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ABSTRACT As the action of aldose reductase (EC
1.1.1.21) is believed to be linked to the pathogenesis of diabetic
complications affecting the nervous, renal, and visual systems,
the development of therapeutic agents has attracted intense
effort. We report the refined 1.8 A x-ray structure of the
human holoenzyme complexed with zopolrestat, one of the
most potent noncompetitive inhibitors. The zopolrestat fits
snugly in the hydrophobic active site pocket and induces a
hinge-flap motion of two peptide segments that closes the
pocket. Excellent complementarity and affinity are achieved on
inhibitor binding by the formation of 110 contacts (<=4 A) with
15 residues (10 hydrophobic), 13 with the NADPH coenzyme
and 9 with four water molecules. The structure is key to
understanding the mode of action of this class of inhibitors and
for rational design of better therapeutics.

Aldose reductase (ALR2; EC 1.1.1.21) is an NADPH-
dependent enzyme that catalyzes the reduction of a wide
variety of carbonyl-containing compounds to their corre-
sponding alcohols. Although its cellular role is not estab-
lished, it catalyzes the first and rate-limiting step of the polyol
pathway of glucose metabolism. The catalytic efficiency of
ALR? varies widely for different substrates, but it shows a
marked preference for hydrophobic compounds (1) consis-
tent with the discovery of a highly hydrophobic active site
pocket (2) and evidence that aldose reductase and steroid
dehydrogenase activities are manifested by the same gene
product (3).

Clinical interest in ALR2 has been raised by its ability to
reduce glucose to sorbitol. Enhanced flux of glucose through
the polyol pathway is believed to be linked to a number of
diabetic complications, including neuropathy, nephropathy,
and retinopathy (4-6). Since glucose is an extremely poor
substrate, this accumulation is not usually significant except
in patients with diabetes mellitus and chronic hyperglycemia.
A very large number of heterocyclic inhibitors of ALR2 have
been and continue to be developed and some have shown
promise in the treatment of diabetic complications (7).

There are two major classes of-these inhibitors character-
ized by a structural or functional group present—spirohy-
dantoins and carboxylic acids (5-7). Inhibition and compe-
tition studies suggest that these compounds bind at a site
independent of the substrate and coenzyme (5, 6). One recent
and promising (in vitro and in vivo) carboxylic acid inhibitor
is zopolrestat (3,4-dihydro-4-oxo-3-{[5-(trifluoromethyl)-2-
benzothiazolyl)methyl}-1-phthalazineacetic acid, compound
1 with atom numbers based on its crystal structure) (8).
Besides displaying an ICso of 3 nM (8), zopolrestat exhibits
excellent pharmacokinetic properties in humans and is cur-
rently in Phase II clinical studies (7). Kinetic studies of
zopolrestat, using a purified recombinant human ALR?2 (9),
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showed mixed-type noncompetitive inhibition with values of
5.5 nM and 8.4 nM for the uncompetitive and noncompetitive
inhibition constants, respectively (J.M.P. and T. H. Harter,
unpublished data).

Here we describe the crystal structure of the ternary
complex of human ALR2 with coenzyme and zopolrestat
refined at 1.8 A resolution and compare it with the binary
(enzyme—coenzyme) or holoenzyme structure, which we
have recently determined to 1.4 A resolution (D.K.W.,
J.M.P.,and F.A.Q., unpublished data).$ Structures have also
been previously determined for the porcine form (10) as well
as a Cys-298 to Ser mutant of the human holoenzyme (11).
The overall topology is preserved among all of these struc-
tures. The ALR?2 structure belongs to the (B/a)s-barrel class
of enzymes (the most prevalent motif for enzymes) and, to
our knowledge, is the first of this class that binds an NAD(P).
The coenzyme molecule is bound to the C-terminal end of the
B barrel. In the holoenzyme structures, the nicotinamide
moiety forms the base of a large active site pocket that is
heavily lined by hydrophobic residues.

