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ABSTRACT
Aldose reductase (AR) is a monomeric NADPH-dependent oxidoreductase that catalyzes the reduction of aldehydes, ketones, and aldosugars. AR has been linked to the development of
hyperglycemic injury and is a clinical target for the
treatment of secondary diabetic complications. In
addition to reducing glucose, AR is key regulator of
cell signaling through it’s reduction of aldehydes
derived from lipoproteins and membrane phospholipids. AR catalyzes the reduction of glutathione
conjugates of unsaturated aldehydes with higher
catalytic efﬁciency than free aldehydes. The X-ray
structure of human AR holoenzyme in complex with
the glutathione analogue S-(1,2-dicarboxyethyl) glutathione (DCEG) was determined at a resolution of
1.94 Å. The distal carboxylate group of DCEG’s
dicarboxyethyl moiety interacted with the conserved AR anion binding site residues Tyr48, His110,
and Trp111. The bound DCEG’s glutathione backbone adopted the low-energy Y-shape form. The
C-terminal carboxylate of DCEG glutathione’s glycine formed hydrogen bonds to Leu301 and Ser302,
while the remaining interactions between DCEG
and AR were hydrophobic, permitting signiﬁcant
ﬂexibility of the AR and glutathione (GS) analogue
interaction. The observed conformation and interactions of DCEG with AR were consistent with our
previously published molecular dynamics model of
glutathionyl–propanal binding to AR. The current
structure identiﬁes major interactions of glutathione conjugates with the AR active-site residues.
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INTRODUCTION
Aldose reductase (AR)1 is a monomeric (␣/␤8-barrel
(TIM barrel; see Ref. 57) protein [see Fig. 2(A)], which
belongs to the aldo– keto reductase (AKR) superfamily.1–3
It catalyzes the reduction of a structurally diverse range of
aldehydes, including aldo-sugars such as glucose, as well
as aldehyde metabolites of neurotransmitters, isocorticosteroids, and a variety of xenobiotic aldehydes.4 Reduction
of glucose to sorbitol by AR constitutes the ﬁrst and
©
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rate-limiting step of the polyol pathway that reduces
glucose to sorbitol. Sorbitol is further metabolized to
fructose via sorbitol dehydrogenase. Conversion of glucose
to osmotically active sorbitol represents an important
osmoregulatory mechanism in the renal medulla.5 In most
other tissues, however, the polyol pathway is a minor route
of glucose metabolism.4 Nevertheless, activation of this
pathway in hyperglycemic states results in multiple metabolic and signaling changes that have been linked to the
development of cataract, nephropathy, neuropathy, and
retinopathy, as well as the cardiovascular complications of
diabetes mellitus.4,7,8 Several chemically diverse drugs
that inhibit AR have been shown to prevent diabetic
changes in nerve, kidney, and lens of experimental animals, although clinical trials with type 1 and type 2
diabetics have not been uniformly positive.4 – 8 While there
may be several factors confounding the clinical effects of
AR inhibitors, a key feature may be the ability of the
enzyme to reduce aldehydes other than glucose. Hence,
concurrent inhibition of aldehyde detoxiﬁcation could limit
the efﬁcacy of inhibiting AR-dependent glucose metabolism. It is, therefore, critical to understand the role of AR
in aldehyde detoxiﬁcation as it relates to glucose metabolism as well as the regulation of intracellular signaling.
Extensive kinetic and metabolic studies show that AR
catalyzes the reduction of potentially toxic aldehydes
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generated by the oxidation of membrane lipids and lipoproteins9 –11 or during glucose12 and amine13 metabolism.
Recently AR has also been shown to reduce core aldehydes
that arise from the oxidation of unsaturated fatty acids
esteriﬁed to the sn-2 position of phospholipids.14 The role
of this enzyme in aldehyde metabolism is supported by the
observation that treatment with AR inhibitors increases
inﬂammation- or ischemia-induced cardiovascular accumulation of 4-hydroxy-trans-2-nonenal (HNE), which is the
major unsaturated aldehyde generated by lipid peroxidation.15,16 Moreover, inhibition of AR has been shown to
increase HNE-induced vascular smooth muscle cell death
in culture,17,18 indicating that this enzyme plays a key role
in the detoxiﬁcation of aldehydes generated by oxidized
lipids.
A primary role of AR in aldehyde detoxiﬁcation is
consistent with its structure. The active site of the enzyme
is highly hydrophobic and contains few polar residues
required for binding sugars with high speciﬁcity and
afﬁnity.2,3 These features are, however, compatible with
binding to hydrophobic aldehydes such as those generated
upon peroxidation of lipoproteins and membrane phospholipids. In addition, our studies show that the enzyme also
catalyzes the reduction of the glutathione conjugates of
unsaturated aldehydes; in most cases with efﬁciency
greater than the reduction of the corresponding free
aldehydes.19,20 Studies with a variety of glutathione analogs suggest that both the N-terminal glutamate and the
C-terminal glycine are speciﬁcally recognized and stabilized by the active-site residues of AR.19 Nevertheless, the
precise nature of glutathione binding to AR remained
unclear. We therefore crystallized human AR bound to
NADPH and ␥-glutamyl-S-(1,2-dicarboxyethyl) cysteinylglycine (DCEG); a competitive inhibitor of the ARcatalyzed reaction of glutathionyl–propanal.19 The crystal
structure was determined to 1.94 Å, and revealed novel
interactions between the glutathione backbone and activesite residues. Our results suggest that DCEG binding
induces a signiﬁcant conformational reorganization of the
active site. This induced-ﬁt rearrangement and the interactions near the AR active site with glutathione suggest a
highly ﬂexible glutathione-binding site.
MATERIALS AND METHODS
Overexpression and Puriﬁcation of Recombinant
Human AR
Recombinant human AR was overexpressed and puriﬁed as described earlier.22 To purify the protein, bacterial
extracts were subjected to chromatofocusing on PBE94
(Pharmacia LKB Biotechnology Inc.) followed by hydroxylapatite column chromatography and reactive blue afﬁnity
chromatography as the ﬁnal step. All puriﬁcation buffers
contained 1 mM dithiothretiol (DTT).
Crystallization of the Ternary Complex
Puriﬁed AR was concentrated by ultraﬁltration (Amicon
YM-10 membrane) to ⬃ 10 mg/mL. Prior to crystallization,
10 mg/mL AR in phosphate buffer (10 mM sodium phosphate pH 7.1, 0.5 mM EDTA, 10 mM DTT) was incubated
PROTEINS: Structure, Function, and Bioinformatics

