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Abstract

Conjugation to glutathione (GSH) by glutathione transferase A4-4 (GSTA4-4) is a major route of
elimination for the lipid peroxidation product 4-hydroxynonenal (HNE), a toxic compound that
contributes to numerous diseases. Both enantiomers of HNE are presumed to be toxic, and GSTA4-4
has negligible stereoselectivity towards them, despite its high catalytic chemospecificity for alkenals.
In contrast to the highly flexible, and substrate promiscuous, GSTAL-1 isoform that has poor catalytic
efficiency with HNE, GSTAA4-4 has been postulated to be a rigid template that is pre-organized for
HNE metabolism. However, the combination of high substrate chemoselectivity and low substrate
stereoselectivity is intriguing. The mechanism by which GSTA4-4 achieves this combination is
important, because it must metabolize both enantiomers of HNE to efficiently detoxify the
biologically formed mixture. The crystal structures of GSTA4-4 and an engineered variant of
GSTAL-1 with high catalytic efficiency toward HNE, co-crystallized with a GSH-HNE conjugate
analog, demonstrate that GSTA4-4 undergoes no enantiospecific induced fit; instead the active site
residue Argl5 is ideally located to interact with the 4-hydroxyl group of either HNE enantiomer. The
results reveal an evolutionary strategy for achieving biologically useful stereopromiscuity towards
a toxic racemate, concomitant with high catalytic efficiency and substrate specificity towards an
endogenously formed toxin.

4-Hydroxynonenal (HNE)! is a major lipid peroxidation product of oxidative stress, and it
plays a causal role in several neurodegenerative diseases, diabetes, atherosclerosis, asthma,
cataracts, cancer, and aging (1-4). HNE is an electrophilic toxin, formed as a racemic mixture
from arachidonic acid or linoleic acid, which covalently modifies numerous proteins and DNA
(5). HNE also acts as a second messenger in signal transduction pathways related to apoptosis
(6,7). Cellular processes that control HNE concentrations likely influence susceptibility to toxic
effects of oxidative stress and related diseases (8). Hypothetically, metabolic processes that
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evolved to clear HNE would, individually or collectively, eliminate both 4R-HNE and 4S-HNE,
because although stereoselective interactions occur, both enantiomers are chemically reactive
towards cellular macromolecules (9-11). Interestingly, any individual enzyme that evolved to
eliminate HNE would need to uncouple substrate chemospecificity from substrate
stereoselectivity in order to provide an efficient detoxification pathway. This is a fascinating
challenge for an enzyme, to the extent that substrate chemospecificity is presumed to co-evolve
with catalytic efficiency; evolutionary steps that increase interactions with the diastereomeric
transition state formed from one HNE enantiomer would disfavor interactions with the
diastereomeric transition state derived from the other HNE enantiomer. The structural basis
for this behavior with enzymes that recognize HNE has not been determined.

A major route of HNE elimination is glutathione transferase (GST)-catalyzed adduction to
glutathione (GSH) to form the diastereomeric 3S-glutathionyl 4-hydroxynonanal (3S-GSHNE)
conjugates (Figure 1). The GSTA4-4 isoform exhibits remarkable chemoselectivity and high
catalytic efficiency towards HNE (12-15) and expression of GSTA4-4 is a critical determinant
of an organism's susceptibility to disease and aging. In contrast, the structural homolog
GSTAL-1 is an archetypal, substrate promiscuous, detoxification enzyme with 50-fold lower
Kcat/Km for HNE compared to GSTA4-4 (16). Whereas many crystallographic structures of
GSTAL-1 reveal binding interactions with different ligands (17-22), very few structures are
available for GSTA4-4, and none include HNE or a GSH-HNE conjugate relevant to the ternary
substrate complex (13,23). Thus, the structural basis for the specificity of GSTA4-4 for HNE
is not completely understood. However, rationally engineered mutants of GSTA1-1, including
the GSTA1-1 ‘GIMFhelix’ mutant that contains 14 amino acid substitutions (6% of the
sequence), have implicated structural elements that contribute; the GIMFhelix mutant is
dramatically more active towards HNE than GSTAL-1, but still less efficient than GSTA4-4
(24). The GIMFhelix protein has served as a valuable model for the possible evolution of HNE
specificity of GSTA4-4 from the promiscuous GSTA1-1 (24-27). Although low amplitude,
fast, dynamics are a clear necessity for effective enzyme catalysis, the available data suggest
that GSTA1-1 utilizes induced fit of a conformationally flexible scaffold to achieve
promiscuous catalysis, whereas GSTA4-4 is a relatively rigid pre-formed template poised to
bind and conjugate the lipid aldehyde HNE.