Materials and Methods

Human ALR?2, encoded by a cDNA clone, was obtained by
overexpression in Escherichia coli and purification as pub-
lished (9). The purified enzyme was used to obtain crystals of
the holoenzyme that was solved to 1.4 A resolution (D.K.W.,
J.M.P., F.A.Q., unpublished data). Crystals of the holoen-
zyme-zopolrestat complex were grown using the hanging
drop method. Drops containing 7 mg of ALR2 per ml, =200
uM zopolrestat, 3.5 mM 2-mercaptoethanol, and 25 mM
citrate (pH 5.0) were suspended over wells of 17% polyeth-
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Fi1G. 1. Zopolrestat bound to ALR2. (Top) Difference electron density (magenta) of the zopolrestat and superimposed refined structure
(atoms color coded). The density (contoured at 3¢) was calculated with coefficients (|Fo| — |Fc|) and a. phases from the refined 1.8 A structure
with the inhibitor atoms omitted. The C4 atom of the nicotinamide ring of NADPH is identified as well as some residues involved in inhibitor
binding and possibly in catalysis (Tyr-48 and His-110). (Middle) Hydrogen bonds (dashed lines) between the zopolrestat and enzyme.
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ylene glycol 6000, 7 mM 2-mercaptoethanol, and 50 mM
citrate (pH 5.0). A different crystal morphology than those of
the holoenzyme crystals indicated a possible new crystal
form. The diffraction data set from 20 A to 1.8 A resolution
was collected on a Rigaku R-Axis area detector mounted on
a rotating anode generator equipped with a graphite mono-
chromator and operated at 50 kV and 90 mA. The indexing of
this data set indicated a space group of P1 and a unit cell with
dimensions of a = 47.64 A, b = 48.04 A, c = 40.48 A, a =
67.47°, B = 76.77°, and y = 76.07° and a content of one
enzyme molecule. Merging of 53,037 measured reflections
resulted in an R-merge of 0.034 (based on intensity) and
26,145 unique reflections (90.4% complete). In the structure
determination we used 25,891 reflections with F = 1o(F)
between 12 A and 1.8 A resolutions.

The structure of the ternary complex was determined by
molecular replacement (12) using the refined 1.4 A holoen-
zyme structure (solvent molecules omitted) as a search model.
Rotation function and structure refinement were carried out
using the X-PLOR suite of programs (13). The angles defining
the highest rotation peak (6; = 48°, 6, = 84°, and 63 = 90°) in
the rotation search using amplitudes between 20 A and 6 A
were applied directly to the model without any Patterson-
correlation refinement. After several cycles of rigid body
refinement, using reflections between 12 A and 4 A, the
crystallographic R-factor [= (2 || F,| — |F.|| /2 |Fo|)] decreased
from an initial value of 0.365 to 0.29. Following one round of
energy minimization and positional and B-factor refinement
using 25,891 reflections from 12 to 1.8 A resolution, (2 |F| —
|Fe|, a) and (|Fo| — |F¢|, a) electron density maps were
calculated. These maps revealed a large area of clear, detailed
density in the active site pocket that was easily identified and
fitted as the bound zopolrestat molecule. The enzyme-
inhibitor model was subjected to several cycles of manual
refitting of residues that undergo conformational change and
modeling of ordered water molecules and positional and
B-factor refinements until the R-factor converged to a final
value of 0.180 at 1.8 A resolution. The model has good
geometry—r.m.s. from ideality of 0.006 A for bonds and 1.65°
for angles. It consists of 2517 atoms from the entire 315
residues, 48 coenzymes atoms, 29 zopolrestat atoms, and 175
water molecules.

Results and Discussion

The bound zopolrestat, with its very well-defined 1.8 A
difference electron density (Fig. 1 Top), occupies almost the
entire active site pocket at the C-terminal end of the B barrel
(Fig. 2). The binding has many features of a potent inhibitor.
The phthalazinone ring is almost at a right angle to and bisects
the plane of the benzothiazole ring (Figs. 1-3). The phthalazi-
none ring, protruding from the center of the pocket, is
perpendicular to the nicotinamide ring of NADPH. The
benzothiazole ring, lying opposite the nicotinamide ring,
straddles the B barrel between strands 4 and 5 (Fig. 2). The
bound inhibitor is almost completely sequestered in the
cavity; it has an accessible surface area of 12.7 A2, 6.4% of
the value for the unbound inhibitor.
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There is excellent complementarity between the bound
zopolrestat and the binding site. The inhibitor makes an
unusually large number of contacts with the active site,
totaling 132 contacts with <4 A distances—110 with 15 resi-
dues, 13 with the nicotinamide moiety of the coenzyme, and
9 with 4 ordered water molecules. van der Waals contacts
constitute an overwhelming number, slightly over 90%. Fur-
thermore, as shown in Fig. 1 Middle, there are 9 hydrogen
bonds of which 2 are long (3.7 A) and 1 is a salt link.

