difference
Fourier maps as peaks higher than. 3After all the
identifiable water molecules were found, they were verified
by a series of omit mapst{) with a set of 100 molecules
deleted each time. This procedure was performed in
ascending order starting from the bottom of the list of water
molecules ranked according to the parameter 8B(18),

mM GSHex and 1.0 M buffered (pH 6.5) ammonium sulfate. he rati of the square of the fractional occupancy factor
The drops were equilibrated at room temperature against We"(OCC) of the oxygen atom position and the crystallographic

solutions containing 1:92.0 M ammonium sulfate in 0.1
M HEPES buffer (pH 6.5). Crystals of the hGSTP1-
1[V104]-(9R,10R)-GSPhen complex were obtained in an
identical manner except that the pH was 7.0. Both com-
plexes were crystallized in th€2 space group with the
following unit cell parametersa = 79.4 A,b = 90.8 A, c
=69.2 A0 =y =90.0°, andB = 98.1°. X-ray diffraction

temperature factorB). All X-ray diffraction data were
included in electron density map calculations. A summary
of the crystallographic refinement is found in Table 2. The
structure factors and final coordinates for both structures have
been deposited in the Brookhaven Protein Data Bai®k (
under the identification codes 1PGT for the hGSTP1-
1[V104]-GSHex complex and 2PGT for the hGSTP1-

data were collected from single crystals using either a 1[V104] (9R,10R)-GSPhen complex.

MacScience DIP2020 image plate system with an Enraf

Nonius FR 501 rotating anode (45 kV per 110 mA) or an
MSC R-AXIS Il image plate system with a Rigaku rotating
anode (50 kV per 100 mA) X-ray source. The raw data

RESULTS

Overall Structures Figure 1 schematically illustrates the

images were processed on a Silicon Graphics Indigo2 structure of subunit A of the hGSTP1-1[V104PR,10R)-

computer with a Solid Impact graphics system using the
DENZO suite of programs3g). Each of the data sets was
subsequently scaled using SCALEPAC36). Data collec-
tion statistics are summarized in Table 1.

GSPhen complex. The structure of the hGSTP1-1[V104]
GSHex complex shares every detail with this structure except
that GSHex does not interact directly with Y108. The final
model of the hGSTP1-1[V104pSHex complex includes 419
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Table 2: Summary of the Least-Squares Refinement Statistics for the Complexes of hGSTP1-1[V104] with GSHex arir] MR-G5 Phen

GSHex (R,10R)-GSPhen

resolution range (&) 6.0-1.8 6.0-1.9
reflections used witth > 1o(l) 1.50(1)
number of reflections used 38 244 30 838
crystallographid?-factor 0.182 0.183
number of amino acid residues 419 419
ligands 2 GSHex and 2 HEPES 2 GSPhen, 2 HEPES, and AXSO
number of water molecules 329 344
rms deviations from ideal distances (A)

bond distances 0.015 0.017

bond angles 0.033 0.034

planar 14 distances 0.071 0.072
rms deviations from ideal chirality &G 0.199 0.183
thermal parameter correlation (meAf)

main chain bond 0.723 0.726

main chain angle 1.165 1.225

side chain bond 1.389 1.298

side chain angle 2.034 1.995

aData used for refinement.The crystallographidR-factor = 3 nl|Fol — |Fell/ZhklFol. ¢ A methionine residue was observed at the N terminus
of one subunit.

of the active site. The rms deviation for all 4&Scarbon

e . atoms between the two dimeric molecules is 0.21 A. The
¢ | Y108 fold of the polypeptide chain (Figure 1) is virtually the same
AR (G AOR) G g as that reported by Reinemer and his colleagues [188S (
il / 55/‘ except that heliceaB1 andaG are longer by one residue
\..u:BE than those of 1GSS. Each subunit contains two domains, a

4

smallero/3 domain and a largex domain. Then/3 domain
consists of 80 amino acid residues that form the secondary
structure element82, aA, A1, aB1, aB2, 53, f4, andaC.
Thea domain contains sig helices @¢D—al, Figure 1) and

two 340 helices located betweerE andaF and betweenF
andoG. A methionine residue that can be seen at the N
terminus of subunit A in both hGSTP1-1[V104] structures
is not seen in subunit B. The initiator methionine in subunit
A is involved in intermolecular interactions with symmetry-
related molecules, causing this methionine to assume a
defined conformation that is observed in the electron density
map.