The stereochemical course of the GSTA4-4 reaction with HNE is paradoxical because it
exhibits negligible substrate stereoselectivity, accepting either 4R- or 4S-HNE, but it is
completely stereoselective at the level of product formation, allowing attack of GSH from only
the si face of the prochiral carbon 3 of HNE ((28), Figure 1). Thus each enantiomeric HNE is
efficiently cleared by GSTA4-4, as expected for an enzyme that may have evolved to eliminate
a toxic racemic mixture. The difference in the Kinetic parameters between nonenal and HNE
suggests that the HNE hydroxyl group is exploited within the GSTA4-4 active site (24,29).
However, while the protein flexibility found with GSTA1-1 is easily rationalized as a device
to achieve substrate promiscuity including stereochemical aspects, it is unclear how the
presumed rigid scaffold of GSTA4-4 achieves high substrate specificity without
stereoselectivity, if it does not rearrange to accommaodate stereoisomeric substrates. The
striking lack of substrate stereoselectivity for HNE could, hypothetically, be due to: 1) a
symmetrically placed active site group that interacts with the 4-hydroxyl group in either
configuration to yield diastereomeric transition states of equal energy, or 2) two distinct active
site groups that each form diastereospecific interactions with the 4-hydroxy group in one of
the diastereomeric, energetically degenerate, transition states. In order to understand the
structural basis for the high substrate specificity of GSTA4-4 for HNE, coupled with the
biologically useful substrate stereopromiscuity, we determined the structures of human
GSTA4-4 and the GIMFhelix mutant complexed with the open chain form of the 35-GSHNE
conjugate, 3S-glutathionyl 1,4-dihydroxynonanol (3S-GSDHN). The structures are the first of
GSTA4-4 complexed with a biologically relevant ligand that reveals how conformational
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dynamics of the C-terminus have been completely remodeled to accommodate endogenous
alkenal substrates in GSTA4-4 compared to GSTA1-1, and they provide a structural
rationalization for the biologically optimal combination of high substrate specificity and
catalytic efficiency for racemic HNE without substrate stereoselectivity.

Experimental Procedures

Protein Expression and Purification

Recombinant human GSTA4-4, GSTA1-1, GSTA4-4 YIF, and GSTA1-1 GIMFhelix were
expressed in Escherichia coli and purified via GSH-agarose affinity chromatography as
described previously (12,24) with an additional purification step using a Sephadex® G-75
column washed with 10 mM NaPQy, pH 6.9, 2 mM EDTA, prior to exchange into 10 mM
HEPES, pH 7.0, for crystallization screens.

Stereoselectivity Analysis

GSH was pre-incubated with GSTA4-4, GSTA1-1, GSTA4-4 Y9F, GSTA1-1 GIMFhelix, or
buffer alone, followed by reaction with racemic HNE. Diastereomer formation was analyzed
by LC/MS as described previously (28).