with NADPH and DCEG [␥-glutamyl-S-(1,2-dicarboxyethyl) glutathione; Fig. 1] at an AR:NADPH:DCEG molar
ratio of 1:2:2 for 10 min at 4°C. The ternary complex was
crystallized using the vapor diffusion method at 4°C. The
protein:ligand solution was mixed with an equal volume of
22% (w/v) polyethylene glycol (PEG) 4000 in 100 mM
sodium citrate (pH 5.0) ⫹ 50 mM magnesium sulphate and
6 L of droplets were placed above an identical well
solution.
Data Collection
X-ray data were collected using a MacScience DIP
2030H area detector and a M06XHF rotating anode X-ray
generator operating at 50 kV and 90 mA equipped with
Göbel collimating optics (Bruker AXS). The crystal, 0.1 ⫻
0.1 ⫻ 0.1 mm3, was soaked in mother liquor containing
20% glycerol (v/v) and 25 mM of DCEG and was ﬂashcooled using 100 K nitrogen gas stream (Cryo Industries).
The protein crystallized in the P21 monoclinic space group
with cell dimensions a ⫽ 47.2 Å, b ⫽ 66.7 Å, c ⫽ 49.3 Å, ␣ ⫽
␥ ⫽ 90.0°, ␤ ⫽ 92.2°. This crystal form had not been
observed previously for any AR crystal structures. Based
upon the Matthews coefﬁcient,23 there was predicted to be
one AR molecule per Ångstrom unit. The data were
processed to 1.94 Å resolution using the program HKL.24
Data collection and processing statistics are shown in
Table I.
Structure Determination and Reﬁnement
The P21 crystal form structure was solved by molecular
replacement using the program EPMR25 with the AR:
NADPH holoenzyme structure (1ADS3) as a search model.
The PMB suite of programs27 was used to generate a test
set using 5% of the reﬂections chosen in thin shells equally
spaced in 1/d. The PMB suite is as an interface to the
structure reﬁnement program CNS26 that simpliﬁes and
partially automates the structure reﬁnement process.
Using PMB the variable sigma model of B-factor restraints28 was implemented in CNS with parameters that
are optimized to minimize the free R. In addition, PMB
applied the optimal stereochemical bond root-meansquare deviation (RMSD) target of 0.015 Å, to automatically weight the X-ray terms in CNS. This target is based
on an analysis of the ratio of free parameters to observations for several structures (data not shown). Application
of both of these reﬁnement targets in CNS led to a
signiﬁcant reduction in the free R value. The result is a
model that has the least bias without overﬁtting of free
parameters.29,30 (The PMB software suite is available
from http://www.xray.utmb.edu/PMB.) An initial rigid body
reﬁnement was followed by repetitive rounds of isotropic
variable sigma B-factor and positional reﬁnement, until
the free R factor31 no longer decreased. Then a round of
simulated annealing was performed, and the results used
only if the Rfree improved. The model was rebuilt in
iterative rounds of model building (Xtalview32) and reﬁnement. Parts of loop-B, residues 219 to 223, and the
C-terminus were removed from the reﬁnement model and
rebuilt using omit maps. Structure factors were corrected
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Fig. 1. Interactions of S-(1,2)-dicarboxyethyl glutathione with aldose reductase residues. Schematic
representation of DCEG showing selected interactions between the inhibitor and the active site of the enzyme.
Hydrogen bond and electrostatic interactions of the inhibitor with the protein or the solvent are shown as
hatched lines. Distances, in angstroms, are given adjacent to the bonds. The dashed semicircles denote
hydrophobic interactions with the protein. Note that the oxygens of the carboxyethyl arm of the inhibitor interact
with the putative acid– base catalysts — His110 and Tyr48 and the C-terminal carboxylate interacts with
Leu301 and Ser302.