FiIGURE 1: Schematic representations of one subunit of the hGSTP1- g, punit-Subunit Interactions In their biologically active
1-(9R,10R)-GSPhen complex. The heli label —al ar . . . P
rege’seﬁ)egiy beluecgyliﬁc?ers. T?Sesetrgﬁgs?jbeesﬁg%eﬂ(i—%z form, cytosolic GSTS are dimeric. .I\_/Iolecular recognition
are shown as yellow arrows. The gray pipes illustrate loop Petween the subunits is class specific. Heterodimerization
structures. The product complexRQ0R)-GSPhen is shown as a  occurs only within the same gene class. The two subunits
stick model in pink and the HEPES molecule in green. The side contact each other primarily by interactions between domain
chains of Y7, Y108, and E197 are represented as stick models in| 4 one subunit and domain 1l of the adjacent subunit. A

red and the hydrogen bonds as white dotted lines. The illustrations I~ . . ..
were prepared by using TkRaster3D (by Hillary Gilson, National hydrophilic channel that runs through the dimer is coincident

Institute of Standards and Technology, hitp://indigo15.carb.nist.gov/ With either a crystallographic 2-fold axis as in clas&ST
TkRaster3D), the newest version of Raster®D) (with enhanced  (9) or a noncrystallographic 2-fold axis as observed in

features. hGSTP1-1[V104] structures (this work) and most other GST
amino acid residues, 2 GSHex molecules, 2 HEPES mol- structures. The insertion of the side chain of F56 from
ecules, and 329 water molecules. The final model of the domain | of one subunit into a pocket formed by 198, Q102,
hGSTP1-1[V104{(9R,10R)-GSPhen complex includes 419 L136, Y137, and F140 from domain Il of the second subunit
amino acid residues, 2 GSHex molecules, 2 HEPES mol- forms a hydrophobic “lock” between the two subunits of
ecules, 1 sulfate anion, and 344 water molecules (Table 2).rGSTM1-1 6). This lock is also seen in other isozymes
Both structures have a crystallograpRdactor of 0.18 for from theo andxr gene classes and froB japonicumbut
X-ray diffraction data with resolution of higher than 6 A not in sGSTS1-1 (Table 3), providing a structural clue to
and a signal/noise ratio of better than 1. Both structures havethe evolution of GSTs. The unique dimer interface of
good geometry. The root mean square (rms) deviations forsGSTS1-1 suggests that the clasenzyme diverged from
bond distances and angle distances=0017 and<0.034 the ancestral precursor prior to the divergence of the
A, respectively (Table 2). More than 91% of the residues precursor gene for the, x4, andx classes ). In classx
exhibit the most favorable—1 relationship according to  GSTs, the corresponding lock residues M89, G93, P126,
the protein structure verification procedure PROCHECK F127, and L130 are conserved in pig,(mouse $1), and
(50). The structures of the two hGSTP1-1[V1g#duct human [B), this work] enzymes. The “key” residue is either
complexes are quite similar except in the immediate vicinity a phenylalanine or a tyrosine, depending on the subunit
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Table 3: Lock and Key Residues Involved in the Hydrophobic the GSHex CO”?P'eX- When a xenoblotlc Su_bStrate does not
Interaction between the Two Subunits of GSTs from Class, and have a hydrophilic group, water 3 interacts with the hydroxyl
7 Gene Classes and froB japonicum group of Y108 instead of the xenobiotic molecule (Figures
isozyme key lock 3a and 4a). The hydrophilic portion of the H-site preferen-
hGSTAL-1é) F52 M94 G98 AL135 F136 V139 tially interacts with hydrc_)ph|l|c groups of the xenob|0t|c_
rGSTM1-16) F56 198 Q102 L136 Y137 F140 substrate whenever feasible. Furthermore, V104 occupies
rGSTM2-2 F56 V98 Q102 L136 Y137 F140 a position such that the introduction of the methyl group,
hGSTM2-26) F56 198 Q102 L136 Y137 F140 caused by the V104l mutation, dramatically disturbs the

pGSTP1-17) F47 M89 G93 P126 F127 L130 o ; o ;
hGSTP1-18) VA9 MOl GO5  P128 F129 1132 hydrophilic portion of the H-site (Figures 3a and 4a).

mGSTP1-1%1) Y49 M91 G95 P128 F129 L132 As shown in Figure 5, the solvent channel has four walls,
S|GST (12) F51 M93 A97  Mi31 FI132 RI135 for the purpose of this description designated as front, left,
SGSTS1-19) —° B89 793 F129 1130 133 back, and right. The front wall is composed of the side