Enzyme Kinetics

The metabolism of racemic HNE (0-160 uM) by the GSTA4-4 Y9F (58 nM) mutant was
monitored by a LC/MS product formation activity assay that allows for the concurrent detection
of the GSHNE diastereomers derived from S- and R-HNE. The activity assay, preparation and
quantification of the GSHNE standards, and LC/MS analyses were performed using previously
described methods (28). The apparent catalytic efficiency (Keat/Km) of the GSTA1-1
GIMFhelix mutant (600 pM) was also determined for comparison using the product formation
assay with replicates conducted at [HNE] K Kp,.

Reduction of GSHNE by NaBH4

The diastereomeric 35-GSHNE conjugates were prepared by incubating GSTA4-4 with GSH
and racemic HNE in order to provide the uncyclized and stereochemically relevant 3S-
conjugate. 3S-GSHNE was then reduced by NaBH,4 and 3S-GSDHN was purified by HPLC
and characterized by LC/MS and NMR as described previously (28).

Crystallization and X-ray Diffraction Data Collection

Crystallization screens were conducted using the sitting drop vapor-diffusion method at room
temperature with conditions based on published protocols (13,19,23) as well as using the
Hampton crystallization screen kits, HR2-110 and HR2-112, with protein concentrations of 10
mg/ml in 10 mM HEPES, pH 7.0. Data sets were collected for samples crystallized from: 2
pl GSTA4-4 with a 10-fold molar excess of 3S-GSDHN per subunit mixed with 2 pl reservoir
solution containing 24% PEG 4000, 0.1 M sodium acetate trihydrate, pH 4.6, and 0.2 M
ammonium sulfate; and 2 ul GSTA1-1 GIMFhelix with a 10-fold molar excess of 3S-GSDHN
per subunit and 0.5 pl EtOH mixed with 3 pl reservoir solution containing 16% PEG mme
5000, 0.1 M HEPES, pH 7.5, and 10% isopropyl alcohol. Paraffin oil was used as a
cryoprotectant in the case of 3S-GSDHN-GSTA1-1 GIMFhelix and diffraction data were
collected at SSRL beamline 11-1 (A = 0.9795) and processed with HKL2000 (30). Data
collection and processing statistics are presented in Table 1.

Molecular Replacement and Refinement

The 3S-GSDHN-GSTA4-4 and 3S-GSDHN-GSTAL-1 GIMFhelix crystal structures were
solved using Phaser (31) and the molecular replacement (MR) pipeline, BALBES (32),
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respectively, with GSTA4-4 and GSTA1-1 structures (PDB codes 1GUL and 1K3Y) selected
as the search models. The MR solutions were used to build models that were refined with
REFMACS5 (33) in the CCP4 program suite (34) using rigid body refinement followed by
restrained refinement. Entire models were checked and adjusted in Xfit (35) after each cycle
of refinement and the 3S,4R-GSDHN ligands as well as water molecules were fit to the
difference density. The structures were evaluated by Molprobity (36). Coordinates for the
GSDHN-GSTA4-4 and GSDHN-GSTA1-1 GIMFhelix models have been deposited in the
Protein Data Bank, PDB identifiers 31K7 and 31K9, respectively. Refinement and model
statistics are presented in Table 2.

Stereoselectivity of Product Formation

The stereoselectivity's of GSTA4-4 and GSTAL-1 were compared with the GIMFhelix mutant
using LC/MS analyses. While all four diastereomeric products are generated in approximately
equal amounts by the nonenzymatic reaction of racemic HNE with GSH, the 3S,4R-GSHNE
and 3S,4S-GSHNE diastereomers are stereoselectively derived from the GSTA4-4 catalyzed
reaction (28). Shown in Figure 2 are results acquired with the GIMFhelix mutant, which
indicate that, although it is more product stereoselective than wild-type GSTA1-1 with regard
to the chirality at C3 in the product, it is less product stereoselective than wild-type GSTA4-4.
Whereas these experiments indicate that the product stereoselectivity of the GIMFhelix mutant
is different from GSTAA4-4, enzymatic activity assays indicate that the GIMFhelix mutant is
not less substrate stereoselective than GSTA4-4. Based upon the ratio of the apparent catalytic
efficiencies (keat/Ky), the GIMFhelix mutant exhibits a preference for S-HNE vs. R-HNE of
1.6, compared to that of 1.5 previously reported for hGSTA4-4 (28).