for anisotropic scattering and absorption using the local
scaling algorithm27,33,34 in PMB. The DCEG inhibitor
(Fig. 1) was modeled using Insight II (Accelrys, San Diego,
CA) and energy minimized using the PRODRG web
server,35 which also generated the stereochemical restraints used in the structure reﬁnement. Model building
included the manual examination of waters selected by
CNS, and rebuilding of all residues into omit maps. Waters
with excessive B-factors (⬎ 60 Å2) or poor density correlation were deleted. Model quality was assessed after each
reﬁnement step with XtalView or PROCHECK.36 Reﬁnement of the ﬁnal model proceeded in parallel with alternate conformations of the DCEG ligand. The DCEG conformation with the best correlation with the electron density
was chosen as the ﬁnal model. This conformation also had
the lowest free R. The DCEG ligand of this model produced
the best ﬁt to the electron density from the two separate
reﬁnements. (See Supplementary Material for details.)
Multiple conformation reﬁnement of DCEG in REFMAC,37,38 including TLS anisotropic B-factors, with a
single AR model and the two DCEG models conﬁrmed that
the chosen conformation had the highest correlation with
the observations. Occupancy reﬁnement in CNS revealed
that the DCEG may be partially occupied, but its occupancy is at least 75%. Reﬁnement at this occupancy
lowered the B-factors for DCEG signiﬁcantly. The ﬁnal
model used an occupancy of 1 for all atoms. All molecular
ﬁgures were generated using PYMOL,39 except for Figure
3 which was generated using XtalView and Raster3d.40

RESULTS
The AR:NADPH:DCEG ternary complex structure was
reﬁned to 1.94 Å resolution with a ﬁnal R factor of 19.6%,
and Rfree of 25.6%. The active site of AR is located at the
base of a deep cleft or binding pocket. The sides of the
active-site pocket are formed by three ﬂexible loops, A, B,
and C,41,42 which are located on top of the AR (␣/␤)8 barrel
[Fig. 2(A)]. The active site is comprised of residues Tyr48,
His110, and Trp111. DCEG is bound at the active site
almost ﬁlling the lower half of the active-site pocket.
Trp219 and Phe122 form opposite sides of the narrow
pocket holding the inhibitor DCEG [Fig. 2(C)]. The other
residues lining this pocket include: Trp20, Trp79, Val47,
Cys298, Ala299, Leu300, Leu301, and Ser302. The structure of AR in this complex is similar to that of the
holoenzyme, except in the ﬂexible loop regions, with an
overall RMSD on ␣ carbons of 0.57 Å. The maximum
observed C␣ deviation in each of the three loops is 1.0, 5.2,
and 0.5 Å for loops A, B, and C, respectively. The structure
of AR with the DCEG inhibitor when compared with other
inhibitors shows an overall RMSD of 0.25 to 0.68 Å, with
the largest variations occurring in the three ﬂexible loop
regions [Fig. 2(B)]. The maximum observed C␣ deviation
in each of the three loops between the inhibitor structures
listed in Figure 2(B) is 1.7, 1.3, and 1.8 Å for loops A, B, and
C, respectively. Although these loops are ﬂexible, able to
adapt to accommodate inhibitors of varying size and
shape, they do not display extreme dynamic behavior,
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TABLE I. Summary of Crystallographic Statistics
PDB Accession id
Space group
Cell
a (Å)
b (Å)
c (Å)
␣(°)
␤ (°)
␥ (°)
Data Collection
Resolution range, Å
Rmerge, %
Unique observations
Average I/(I)a
Redundancya
Completeness (%)a
Reﬁnement Statistics
R-factor (%)a
Rfree (%)a
RMS deviations
Bonds (Å)
Angles (°)
Model Statistics
No. residues in most-favored region
Additional allowed
Generously allowed
Disallowed
No. Atoms/average B factor (Å2)
Protein Atoms
NADPH
DCEG
Waters
a