2The key residue is missing in the classsozyme.” X Ji, R. N. chains of two isoleucine residues, 1161 and 1203. The side
Armstrong, and G. L. Gilitand, unpublished data. chain of R11 makes up the left wall. The back wall consists

o o of the side chains of A15 and Y198. The hydroxyl group
types: phenylalanine in pGSTP1-T)(and tyrosine in  of Y198 starts a hydrogen bond chain that forms the wall
mMGSTP1-1%1) and hGSTP1-1§). According to the high-  on the right side. The hydrogen bond chain involves
resolution structures of hGSTP1-1[V104], a hydrogen bond, OH(Y198), Wat650, OD1 and OD2(D157), and NH1 and
ranging from 2.77 to 2.95 A, is formed between the hydroxyl NH2(R100). The well-defined solvent channel contains three
group of the key residue, Y49, and the carbonyl oxygen of water molecules, 4a, 4b, and 4c (Figure 5). Water 4a is
one of the lock residues of the associated subunit, M91. Thehydrogen bonded to water 4, the carboxyl group of G12,
lock-and-key interaction is enhanced by the additional OD2 of D157, and water 4b. In addition to the hydrogen
electrostatic interactions in mouse and humaGSTs. bond to 4a, water 4b forms hydrogen bonds to OD1 of D157

Protein—Product Interactions Figure 2 illustrates the  and to water 4c which is hydrogen bonded to OH(Y198)
omit maps for the two product molecules bound to hGSTP1- gnd NH1(R11). The channel opens to more ordered water
1[V104] in subunit A. The corresponding initial difference molecules and bulk solvent.

maps for the product complexes are similar to the omit maps g} ent Structure A total of 326 ordered water molecules
calculated at the final stage of the refinement. The electron are observed in the crystal structure of the hGSTP1-

density maps of the product complexes in the active site of 1[V104]-GSHex complex, of which 279 form hydrogen
subunit B are of similar quality. Modeling of the product bond(s) to the protein. By comparison, 294 out of 344 water
posed no particular problems in the refinement. No dis- . Jiecules observed in the RA.0R)-GSPhen complex are
ordering of the product molecules is seen. Both product hydrogen bonded to the enzyme. Each water molecule

molecules are bound in essentially a single conformation. j, .|, ded in the final model of the two structures is hydrogen
The distance between the hydroxyl group of Y7 and the 464 t other atom(s). One sulfate anion is found in the

thioether group of the product complexes is well-defined with (9R,10R)-GSPhen complex. The existence of this sulfate

a distance of 3.2 A in both subunits for both structures. ;40 was confirmed by omit map calculations. It is within
Although the rms deviation for all € atoms be_tween the hydrogen bond distance (3.5 A) of atoms NH1 and NH2 of
present structure and other reported clas3STsis as large 186 and four nearby water molecules. No sulfate is

as 0.69 A, interactions between the protein and the gluta- ;,corved in the GSHex complex. One HEPES molecule is

thionyl portion of the two products are basically identical to ,,,nq in the cavity between secondary structure elements

those observed previously,(8, 51). B2 andal and on top ofaA and oC (Figure 1) in both
The (R 10R)-GSPhen molecule bound to the active site g, nits of hoth structures. The electrostatic interaction

together with the .H-s.ite—defining residues of hGSTPl' between the HEPES molecule and the protein includes direct
1[V104] are shown in Figure 3a. The phenanthrenyl moiety hydrogen bonds with E197, K29, and E30 and indirect
can make van der Waals contacts with residues Y7, F8, andhydrogen bonds with A22 and K188 via water molecules

V10 from domain | and Y108 and G205 from domain Il. " (gigyre 6a). These interactions are conserved in both
There is a short hydrogen bond with an-O distance of subunits of both hGSTP1-1[V104] structures.

2.5 A between the hydroxyl group of Y108 and the

10-hydroxyl group of the product molecule, RA0R)- DISCUSSION

GSPhen. In addition, the 10-hydroxyl group of the product

molecule forms a hydrogen bond with one of the five active  Hydrophobic Lock with Electrostatic Enhancemeiiable

site water molecules. The five water molecules, numbers 3 lists the hydrophobic lock and key residues for class,

1-5, form a hydrogen bond network with R13 and N204, =z, and Sj GSTs and the corresponding residues in squid GST
NE(R13}--Watl:--Wat2---Wat3---OD1(N204)--Wat4--- (classo). This structural feature, the hydrophobic lock-and-
Watb. In addition, water 1 is involved in GSH binding. key interaction, exists in all of the known GST structures
Water 2 is also hydrogen bonded to water 5. Water 3 with the exception of the squid enzyme, and it has been
interacts with the 10-hydroxyl group of the product. Water proposed9) that classr GSTs evolutionarily diverged before

4 extends the hydrogen bond network into a solvent channelclassa, ¢, andsr and after clasg GSTs. From this point
that leads to the surface of the protein (see Figure 5). Waterof view, SJGST (2) would diverge with the class, u, and