Overall Structure and Model Quality

The 3S-GSDHN-bound human GSTA4-4 and GIMFhelix structures were solved at 1.97 and
2.20 A, respectively. The final model of the GSTA4-4 complex is composed of two dimers in
the asymmetric unit, with a 3S-GSDHN molecule bound to each of the four corresponding
active sites. Crystals of the GIMFhelix complex have four dimers in the asymmetric unit, with
a 3S-GSDHN molecule bound to each of the eight corresponding actives sites. Each subunit
exhibits the canonical GST fold consisting of the BapapBa motif in the N-terminal domain that
yields the highly conserved GSH binding site (G-site) followed by the C-terminal a~helical
domain, which contains many of the principal determinants involved in the electrophilic
substrate binding site (H-site) (22,37,38). Further evaluation of the structures using MolProbity
indicates > 99% of the residues lie in the allowed region of the Ramachandran plot, with the
majority of outliers identified as GIn67 residues, which recognize the y-glutamyl portion of
GSH and adopt similar dihedral angles in previously characterized GST structures (13,21,
37). Views of a single subunit and the overall dimer are represented in Figure 3. The subunits
in the dimers are related through non-crystallographic pseudo twofold rotation axes that give
an average root mean square deviation value of 0.35 and 0.46 A for the Ca atoms between the
pairs of subunits in the GSTA4-4 and GIMF asymmetric units, respectively. Similar to the
previously described GSTA4-4 structures, 1GUM and GUL (13), and the first structures of
apo and GSH-bound GIMFhelix (PDB's 3169 and 316A) (26), the 3S-GSDHN-bound GSTA4-4
and GIMFhelix structures described here also exhibit C-terminal regions defined in electron
density that extend to at least residues 219-220 for all subunits. They also contain the edge-
on-face aromatic-aromatic interaction between Phelll and Tyr217 that reduces local and
global dynamics, which aids in pre-organization of the C-terminus for HNE binding as
discussed below (14).
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Binding of 3S-GSDHN

The GSH portion of 3S-GSDHN maintains all the important contacts with previously described
G-site residues (13,19,37). The most noticeable difference between the GSTA4-4 and
GIMFhelix G-site relates to the glycyl moiety. This portion of the tripeptide extends farther in
the GSTA4-4 G-site due to the interaction with GIn45, while the position of the glycyl moiety
in GIMFhelix still reflects the presence of the GSTA1-1-derived Arg45 residue. The features
of the B1-al region, the end of the a4-helix, and the C-terminus have all been proposed to
confer specificity of GSTA4-4 toward alkenals and were targeted to afford high alkenal activity
to the GIMFhelix mutant (13,24). The GSTAA4-4 crystal structure-based model proposed by
Bruns et al., as well as mutagenesis, indicate Tyr212 is essential for activating alkenals (13,
29). As predicted, the hydroxyl group derived from reduction of the aldehyde is positioned at
the bottom of the H-site near the hydroxyl group of Tyr212 in the a9-helix of both the GSTA4-4
and GIMFhelix structures. Here the hydroxyl group is actually situated between both the
Tyr212 and Tyr9 active site residues. The sulfur atom of the ligand resides near the Tyr9
hydroxyl group and the Arg15 e-nitrogen while the long alkyl chain that lies in a hydrophobic
binding cavity (primarily delineated by 11e107, Met108, and Phe111 in the a4-helix, and
Tyr212, Val216, and Tyr217 in the a9-helix) extends into the H-site in a manner that orients
the 4-hydroxy substituent toward Arg15 (Figure 4). Although the 3S-GSDHN ligand appears
to bind in a similar manner in the GSTA4-4 and GIMFhelix structures (Figure 5A),
comparisons of the residues contributing to the active site illustrate an aromatic network of
interactions resulting from the presence of a GSTAL-1-derived Phel0 residue into the active
site of the GIMFhelix mutant. This residue, which is replaced by a proline in human GSTA4-4,
alternates between apo and ligand-bound forms of wild-type GSTA1-1 (18,19,21). However,
in GSTA4-4 the presence of Tyr212 near the alternate Phel0 position ultimately results in a
shift of Phe220 toward the periphery of the active site due to steric hindrance with Phel0 in
the region normally occupied by Phe220 in the ligand-bound form of GSTA1-1 (Figure 5B).
The locations of Phel0 as well as the 4-hydroxy substituent mentioned above are presumed to
have important functional consequences as discussed below.