2F2K
P21
47.2
66.7
49.3
90.0
92.2
90.0
30–1.94
9.0 (30.7)
22,251
13.8 (4.4)
5.8 (3.2)
97.7 (87.8)
19.6 (24.5)
25.6 (32.8)
0.015
1.8
248
27
2
0
2517/20.8
48/14.2
28/77
159/23.7

Values for the highest-resolution shells are given in parentheses.

their electron density is well deﬁned, and they exhibit
moderate B-factors.
The DCEG inhibitor is bound between two opposing
surfaces in the active-site pocket, but does not completely
ﬁll the deep active-site cleft [Fig.2(C)]. The DCEG molecule makes ⬃ 80 contacts (deﬁned as interresidue distances ⱕ 4 Å) with residues in the active-site cleft (Fig. 1).
The majority of these intermolecular contacts are hydrophobic. The NADPH binding site is located at the base of the
AR hydrophobic active-site pocket and the nucleotide is
bound to the ternary complex in an orientation identical to
that observed in previously reported crystal structures.3,41,42
This structure shows well-deﬁned electron density near
the active site due to DCEG. The glutathione component
appears to be dynamic or disordered, and does not have
clear continuous electron density above 2  (Fig. 3). The
DCEG in the crystal may not be fully occupied because
occupancy reﬁnement in CNS produced values of about
75% occupancy. However, given the moderate resolution of
the data and the highly dynamic nature of the glutathione
(GS) moiety compared to the dicarboxyethyl moiety that is
strongly bound in the active site, these low occupancy
values are probably driven by the overrestrained B-factors
of the GS component. Due to the poorer density for the GS
moiety, we attempted to ﬁt the DCEG molecule into the
PROTEINS: Structure, Function, and Bioinformatics

maps in different conformations. These included GS Nand C-terminal exchanged conformations, and models
with the GS C-terminus bound in the active site. All these
models left regions of the electron density unexplained,
and extended signiﬁcantly beyond the electron density
contours for the ligand. (See Supplementary Material.)
Although the GS moiety of DCEG is highly dynamic, the
orientation of the N- and C-termini of DCEG is the one
that agrees best with the observed electron density. None
of the other possible orientations, N- and C-termini ﬂips or
either terminus binding to the active site ﬁt the electron
density nearly as well as the one shown. These models do
not ﬁll the omit map density in the active site and extend
beyond it. Furthermore, there is weak evidence, at 3 , in
Bijvoet difference maps that the sulfur positions are
consistent with our model (see Supplementary Material).
A C-terminal peptide-ﬂipped model with the GS peptide
plane ﬂipped between the Cys and Gly ﬁts the density
almost as well as our model. The peptide ﬂipping, a 180° 
rotation, moves the GS– cysteine from the ␤-sheet region
to the ␣-helical region of ramachandran space. This rotation does not signiﬁcantly alter the hydrogen bonding
network shown in Figure 1. Occupancy reﬁnement of these
two models indicated that the original (␤) model is the
major conformer (65%), and that the peptide-ﬂipped (␣)
conformation may exist as a minority species (23%). The
occupancies are not restrained to total 100%. Although the
electron density does not rule out alternate conformations,
which are likely due to the disorder present in the GS
moiety, the model shown represents the major conformation observed in the crystal. Omit maps of the electron
density contoured below 3  do show the GS moiety and
are most consistent with the DCEG orientation selected
(see Supplementary Material). Our discussion of the DCEG
structure will be limited to that of the major conformation.
The C-terminal glycine moiety of DCEG is hydrogen
bonded to the backbone amides of Leu301 and Ser302 in
the ﬂexible AR C-terminal loop (loop-C); in addition, the
ligand makes several van der Waals contacts with AR. The
C-terminal carboxylate has weak electron density, indicating that its three possible hydrogen bonds may be partitioned between two alternate conformations of the Cterminal carboxylate. The C-terminal carboxylate shares
hydrogen bonds with the backbone amides of Leu301 and
Ser302. These residues are in AR loop-C which has been
shown to be important for enzymatic activity. Mutations
within this loop result in drastically lowered AR activity.44
The N-terminus interacts with Trp20 indirectly through a
water molecule. Two other waters, bound only to AR, ﬁll
parts of the active site not occupied by DCEG.
The dicarboxyethyl group of DCEG is anchored in the
conserved anion binding site between the nicotinamide
ring of NADPH and AR residues Tyr48, His110, and
Trp111 similar to other known AR inhibitors.41,42 The
terminal carboxylates of the carboxyethyl are hydrogen
bonded to active-site residues His110, Tyr48, and Trp111
(Fig. 3). The distal carboxylate is situated very near (2.6 Å)
to the carboxylate of NADPH. This unfavorable interaction, similar to interactions observed in several other