5 forms a hydrogen bond to atom NE of R100 (not shown 7= GSTs. It will be interesting to find out whether the
in Figure 3a). These five water molecules, together with hydrophobic lock exists in clagsGSTs and, consequently,
R13 and N204, make up the hydrophilic portion of the H-site. to determine to what degree this structural feature is a marker
A view from “behind” the H-site is shown in Figure 4a for for the evolution of GSTs. Although the hydrophobic lock
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(a)

(b)

Ficure 2: Stereoview of omit B, — F. maps, contoured ato] of the product molecules in the complex structure of hGSTP1-1 with (a)
GSHex and (b) (B,10R)-GSPhen. The product molecules are represented by ball-and-stick models with carbon in black, oxygen in red,
and nitrogen in blue. The electron density is displayed as green nets. The representation was prepared by using Bobscript (R. Esnouf,
robert@s151h16.rega.kuleuven.ac.be), the extended version of Mol§@jipt (

exists in all classr structures, a new feature is seen in mouse and the phenolic oxygen calculated by usiab initio
and humanr GSTs. In mGSTP1-1 and hGSTP1-1, the lock- molecular theory%4) and model compounds is 3.2 A as well.
and-key interaction is enhanced by an electrostatic interactionTherefore, we propose that the-@ hydrogen bond distance
that can occur because the key residue is tyrosine instead ofn enzymeproduct complexes of class GSTs is 3.2 A.
phenylalanine (Table 3). A hydrogen bond, ranging from Other details of the Gite are identical to those previously
2.77 to 2.95 A, is formed between the hydroxyl group of established§, 51, 55). Although the interactions between
the key residue, Y49, and the carbonyl oxygen of one of the the protein and the hexyl moiety of GSHex are identical to
lock residues from the associated subunit, M91. Although those of availabler GST structures, the interaction between
hydrogen bonding would enhance the subusitbunit the phenanthrenyl moiety of the product molecule and the
interaction in mouse and human GSTs, the importance of enzyme reveals new features of the xenobiotic substrate-
such an enhancement is not clear. binding site in classt GSTs.

GSH-Binding Siteg(G-Sitg. A conserved tyrosine was Xenobiotic Substrate-Binding Site (H-SiteJhe 2.5 A
originally identified as a catalytic residue in the G-site on hydrogen bond between the 10-hydroxyl group of the product
the basis of the three-dimensional protein structje (t and the hydroxyl group of Y108 is the first structural
was proposed that this residue lowers th& pf the GSH evidence directly indicating that Y108 participates in ca-
sulfhydryl group. The importance of Y6 in catalysis has talysis. The ring opening and hydroxylation of the epoxide
been confirmed by site-directed mutagenesi®).( In are probably facilitated by the functional group of Y108
rGSTM1-1, Y6 is assisted by a “nephotic” effect, a second- together with the H-site-bound water molecules. As sum-
sphere electrostatic interaction between the OG of T13 andmarized in the results, there are five H-site water molecules,
the & electron cloud of Y6 §3). For classu GSTs, the of which water 3 interacts with the 10-hydroxyl group of
distance between the hydroxyl group of Y6 and the sulfur the product (Figure 3a). Atom OD1 of N204 bridges water
atom of GSH is always 3.2 A unless the xenobiotic moiety 3 and water 4, and water 4 extends the network into the
of the product is not bound in the H-site, i.e., for &-(  solvent channel that leads to the surface of the enzyme. The
glutathionyl)-2,4-dinitrobenzene (GSDNB). GSDNB is the five H-site water molecules are conserved in pGSTP35}, (
product of GSH and 1-chloro-2,4-dinitrobenzene (CDNB, mGSTP1-1 $1), and hGSTP1-1[V104] (this work). Also
Scheme 1), which is in a conformation when it is leaving conserved is the solvent channel that contains three ordered
the active site14). The O-S hydrogen bond distance can water molecules (Figure 5). All three water molecules are
also be established for clagsGSTs. Table 4 summarizes observed in nine out of 12 subunits in six crystal structures
this distance for seven crystal structures of clas&STs of classt GSTs, including the hGSTP1-&SHex complex
now available. Of the 14 ©S distances, seven are 3.2 A, (1PGT) at 1.8 A and the hGSTP}2R,10R)-GSPhen
one is less than 2.8 A, and six are greater than 3.5 A. Six complex (2PGT) at 1.9 A (this work), the mGSTP4GBH-
out of eight O-S distances in high-resolutions2.0 A) sulfonic acid complex (1GLP) at 1.9 A, the mGSTP1-1
structures are 3.2 A. The distance between the sulfur atomnitrobenzyl-GSH complex (1GLQ) at 1.8 A and the
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Ficure 3: Stereoview of a ball-and-stick model of the H-site of (a) hGSTP1-1[V104] in complex WRHLQR)-GSPhen (2PGT, this

work) and (b) rGSTM1-1 in complex with B10R)-GSPhen [3GSTH)]. The H-site-defining residues are labeled for hGSTP1-1[V104] (a)

and for rGSTM1-1 (b). The CPK color scheme is shown with carbon in gray, oxygen in red, nitrogen in blue, and sulfur in yellow.
H-site-bound water molecules are illustrated as balls and are labeled numerically from 1 to 6. The H-site of hGSTP1-1[V104] is compared
with that of rtGSTM1-1 (c). Stick models are used in cases (c) where hGSTP1-1[V104] is illustrated in blue and rGSTM1-1 in yellow. The
representation was prepared by using TkRaster3D (see the legend to Figure 1 for details).