Stereoselectivity of the GSTA4-4 Y9F Mutant

Tyr9 is an established active site residue with catalytic importance in GSTs Al-1 and A4-4.
Although it is generally categorized among G-site residues, Tyr9 is near the f1-a1 loop that
can contribute to the H-site and could in principle also interact with the 4-hydroxy! group of
HNE. In order to establish whether the active site Tyr9 residue exerts any affect on the
stereoselectivity observed in GSTA4-4, both substrate stereoselectivity and stereoselectivity
of product formation were examined using the GSTA4-4 Y9F mutant. LC/MS analyses show
that the Y9F mutant conjugates GSH with carbon 3 of HNE in the same stereoselective manner
as the wild-type enzyme (Supporting Figure 1). As expected, given the catalytic role of Tyr9
in the G-site, a 71-fold decrease in the k.;: was observed compared with the wild-type enzyme
(28). However, the apparent keq: /Ky, for 4S-HNE is 1.5-fold greater than for 4R-HNE with
both the GSTA4-4 YI9F mutant and wild-type enzymes (Supporting Figure 2 and (28))
indicating Tyr9 is not a determinant of either substrate or product stereoselectivity, despite its
importance in catalysis.

Discussion

Differences in Stereoselectivity of Product Formation

The extra C-terminal a9-helix plays an important role in the different specificities achieved in
the structurally related Alpha-class GSTs (13,14,24,27). In general, the C-terminus and the
ad-a5 helix-turn-helix “tower” are two of the most dynamic regions in these enzymes.
However, the human GSTA4-4 enzyme contains an edge-to-face aromatic-aromatic interaction
between Phel11 in the a4-helix and Tyr217 in the a9-helix, which contributes to the closer
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packing and stability of these regions and increased specificity for HNE (14). Previous results
have also implicated this aromatic-aromatic interaction in stereoselectivity, as conformational
heterogeneity was found to be inversely correlated with stereoselective product formation in
a number of related Alpha-class GSTs (28). Interestingly, while the GSTA4-4 enzyme is
completely stereoselective at the level of product formation, the GIMFhelix mutant, which
incorporates the Phe111-Tyr217 aromatic-aromatic interaction into the GSTA1-1 scaffold, as
well as other key GSTA4-4 active site region interactions, shows intermediate stereoselectivity
of product formation that is comparable with the previously described GSTA1-1 V111F/
R217Y tower mutant. Given the reported catalytic properties for GIMFhelix and the tower
mutant (14,24,27), comparisons of the LC/MS results indicate that, while the other H-site
mutations present in GIMFhelix are also necessary for increasing activity with alkenals, the
single Phe111-Tyr217 interaction is sufficient for achieving the level of product
stereoselectivity observed, presumably because it limits local and global dynamics to achieve
a higher level of steric control within the active site. There is no corresponding interaction in
wild-type GSTAL-1, which shows a great deal of variation in the ordering of the a9-helix
(18,19,21). The identity and packing of key residues also leads to a differently shaped cavity
as illustrated by structural superposition of the 3S-GSDHN ligand within the context of the
wild-type GSTAL-1 structure (Supporting Figure 3). However, in light of these results, it is
also interesting that simply the removal of this interaction in the previously described GSTA4-4
F111V/Y217R mutant did not result in a drastic decrease in stereoselectivity (28), suggesting
that some level of non-additive redundancy important for maintaining stereoselectivity of
production formation is distributed throughout the structure of GSTA4-4. Importantly,
however, the difference in product stereoselectivity of wild-type GSTA4-4 and GIMFhelix is
not correlated with any differences in substrate stereoselectivity: both enzymes exhibit a slight,
and equivalent, stereoselectivity for 4S-HNE ((28) and vide infra).