DOI 10.1002/prot

ALDOSE REDUCTASE GLUTATHIONE BINDING

105

Fig. 2. The AR:NADPH:DCEG structure. (A) Ribbon drawing of the side view of the AR:NADPH (purple) binary complex bound to DCEG (shown as a
yellow ball-and-stick model). The ␤-strands in the (␣/␤)8 barrel are colored orange. The mobile active loops A, B, and C are colored red, green, and blue,
respectively. (B) A comparison of several AR structures to AR:NADPH:DCEG (purple). The color-coded backbone trace of each structure is shown. The
C␣ RMSD to the DCEG complex is given in parentheses: red, holo (0.57 Å); cyan, glugose-6-phosphate (0.37 Å); beige, IDD384 (0.25 Å); blue,
zenarestat (0.68 Å); green, minalrestat (0.45 Å); charcoal, ﬁdarestat (0.25 Å); and yellow, IDD594 (0.30 Å). (C) A (cross-eyed) stereo-pair close-up view
of DCEG (yellow ball-and-stick) and the two waters bound in the AR active site. The active-site residues, Tyr48, His110, Trp110, and NADPH, not labeled
in this view, sit at the base of the deep active-site cleft where the DCEG dicarboxyethyl-moiety is bound.

inhibitors,41,42,48 could be reduced by a ﬂipping of the
NADPH amide group (Obn in Fig. 1) concurrently with the
ﬂipping of the coordinating amide side-chain Asn160. The
␥-glutamate of DCEG was observed to interact with AR
through van der Waals contacts with Phe122 that forms
one side of the hydrophobic active-site pocket and a
water-mediated hydrogen bond with Trp20. The higher
temperature factors for the ␥-glutamate atoms reﬂect the
relative disorder in the N-terminal end of DCEG. The