mGSTP1-1GSHex complex (2GLR) at 2.2 A5(), and the Water 5 in rGSTM1-1 (Figure 3b) is a structural water
pGSTP1-1GSH sulfonate complex (2GSR) at 2.1 5. located within the hydrogen bond distance of O(A11l),
Water 4c is not observed in three out of the 12 subunits, NH1(R107), OE1(Q165), and NE2(Q165) and is about 5 A
whereas 4a and 4b are well-defined in all 12 subunits. This away from 1111. This water molecule is different from water
network may facilitate proton transfer during catalysis. 5 in classz GSTs (Figure 3a) which is part of the water
Unlike the H-site of classr GSTs, the H-site in class network in the H-site, interacts mainly with other H-site water
GSTs (Figure 3b) is a hydrophobic cavity defined by residues molecules, and is within 3.5 A of V104. Water 6 in
Y6, W7, V9, L12, 1111, Y115, F208, and S2095]. Two rGSTM1-1 (Figure 3b) bridges the hydroxyl group of the
water molecules are found in the H-site of rGSTM1-1. catalytic residue Y115 and the hydroxyl group of the
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Y108 N?ﬂ

'! ~ 7 -G205
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Ficure 4: Stereoview of a ball-and-stick model of the H-site of (a) hGSTP1-1[V\i&8Hex (1GPT, this work) and (b) hGSTP1-1[1104]

GSHex [1GSS&)]. The H-site-defining residues are labeled for h\GSTP1-1[V104] (a) and for hGSTP1-1[1104] (b). The CPK color scheme

is shown with carbon in gray, oxygen in red, nitrogen in blue, and sulfur in yellow. H-site-bound water molecules are illustrated as balls
and are labeled numerically from 1 to 5. The H-site of hGSTP1-1[V104] is compared with that of hGSTP1-1[1104] (c). Stick models are
used in cases (c) where hGSTP1-1[V104] is illustrated in blue and hGSTP1-1[1104] in yellow. The representation was prepared by using
TkRaster3D (see the legend to Figure 1 for details). The relative orientation of this representation and Figuré 8otstl&d about the

vertical axis.

product’s phenanthrenyl moiety. The H-site residues of indolyl nitrogen of W7 (Figure 3b)5). In classz GSTSs,
rGSTM1-1 correspond exactly to those of the H-site in class however, the cysteinyl carbonyl points away from F8 and
7 GSTs. In other words, the H-site in clas$sSTs occupies  forms a hydrogen bond with a backbone amide grelg(
the same position in three-dimensional space as in glass 9). Second, the H-site water network in clagsGSTs
GSTs. The H-sites of the two proteins are compared in displaces the hydrophobic phenanthrenyl moiety from the
Figure 3c. The alignment is achieved by optimizing the hydrophilic portion of the H-site such that the conformation
superposition of the H-site-defining residues. The product of the product (& 10R)-GSPhen, especially the conformation
(9R,10R)-GSPhen has similar but not identical interactions around the SG2CA4 single bond, is significantly different
with the protein. First, the GSHinding mode is different,  from that observed in rGSTM1-1. The torsion angle €B2
as the result of the F8-W?7 substitution. In clas&STs, SG2-CA4—CB4 is 5T in hGSTP1-1[V104], whereas it is
the cysteinyl carbonyl of GSH is hydrogen bonded to the —89° in rGSTM1-1 (Figure 3c). Third, in both classand
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(b)

204 ilimd N4

- -
RI3

Ficure 5: Stereoview of the solvent channel that connects the hydrophilic portion of the H-site to the surface of the protein for subunit A

of hGSTP1-1[V104] in complex with GSHex at 1.8 A resolution. The water molecules in the solvent channel are the continuation of the
water network that is part of the H-site in clas$&GSTs. The protein is represented as a ball-and-stick model with oxygen in red and other
atoms in black. Electron density, the findf2— F. map contoured atdi, is illustrated in panel a as a green net. In panel b, the H-site-

bound water molecules are labeled from 1 to 5 and those in the solvent channel as 4a, 4b, and 4c, indicating that the extension of H-site-
bound water network is from water 4. Eight water molecules5 And 4a-4c, are highlighted as balls larger than Wat650 which is involved

in the formation of the solvent channel (see the text). Hydrogen bonds are represented by dashed lines. The representation was prepared by
using Bobscript (see the legend to Figure 2 for details).