Analysis of the 35-GSDHN-GIMFhelix crystal structure offers an explanation as to why
GSTA4-4 is completely stereoselective in product formation, while the GIMFhelix mutant is
not. Initial comparisons of the residues lining a hydrophobic cavity in GSTA4-4 (LGUM and
1GUL) and GIMFhelix (3169 and 316A) suggested that an altered conformation of the Met108
side chain may hinder ligand binding in the putative H-site of GIMFhelix (26). However,
superpositions with the 35-GSDHN-GSTA4-4 structure reported here indicate Met108 is able
to occupy alternate locations to accommodate different H-site ligands. Our initial comparisons
of GIMFhelix with GSTA4-4 also revealed a unique aromatic network within the mutant's
active site that may be responsible for remaining differences in the catalytic efficiencies of
GIMFhelix and GSTA4-4, which is confirmed by the ligand-bound structures reported here.
Phe220 is a conserved residue in the a9-helix and has been proposed to play a key role in
orienting the reacting substrates and guiding them to the transition state (39). However, while
Phe220 appears positioned to perform this function without any significant reorganization of
active site residues in GSTAA4-4, the side chain of Phel0 of GSTA1-1 alternates between apo
and ligand-bound forms, and upon ligand binding moves to allow Phe220 to drive C-terminal
closure over the active site (19,21,39,40). Position 10 was not among the residues selected for
mutation in the construction of GIMFhelix and, analogous to the situation recently described
for the first GIMFhelix structures (26), the presence of both Phe10 and Tyr212 within the active
site causes Phel0 to maintain its “apo” position, even with both the G- and H-site now occupied
by the 3S-GSDHN ligand. In this context Phe10 sterically hinders the optimal pre-organization
of the C-terminus of GIMFhelix. This would prevent the maintenance of a consistent HNE
orientation with respect to GSH, which is presumably linked with the high substrate specificity
of both the H- and G-sites, and the corresponding transition state interactions. Apparently, the
pre-organized a9-helix is necessary for complete steric control of the nucleophilic attack that
produces only the S-configuration at the site of conjugation in GSTA4-4.
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Structural Basis for Coupled Substrate Specificity and Stereopromiscuity

Murine GSTAA4-4 was previously co-crystallized with GSHNE (1B48, (23)) but the
extrapolation of interactions important for catalysis is complicated not only by key sequence
differences between the human and murine proteins, but more importantly by the cyclized
structure of the GSHNE ligand. The 3S-GSDHN ligand discussed herein was generated from
the NaBH, reduction of 3S-GSHNE, which was produced using the GSTA4-4-catalyzed
conjugation of GSH and racemic HNE (Figure 1). Hence the uncyclized 3S-GSDHN-bound
GSTAA4-4 crystal structure provides insight into the ternary substrate complex and is the first
structural model for the relevant product complex of GSTA4-4 with GSHNE prior to the
intramolecular cyclization. Structural superpositions of the apo (LGUM and 3169) and 3S-
GSDHN-bound GSTA4-4 and GIMFhelix structures indicate that substrate and product
binding cause negligible structural reorganization. The C-terminus assumes a similar localized
structure regardless of ligand occupancy (Figure 6), further emphasizing the pre-organization
that specifically accommodates the physiologically relevant ligand within a constricted active
site, in contrast to the highly dynamic C-terminus observed in the more promiscuous GSTA1-1
enzyme (18,21). Such rigid pre-organization of the GSTA4-4 C-terminus suggests that the
observed substrate stereopromiscuity does not result from a flexible active site, and must
depend on other mechanisms of degenerate substrate recognition.