hydrophobic walls of the upper portion of the AR activesite pocket are formed in large part by Trp219 and Phe122,
similar to the structure observed in other AR:inhibitor
complexes.42,44 These two aromatic residues tightly constrain the position of the cysteine moiety in DCEG. The
Phe122 and Trp219 side-chains can move slightly to
accommodate inhibitors of different size. The extensive
hydrophobic interactions with Trp20 observed in the aromatic inhibitors tolrestat, zopolrestat, and sorbinil, are
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completely absent in DCEG. The Trp20 and Trp79
residues, although still deﬁning the active-site pocket,
do not interact with DCEG directly. They do, however,
limit the conformational space available to the DCEG
molecule.
DISCUSSION
The X-ray crystal structure of AR bound to DCEG
reveals for the ﬁrst time the structural basis for major
interactions between the AR and glutathione conjugates
suggested by previous kinetic, structure activity, and
molecular modeling studies.19,20 Our studies also show
that AR catalyzes the reduction of the glutathione conjugates of unsaturated aldehydes in the heart, vascular
smooth muscle cells, and erythrocytes,45,47 suggesting
that such conjugates may be in vivo substrates of AR.
Because DCEG is a competitive inhibitor of AR with
GS–propanal as the substrate,19 this structure provides a
detailed view of how substrate-like ligands affect the
conformation of the protein that differs from its conﬁguration when bound to product-like inhibitors (e.g., zopolrestat or sorbinil).
The conformation of protein in the present AR:NADPH:
DCEG ternary complex structure is signiﬁcantly different
from that in the AR:NADPH binary complex.3 The backbone atoms of Pro123 to Val131 in loop A and Pro218 to
Pro225 in loop B, which ﬂank the active-site pocket, are
reoriented ⬎5 Å upon DCEG binding relative to the binary
structure [Fig. 2(B)]. The AR:NADPH:DCEG ternary complex more closely resembles the AR:NADPH:zopolrestat48
and AR:NADPH:IDD38441 tertiary complexes than the
AR:NADPH binary complex. In the ternary complexes the
largest relative atomic movements, with RMSD ⬎ 1 Å are
in the region described by Ser127, Pro222, and Leu300.
The conformation of loop B, residues Pro218 to Pro225, is
very similar in all of the AR structures, with just the
backbone conformation of residues Pro222 and Asp224
ﬂipping in the holoenzyme. Loop A of the holoenzyme
structure3 displays a completely different conformation for
this entire loop region relative to the current complex.
Loop C adopts two different conformations, which depend
upon the size and shape of the inhibitor bound to the
protein. The conformation of loop C in the AR:NADPH:
DCEG complex has the greatest similarity to the corresponding loop in the structure of AR:NADPH binary
complex3 and AR:NADPH:IDD384 ternary complex.41 Additionally, loop C in the current structure has large
positional differences with the conformation observed in
the zoplorestat and tolrestat ternary complexes.42 This
indicates that loop C is ﬂexible and is able to move to
accommodate large molecules such as zopolrestat and
tolrestat, whereas smaller inhibitors such as sorbinil do
not change the conformation of this loop signiﬁcantly.42
Based on molecular dynamics simulations of GS–
propanal conjugate binding to AR,19 we had proposed two
possible alternate conformations of the glutathione conjugate bound to the active site. To constrain the orientation,
the aldehyde function of the conjugate was positioned in
the hydrophobic cleft with no steric clashes, such that the
PROTEINS: Structure, Function, and Bioinformatics

carbonyl oxygen retains the geometry of the carboxylate of
zopolrestat. In orientation 1, the N-terminal end of the
conjugate faces the bottom of the barrel, with Glu1 of the
conjugate between Lys21 and Trp20 and Gly3 of the
conjugate in close proximity to the AR active-site residues
Ser302 and Leu301. Alternately, in orientation 2, the
␣-carboxylate group of Glu1 was positioned near the lip of
the barrel whereas Gly3 at the C-terminus of the conjugate
faces downwards and could hydrogen bond with Trp20,
Val47, and Tyr48. Molecular modeling studies suggest
that the interaction energy is greater in orientation 1 than
in orientation 2. That orientation 1 is likely to be the
preferred conformational state of the conjugate in the
ternary complex is further substantiated by site-directed
mutagenesis studies showing a much greater decrease in
kinetic efﬁciency of Trp20Phe mutation with ␥-Glu-Cys
(propanal)-Gly than with ␥-aminobutyric acid-Cys(propanal)-Gly as substrate suggesting stabilizing interactions
between Trp20 and ␣-carboxyl group of the conjugate. The
current X-ray crystal structure of DCEG bound to AR also
supports this model, replacing the direct interaction with
an indirect interaction of the N-terminus with Trp20
through an intervening water molecule (Fig. 4). The
observed binding of DCEG in the ternary complex is
similar to orientation 1 of our molecular dynamics simulation (1.7 Å overall RMSD on the GS backbone, and 0.9 Å
RMSD excluding the disordered N-terminus of the substrate). The variations between the model and DCEG
structure could be attributed to the change in the activesite atoms from carbonyl in GS-propanal to ␣ carboxylate
in DCEG, and the conformational freedom of the ␥-glu
N-terminus. The bulkier dicarboxyethyl moiety seems to
have pushed the GS backbone further away from the
active site than in the propanal–GS model. The C-terminal
hydrogen bonds to Leu301 and Ser302 are maintained,
while the N-terminal hydrogen bond with Trp20 is not
seen in the crystal structure. Instead, the N-terminal of
DCEG is hydrogen bonded to the dicarboxyethyl group and
to a water molecule bound to Trp20.
We have shown previously that DCEG is a competitive
inhibitor of the reduction of glutathiolated aldehydes by
AR,19 indicating that the conjugate binds selectively to
the AR:NADPH binary complex and has little or no
afﬁnity for the AR:NADP⫹ complex. Reasons for this
selectivity are apparent from the current structure. The
nonspeciﬁc interactions of DCEG with the active-site
cleft, and the loose shape complimentarity are consistent with a very low afﬁnity of DCEG for apo AR. The
result of NADPH binding is to rearrange the active-site
residues Tyr48, His110, and Trp111, plus the adjacent
A, B, and C loops. Thus, NADPH binding orientates
these regions to form the active-site pocket. It is only
after these rearrangements that AR would have any
signiﬁcant afﬁnity for DCEG. Therefore, DCEG binding
must be preceded by the formation of the AR:NADPH
binary complex. Moreover, in the AR:NADPH:DCEG
ternary complex, a larger percentage (50%) of DCEG is
buried by AR side chains than has been observed in
structures of other GS-binding proteins (40%– 45%),
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Fig. 3. DCEG binding to the AR active site. A (cross-eye) stereo-pair side view of the AR active site, looking from Phe122, not shown, toward Trp219.
The DCEG (yellow) and active-site waters are shown as ball-and-stick. The AR:NADPH active-site residues are in purple stick representation. The
sigma-A weighted (Fo-Fc) omit map (gray) is contoured at 2 . Hydrogen bonds and electrostatic interactions are draw as thin white lines. In this view the
binding of the inhibitor to the active-site residues, Tyr48, His110, Trp110, and NADPH, is shown clearly, as are the C-terminal carboxylate interactions
with Leu301 and Ser302.