classu GSTs, a conserved tyrosine residue from domain 1l to the active site or inhibit the segmental motion of the
interacts with the 10-hydroxyl group via its hydroxyl group. protein (L5, 17). We predict that site-directed mutant Y108F
In hGSTP1-1[V104], a strong hydrogen bond with an @ of GSTP1-1 should show reduced catalytic ability toward
distance of less than 2.5 A is formed betweeR, (9R)- PhenO but enhanced ability toward CDNB.

GSPhen and Y108, whereas in rGSTM1-1, this interaction =~ Seven out of the eight H-site-defining residues (Y7, F8,
involves a water molecule, although in the rGSTM1-1 V10, R13, Y108, N204, and G205) are conserved in human,
(9S,10S)-GSPhen complex there is a direct hydrogen bondmouse, and pig GSTP1-1 proteins. The only residue that
(15). The side chain of this tyrosine of rGSTM1-1 and varies is that at position 104 which is occupied by alanine
sGSTS1-1 is appropriately positioned to provide electrophilic in pGSTP1-1 §5), valine in mGSTP1-151), and either
assistance in the addition of GSH to epoxides and to reducevaline (this work) or isoleucine8} in hGSTP1-1. As
the rates of product release in the reaction of GSH with expected, an alanine residue at position 104 in pGSTP1-1
CDNB (9, 17. For example, the ability of the Y115F mutant does not affect the structured water molecules in the
of —IGSTM1-1 to catalyze the addition of GSH to PhenO is hydrophilic portion of the H-site. However, when residue
severely impaired because the rate-limiting step for this 104 is an isoleucine, the hydrophilic portion of the H-site is
reaction is chemical. In contrast, the Y115F mutant is a disturbed. The disturbance has four aspects (Figure 4b).
better catalyst with CDNB, because the physical step of First, water 5 is displaced by the introduction of the methyl
product dissociation is rate-limiting in this reaction (CDNB, group. Second, waters 1 and 4 move toward the position
Scheme 1). The enhanced rates of product release in thérom which water 5 is displaced. Third, water 1 is no longer
mutant can be ascribed to the loss of hydrogen bonds betweerydrogen bonded to atom NE of R13, and fourth, the
the hydroxyl group of Y115 and the hydroxyl and main chain continuation of the hydrogen bond network to the water
NH groups of S209, interactions that may block the channel molecules in the solvent channel is interrupted. Although
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Ficure 6: HEPESbinding site of hGSTP1-1[V104]. The site fits the description of a non-subdtiatiéng site of GSTs§3). It has a
hydrophobic surface consisting of the aliphatic portion of the R18 side chain and hydrophobic side chains of A22, W28, and F192. Both
the ball-and-stick model (a) and the space-filling model (b) are illustrated in the CPK color scheme with gray carbon, red oxygen, blue
nitrogen, and yellow sulfur atoms. Hydrogen bonds are shown as dotted lines (a). Residues are labeled in panel a only. D171(Sym) represents
the residue from a symmetry-related molecule (see the text). The representation was prepared by using TkRaster3D (see the legend to

Figure 1 for details).

Table 4: Distances between the Hydroxyl Group of Y7 and the
Sulfur Atom of Product Complexes Observed in Seven Crystal
Structures of Clasg GSTs

O—S distance
PDB ID resolution product subunit subunit
isozyme codé A molecule A B

hGSTP1-1[V104] 1PGT 1.8 GSHex 3.2 3.2
hGSTP1-1[V104] 2PGT 1.9 GSPhen 3.2 3.2
hGSTP1-1[1104] 1GSS 2.8 GSHex 4.0 2.8
pGSTP1-1 2GSR 21 GSSAc 34 3.6
mGSTP1-% 1GLP 1.9 GSSAc 3.6 35
mGSTP1-1 1GLQ 1.8 GSpNB 3.2 3.3
mGSTP1-1 2GLR 2.2 GSHex 35 3.2

a1PGT and 2PGT (this work); 1GS8)( 2GSR 65); and 1GLP,
1GLQ, and 2GLR %1).  The “Y”-based nomenclaturé$) has been
applied to the mouse GST8G—68).