In addition to the extra a9-helix, a distinguishing feature of Alpha-class GSTSs is incorporation
of a conserved Arg15 residue in a position near the GSH sulfur, which helps to stabilize the
thiolate and aids in lowering the pK; value of Tyr9 (22,41). Beyond its role in the G-site, Arg15
has also been proposed to interact with at least one enantiomer of HNE. Although there is no
existing crystal structure with HNE bound to the H-site, a model for the binding of HNE was
proposed by Bruns et al. on the basis of GSTA4-4 in complex with the inhibitor S-(2-
iodobenzyl)-GSH (13). This model assumed a chirality that would permit hydrogen bonding
between the 4-hydroxy substituent and Arg15, though it also anticipates that either enantiomer
of HNE should fit into the binding pocket. Likewise, despite a very small preference for 4S-
HNE as a substrate, our previously reported kinetic characterization demonstrated GSTA4-4
still exhibits remarkably high apparent efficiencies for both enantiomers (28).

The 3S-GSDHN-bound crystal structures reported here offer the first crystallographic look at
a biologically relevant ligand bound to GSTA4-4, and illustrate how the hydroxyl group of
either 4R- or 4S-HNE can be positioned equidistant from Arg15 (Figure 4). Because racemic
HNE was used to generate the 3S-GSDHN ligand, both configurations at carbon 4 are possible
and both 3S,4R-GSDHN and 3S,4S-GSDHN were considered in all the subunits. However,
based on the experimental data, a strong preference was not observed for either configuration
at carbon 4 so 3S,4R-GSDHN was modeled and refined in all subunits for consistency.
Interestingly, even within the constricted and rigid active site, the extension of the GSDHN
alkyl chain beyond position 3 could be rotated in a manner that places it toward the “right”
side of the hydrophobic binding groove in the H-site cavity (without disrupting the interaction
of the aldehyde-derived oxygen with Tyr212 or a 2,3-trans-like arrangement for the ligand).
Whereas the binding mode observed in the crystal structure allows the hydroxyl group of both
4R- and 4S-HNE to approach Arg15 without any nearby residues to discriminate between, or
disfavor binding of either enantiomer, the additional binding mode reflected in the rotated
model would favor an interaction with only 4S-HNE. Occasional binding in this mode could
yield the small preference observed for the S-enantiomer in the kinetic assay (28).

Whereas an emerging paradigm assumes that catalytic promiscuity requires protein flexibility,
the stereopromiscuity of GSTA4-4 reveals an alternative strategy. Collectively, these results
illustrate the structural basis underlying the ability of GSTA4-4 to exploit the hydroxyl group
of either 4R- or 4S-HNE, while specifically binding HNE and GSH to maintain high catalytic
efficiency linked with stereoselective product formation for both enantiomeric substrates. The
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symmetrical location of Argl5 between the possible 4-OH orientations of HNE ensures that
the biologically formed racemate will be effectively metabolized. The rigid pre-formed
structural scaffold including the symmetrically poised Arg15 allows GSTAA4-4 to orchestrate
this intriguing combination of high substrate specificity and high product stereoselectivity,
coupled with low substrate stereoselectivity, that effectively eliminates the toxic racemic
mixture produced as a consequence of oxidative stress, while simultaneously achieving
complete stereoselectivity of product formation that yields specific GSHNE diastereomers. It
is unclear whether the product stereoselectivity has biological utility, or whether it is only a
consequence of the rigid environment that optimally aligns reactants for high catalytic
efficiency. Interestingly, previous results suggest the GSHNE diastereomers will have different
effects and fates in biological tissues (42), which underscores a possible role for the
stereoselectivity of GSH conjugation of GSTA4-4. Therefore, in addition to metabolizing both
HNE enantiomers, the stereoselectivity exhibited during the generation of the conjugate will
conceivably influence other metabolite bioactivity (43) and has further implications regarding
stereochemical coordination of the overall detoxification scheme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Reaction of racemic HNE with GSH. 1,4-Addition reaction of HNE with GSH as catalyzed by
human GSTAA4-4, followed by intramolecular cyclization or reduction by NaBHj.
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Comparison of stereoselectivity of product formation. The GSHNE diastereomers were
prepared by incubating GSH and (A) buffer alone, (B) GSTA4-4, (C) GSTAL-1 GIMFhelix,
or (D) GSTA1-1, with racemic HNE and analyzed by LC/MS (ESI+, m/z 464). The
corresponding spontaneous reaction (gray line) is also shown for comparison.
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FIGURE 3.