Fig. 4. A comparison of the propanol–GS model with DCEG. A (cross-eye) stereo-pair view of the molecular dynamics model of propanol–GS (cyan)
binding to the holo-enzyme in comparison with the AR:NADPH:DCEG structure (yellow). Hydrogen bonds are shown as yellow or cyan dashes for DCEG
or propanol–GS, respectively. The two ligands share several common modes of interaction. The slightly shorter propanol–GS molecule still uses the
C-terminal carboxylate interactions with the C loop Leu31 and Ser302 residues to stabilize the GS moiety. The labile water mediated N-terminal
hydrogen bond with Trp20 and the active-site interactions are the only intermolecular hydrogen bonds. The two GS conjugates illustrate the ﬂexibility of
GS conjugate binding to AR and its speciﬁcity in loop C.

suggesting that the strongly aliphatic nature of DCEG,
which allows multiple contacts at the active site, is
essential for competitive inhibition of glutathionyl–
aldehyde reduction, due to selective binding to the
AR:NADPH binary complex. In contrast, more aromatic

inhibitors, which bind to the AR active site primarily via
hydrophobic interactions, bind with greater afﬁnity to
the AR:NADP⫹ binary complex and thus behave as
noncompetitive inhibitors of aldehyde reduction, but
competitive inhibitors of alcohol oxidation.19
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Our previous comparisons between steady-state kinetic
parameters of the enzyme for glutathiolated and free
aldehydes show that glutathiolation enhances the overall
catalytic efﬁciency of aldehyde reduction by AR.19,20 The
AR:NADPH:DCEG structure provides direct evidence for
the reason behind this enhancement of catalytic efﬁciency.
In addition to dramatically increasing the nonspeciﬁc
hydrophobic interactions within the binding pocket, the
C-terminus of the glutathione has hydrogen bond interactions with AR. The ﬂexibility provided by these interactions suggests that the contribution of glutathione to the
binding energy can vary with the shape and size of the
conjugated moiety. The glutathione conjugates may rotate
around the C-terminal hydrogen bonds and still provide
signiﬁcant, but possibly different, hydrophobic interactions with the walls of the binding pocket, thus permitting
a variety of glutathione conjugates to bind to the AR active
site. This is clearly demonstrated by the examples of
nonanal and propanal reduction. The glutathiolated forms
of these aldehydes display 5- and 1360-fold higher catalytic efﬁciency, respectively, than the corresponding free
aldehyde. The current structure suggests that this dramatic increase in catalytic efﬁciency likely results from the
observed interactions with AR, the hydrogen bonds with
Leu301 and S302, the hydrophobic interactions with
Phe122 and Trp219, and an entropic effect of the intramolecular hydrogen bonds. Although glutathione by itself
binds poorly to the enzyme (Ki ⫽ 1.5 mM), the combined
conﬁguration of the conjugate adopts a favorable conformation at the active site, improving the catalytic efﬁciency by
modifying both Kcat and Km. This effect is expected depending on the size of the conjugate, as observed for our
GS–propanal model and DCEG structure. The hydrogen
bond interactions will be strained, and the hydrophobic
interactions shifted as the GS backbone moves relative to
AR to accommodate different conjugates.
In contrast to its folded structure in solution, glutathione adopts an extended conﬁguration when bound to
the active site of proteins, usually assuming a Y or a V
shape. The conformation of the glutathione moiety of the
AR-bound DCEG [Fig. 2(C)] was similar to the Y form
conformation of glutathione observed in the GS-binding
proteins glutathione-S-transferase,49 sphingomonad GST
(1F2E50), human thioltransferase,51 yeast prion Ure2p,52
and the chloride intercellular channel.53 The glutathione
backbone conformation of DCEG was most distinct from
the V-form conformation of glutathione bound to glutaredoxin (1b4q51) or glutathione reductase (1gra, 1gre55). Our
molecular modeling studies suggested that the conformation of glutathione bound to the active site of AR resembles
the Y conﬁguration of the molecule (Fig. 4). This is
supported by the current crystal structure showing that
the glutathione backbone of DCEG bound to AR adopts the
low energy Y shape, rather than the V form of GS observed
in glutaredoxin,51 glutathione reductase,54,55 and glutathione peroxidase56 complexes. The glutathione backbone
of DCEG overlaps with these glutathione structures with
RMSD from 0.4 to 1.4 Å. The largest RMSD between the
observed structures of glutathione bound to several differPROTEINS: Structure, Function, and Bioinformatics