We propose that the hydrophilic portion of the H-site is
regulated by a hydrophobic residue at position 104. In an
analogous situation, it has been shown that the amino acid
difference at position 104 between mGSTP1-1 and
MGSTP2-2 (valine or glycine, respectively) has been shown
to be responsible for the different activities of these two
enzymes %6). Finally, it has recently been demonstrated
that hGSTP1-1[V104] is indeed a much better catalyst than
hGSTP1-1[1104] in the GSH conjugation of diol epoxides
of polycyclic aromatic hydrocarbons, including 7,8-dihy-
droxy-9,10-oxy-7,8,9,10-tetrahydrobenalgyrene (BPDE}
The architecture of the H-site in clagsGSTs appears to

be complex, since a hydrophobic region lies next to a
hydrophilic region, and the hydrophilic region is in turn
regulated by a hydrophobic residue at position 104. This
arrangement has obvious advantages if the xenobiotic

residue 1104 does assume different conformations in the twosubstrate is hydrophobic but bears hydrophilic groups, e.g.,

subunits of hGSTP1-1[11048], the disturbance of the water

structure by the introduction of the methyl group is the same.
The interaction between water 1 and R13 and the continu-

ation of the water network from the H-site to the surface of

the enzyme may play important roles in the catalysis of class enantiomers 58).

m GSTs. Therefore, the interruption of the hydrogen bond

between water 1 and R13 and that between waters 4 and 4a

would be expected to alter the catalytic ability of the enzyme.

the hydroxyl groups of BPDE. BPDE is believed to be the
ultimate carcinogenic metabolite of benalgyrene 67—

59). BPDE exists as a pair of diastereomesgniandanti),

and each diastereomer can be resolved into a pair of optical
Of the four isomers, |)-anti-BPDE
(Scheme 1) has been shown to be the most potent carcinogen

3 Personal communication.
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in experimental animals vivo (58, 60). Isozyme hGSTP1-1  bound in subunit A. In subunit B, however, the same binding
plays a major role in the detoxification of-§-anti-BPDE site is occupied by a sulfate anion. These two examples are
in humans §1), presumably because the H-site in class  similar in that HEPES is bound between the primary
GSTs has both a hydrophobic and a hydrophilic region. The molecule and a symmetry-related molecule, with the HEPES
BPDE ring system might interact with the hydrophobic CH,OH group interacting with a lysine residue from a
region of the H-site and the hydroxyl groups of BPDE with symmetry-related molecule and the HEPES ;S§doup
the hydrophilic region, which could stabilize the reaction interacting extensively with the backbone amide groups, with
intermediate. Since both the BPDE molecule and the H-site the arginine side chain groups, and with the carbonyl group
of hGSTP1-1 are polarized in terms of hydrophobicity and via water molecules. It is reasonable to conclude that the
hydrophilicity, the enzyme is stereoselective toward BPDE. HEPES molecule is actually bound to a sulfate asbording
A three-dimensional structure of hGSTP1-1 complexed with site. Binding occurs when HEPES is available and the space
the product of GSH addition to BPDE should shed light on is big enough for an “elongated” sulfate anion, and when
the structural basis for the stereoselectivity of the enzyme. binding favors both polar and nonpolar interactions with the
The architecture of the clagsH-site requires that a GST  protein.
inhibitor able to selectively inhibit the class isozymes The HEPES molecule found in the structure of hGSTP1-
should have a hydrophobic portion (e.g., the benzopyrene1[V104] has a binding mode different from that described
ring system of BPDE) and also bear hydrophilic groups (e.g., above. First, the HEPES GBH group forms a hydrogen
the hydroxyl groups of BPDE) to appropriately match the bond to the amide group of E30, although it may also form
H-site. The H-site in all GSTs is relatively large. An a hydrogen bond to atom NZ of K29. Second, the HEPES
isozyme specific inhibitor must be large enough to fill the SO; group does not interact with any positively charged sides
site; a small xenobiotic moiety will be accommodated by chains, although it does form an indirect hydrogen bond to
the H-site of different classes of GSTs and will therefore the carbonyl group of A22 via a water molecule. Third, the
have poor selectivity. Both the size and the hydrophobic/ most important interaction between the HEPES molecule and
hydrophilic character of the inhibitor must be chosen to the enzyme is the electrostatic interaction between the

match the specific H-site in the target enzyme. HEPES N1 and both OE1 and OE2 of E197 (Figure 6a).
HEPES-Binding Site One HEPES molecule is bound in  Fourth, the HEPE®inding site identified in hGSTP1-1 is
the cavity between secondary structure elemgg@tandal not a sulfatebinding site. Located at the edges of this