The overall structure of human GSTA4-4 in complex with 3S,4R-GSDHN (31K7). The views
are aligned perpendicular to the two-fold axis of symmetry for the dimer. (A) Structure
emphasizing the active site region within one subunit (cyan: f-strands; gray: a—helices except
for the C-terminal and a4-a5 tower regions, which are highlighted in orange throughout all
figures). (B) Semi-transparent view of the dimer.
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FIGURE 4.
Human GSTA4-4 active site. GSTA4-4 is shown in complex with 3S,4R-GSDHN (31K7, blue

ligand). The conserved G-site is toward the lower half of the figure with Y9 shown in cyan.
The 4-hydroxyl group is orientated toward R15 while the aldehyde-derived hydroxyl is in
proximity of Y212 at the bottom of the H-site. Other important active site residues are labeled
and shown as spheres to illustrate the hydrophobic cavity.
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FIGURE 5.

Position of residues 10 and 220 within human A-class GST active sites. (A) Structural
superposition of 3S,4R-GSDHN-bound GSTA4-4 (31K7, blue ligand) and 3S,4R-GSDHN-
bound GSTA1-1 GIMFhelix (31K9, green ligand) (B) Structural superposition contrasting the
side chain of F/P10 and F220. The ball and stick representation of residues from GSTA4-4 and
GSTAL-1 GIMFhelix are colored blue and orange, respectively. The ligands are not shown for
clarity in (B).
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FIGURE 6.

C-terminal regions of apo and ligand-bound human GSTA4-4. Structural superposition of apo
(1GUM, orange) and 3S,4R-GSDHN-bound GSTA4-4 (31K7, blue) illustrating the localized
structure of the a9-helix regardless of ligand occupancy. Only residues 208-220 are shown for
clarity.
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TABLE 1
Data collection and processing statistics.
GST Structure GSTA4-4-GSDHN GIMFhelix-GSDHN
Space Group P2, P2y

Unit-cell Dimensions (A,°)

Resolution Limit (A)
Reflections
Completeness (%)

Redundancy

a
Rmerge

<I>/<o(l)>

59.02, 153.04, 60.83; 90.0, 103.1, 90.0 95.88, 114.65, 96.23 90.0, 117.7, 90.0

1.90 2.10
79642 97225
96.7 89.6
47 4.5
0.129 0.107
11.8 12.7

aRmerge = 2|(| - <|>)| /X1
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Model and refinement statistics.

TABLE 2

GST Structure GSTA4-4-GSDHN GIMFhelix-GSDHN
PDB code 3IK7 3IK9
Resolution Limit (&) 1.97 2.20
R value? 0.21 0.23
Riree? 0.25 0.28
r.m.s.d. bonds (A) 0.012 0.011
r.m.s.d. angles (°) 1.33 1.30
No. Atoms:

Protein 7178 14241
Solvent 208 59
Other 129 248
Average B values (A2):

Protein 39.2 45.2
Solvent 36.0 28.8
Ligand 51.1 46.2

%R = 3IIFo| - Fel / Z[Fol

b . . . .
Rfree is R over the 5% of the data not included in model refinement.
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