ent enzymes and DCEG bound to AR occurred in the Nand C-terminal atoms. In comparison with glutathione
bound to glutaredoxin, the cysteine of DCEG bound to AR
has a  angle that is rotated by ⬃ 180°. The AR-bound
DCEG glutathione backbone conformation is most similar
to that observed in GS complexes with hematopoietic
prostaglandin D synthase57 or yeast prion Ure2p.52 DCEG
binding to AR lacks the N-terminal hydrogen bonds seen
in the other GS:protein complexes. The placement of the
glutathione backbone is largely determined by the interaction of the conjugate with the active site of the enzyme and
the mobile loop C. The hydrophobic interactions with the
binding cleft are nonspeciﬁc and allow for ﬂexibility of the
GS moiety.
The structure of DCEG bound to AR provides a starting
model for understanding how the binding of free aldehydes
and aldehyde– glutathione conjugates could be differentially affected either physiologically or pharmacologically.
In this structure only a few speciﬁc interactions of the
DCEG glutathione moiety with AR were observed indicating that it is unlikely that GS-conjugate binding could be
perturbed without affecting the binding of free aldehydes
as well. The majority of the binding afﬁnity appears to be
associated with binding to the AR active site. The GS
speciﬁc binding is limited to the backbone of loop C, and
nonspeciﬁc hydrophobic interactions with the walls of the
active-site cleft. However, our previous studies have shown
site-directed mutations at the glutathione-binding site
(Ser302 and Trp20) selectively diminishes the catalytic
efﬁciency of the enzyme with aldehyde– glutathione conjugates without affecting the efﬁciency for the reduction of
free aldehydes.20 This observation along with current
structure indicate that steric hindrance of part of the GS
binding site, such as loop-C, would prevent GS-conjugates
and larger molecules from reaching the active site. It
further suggests the possibility that pharmacologic or
endogenous ligands affecting the movement of this loop
could alter the relative afﬁnity of the enzyme for aldehyde–
glutathione conjugates and free aldehydes. Loop C is
located at one end of the opening to the active-site cleft,
which is approximately 6 ⫻ 15 Å wide and 10 Å deep. Part
of this opening could be partially blocked without preventing small aldehydes from reaching the active site, and
thereby selectively affecting the binding of glutathione
conjugates. Such interventions would allow testing of the
relative role of AR in glutathione conjugate metabolism
and aldehyde detoxiﬁcation.
In summary, we have shown how DCEG, a glutathioneconjugated carboxylate, binds to AR. The carboxylate
function of the molecule binds at the AR active site, while
the C-terminus of the glutathione backbone of the conjugate binds to the AR loop C. This structure provides
insights into the mechanism by which glutathiolation
enhances catalytic efﬁciency of aldehyde reduction by AR,
and offers the possibility of selectively inhibiting the
binding and reduction of glutathione-conjugated aldehydes, while still retaining the capacity of the enzyme to
detoxify free cytotoxic aldehydes. The structure of the
AR:NADPH:DCEG complex shows for the ﬁrst time efﬁ-
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cient binding of glutathione to a protein in a noncatalytic
role.
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