(Figure 1). The bottom of the cavity is a hydrophobic surface hydrophobic cavity, residues K29 and E197 are conserved
formed by the side chains of R18, A22, W28, and F192, in human, mouse, and pig GSTP1-1. This binding site may
whereas a few potential hydrogen bond donor and acceptorhave some significance with respect to the function of the
groups are located on the edge of the cavity (Figure 6). enzyme.
Covering the hydrophobic bottom of the cavity, the HEPES It has been reported recently that retinoids noncompeti-
molecule is stabilized by forming a few hydrogen bonds with tively inhibit mammalian GSTs, especially isozymes from
the protein. There are three electrostatic interactions, seerhuman placenta6@), suggesting the existence of a ligand
in both subunits of the two structures, between the HEPES binding site distinct from the active site. The HERES
molecule and the protein, including the hydrogen bonds binding site described in the present paper could also be the
between the HEPES OH and E30 amide group, between theretinoic acidbinding site. Biccet al. (63) reported that both
HEPES N1 and E197 side chain carboxyl group, and between8-anilino-1-naphthalene sulfonate and bromosulfophthalein
the HEPES S@and A22 carbonyl group via a bridging water bind to porcine clasg GST (pGSTP1-1) at this site. The
molecule (Figure 6a). There is also a HEPHfotein site has a highly hydrophobic surface, and occupation of the
interaction between HEPES N1 and K29 NZ, but it is not site inhibits catalytic function with GSH and CDNB in a
seen in every structure. Also shown in Figure 6 is the fact noncompetitive manner. The HEP#B8ding site found in
that the side chain of D171 from a symmetry-related the structure of hGSTP1-1[V104] has a hydrophobic surface
molecule is in the vicinity of the OH end of the HEPES consisting of the aliphatic portion of side chain R18 and
molecule, which suggests the possibility of a crystal-packing hydrophobic side chains A22, W28, and F192 (Figure 6a).
effect on HEPES binding. However, D171(symmetry) does This site matches the description of the binding site proposed
not prevent the HEPES molecule from being exposed to the by Bico et al. (63), suggesting that the HEPHSnding site
solvent (Figure 6b). Molecular modeling suggests that, with found in the crystal structures of hGSTP1-1[V104] is
or without the HEPES molecule, the side chain of potentially this regulatory binding site.
D171(symmetry) can form a salt bridge with the side chain  Very recently, it has been suggested that in a cle&ST
of K29. It seems that the HEPES molecule is bound to the from human skin residues 18388 (LSARPK) are part of
cavity before crystallization occurs. Moreover, the HEPES the H-site 64). hGSTP1-1 from placenta has the same
binding mode in hGSTP1-1[V104] is different in many conserved sequence. However, in our structure, the above
respects from those observed previously. fragment is about 25 A away from the active site and is not
The HEPES molecule resembles an elongated sulfate aniordirectly part of the H-site. Residues 18388 belong to the
(Figures 1 and 6), and it also behaves like a sulfate anion.loop betweernG andaH and the N end oftH (Figure 1).
HEPES interacts with residues that have positive chargesThe next secondary structure elemendiidollowed by the
such as arginine and lysine in two crystal structures: that of C-terminal tail of the protein. The C-terminal tail forms part
avian sarcoma virus integrasgdf and that of human dual-  of the H-site ina, u, 7, o, and Sj GSTs. As discussed in
specific protein tyrosine phosphatagd)( In the structure  the previous sections, N204 and G205 in the C-terminal tail
of the integrase, the HEPES molecule is wedged completelyare H-site-defining residues in hGSTP1-1. The HEPES
between primary and symmetry-related molecules, whereasmolecule in the hGSTP1-1[V104] structure interacts directly
in the structure of the phosphatase, a HEPES molecule iswith E197 onal (Figure 6). If a nonsubstrate molecule binds
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at the HEPEShinding site, it may alter the physical and/or
chemical property of the C-terminal tail and therefore
influence xenobiotic substrate binding. Also, as shown in
Figure 6, K188 is at the “bottom” of the HEPH#nding
site and is involved in the binding of HEPES to hGSTP1-1
via two ordered water molecules (Figure 6a). We believe
that residues 183188 are involved in nonsubstrate binding
of human GSTP1-1 and thus indirectly regulate the H-site,
rather than being part of the H-site structure.

Conclusions The crystal structures of the complexes of
a classt GST with either GSHex or 10R)-GSPhen reveal
that the xenobiotic substratending site in the classr
enzyme is located at a position similar to that observed in
the classu isozyme. Unlike the hydrophobic cavity in the
classu GST, the xenobiotic substrabénding site in the class
m enzyme is approximately half hydrophobic and half
hydrophilic. The hydrophilic portion of the cavity is in turn

regulated by a hydrophobic residue at position 104. There

is a short hydrogen bond (2.5 A) between the Y108 (OH)
and (R,10R)-GSPhen (05), indicating that the hydroxyl
group of Y108 is an electrophilic participant in the addition
of glutathione to epoxides. The binding site of a HEPES
molecule fits a possible non-substrdii@ading site that is
involved in noncompetitive inhibition of the enzyme.
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