About half of the van der Waals contacts are between
carbon atoms, attesting to the highly hydrophobic nature of
the enzyme—inhibitor interaction. Indeed, 11 apolar residues,
originally found lining the active site pocket (Trp-20, Tyr-48,
Trp-79, Trp-111, Phe-115, Phe-122, Trp-219, Ala-299, Leu-
300, Tyr-309, and Pro-310) in the holoenzyme structure (2),
are involved in these contacts. Many of these residues,
especially the four residues (Trp-20, Trp-111, Phe-122, and
Leu-300) that interface with the two heterocyclic rings, are
shown in Figs. 1 and 3. Residue Trp-111, which stacks against
the A face of the benzothiazole ring, plays a dominant role by
making 38 contacts, by far the most of any residue (Figs. 1
Top and Middle and 3). The side chain of Leu-300 apposes the
B face of the benzothiazole. The phthalazinone ring is
sandwiched by Trp-20 and Phe-122 (Figs. 1 and 3). As these
four strategically placed hydrophobic residues make 65 con-
tacts with the inhibitor, they are major determinants of
molecular recognition. The marked preference of the enzyme
for hydrophobic substrates (e.g., steroids) is consistent with
the mode of binding of the inhibitor.

Superpositioning of the ternary complex and holoenzyme
structures reveals inhibitor-induced conformational changes
of a loop (residues 121-135) and a short segment (residues
298-303) near the C-terminal end in order to accommodate
and sequester the inhibitor (Fig. 3). These changes could be
ascribed as hinged-flap motions. The displacement of Leu-
300 as a result of inhibitor binding is accompanied by the
movement of the segment 298-303 away from the pocket.
Loop 121-135 moves toward the pocket, thus enabling Phe-
122 to participate in inhibitor binding and to form, with
Leu-300, a hydrophobic bridge over the bound inhibitor
(Figs. 1 and 3). As shown in Fig. 3, several other residues
contained in the loop and the segment undergo conforma-
tional changes. Moreover, the loop and the segment make
favorable interactions as both slide toward each other. (These
interactions are not present in the holoenzyme structure.)
The superpositioned structures reveal no other similar per-
turbations. The formation of the hydrophobic bridge and the
coalescing of the loop and segment are largely responsible in
sequestering the inhibitor. It is noteworthy that the coenzyme
is also strapped in place by the association of a different pair
of loops that also deploy several residues that bind the
coenzyme (2). Thus we have established that inhibitor and
coenzyme binding induces conformational changes. It would
not be surprising that substrates also possess this property.

The interaction associated with the carboxylate moiety of
the inhibitor may have some bearing on enzyme catalysis.
The carboxylate O3 atom, which could mimic the carbonyl
oxygen of a substrate, is within very favorable distance (2.65

The C4 atom of nicotinamide ring is labeled. The following polar groups of the inhibitor (1) are recipients of a total of 9 hydrogen bonds (distances
from 2.8 to 3.7 A): O1, close to the enzyme surface, from a water molecule; O2 from His-110 Ne2H and Trp-111 NelH; O3 from Tyr-48 OnH
and His-110 N&2H; N2 from Cys-298 SyH; N3 from the backbone NH group of Leu-300; F1 from Thr-113 Oy1H; and F2 from Thr-113 OvylH.
With the exception of the long hydrogen bonds (3.7 A) associated with N2 and F2, the others have distances between 2.8 to 3.4 A. S1 is near
Trp-111 Nel, but the long distance (3.8 A) and acute angle (about 90°) indicate a weak hydrogen bond between the two. A similar situation occurs
between F2 and SyH of Cys-303. As the carboxylate group of the inhibitor and the side chain of His-110 are in close contact, they are also involved
in a salt link. (Bottom) Complementary molecular surfaces between zopolrestat (green dot surface) and enzyme (red dot surface). The enzyme
and inhibitor models are colored according to atom types. The nicotinamide-ribosyl-pyrophosphoryl portion of the coenzyme is shown in the
lower left-hand corner. The benzothiazole ring, which is in the plane of the figure, is sandwiched by Trp-111 (below the ring) and Leu-300 (above
the ring). The phthalazinone ring (perpendicular to the plane of the figure) is sandwiched between Trp-20 (left of the ring) and Phe-122 (right

of the ring).
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F1G.2. Stereo perspective view (down the C terminus of the 8 barrel) of the backbone trace of the structure of ALR2 with bound zopolrestat
and coenzyme. The zopolrestat and coenzyme molecules are drawn as stick models, and the « helices and B strands are represented as coils
and flattened arrows, respectively. The inhibitor bent at right angle is to the left of the extended coenzyme. The figure was drawn using

MOLSCRIPT (14).

A) to the oxygen of Tyr-48 OnH, which has been proposed
as a proton-donor group based on the holoenzyme structure
(2). The proposed function of Tyr-48 is consistent with recent
site-directed mutagenesis studies (16). The O3 is at a longer
distance (2.89 &) to the nitrogen of N&2H of His-110, another
possible proton donor. The carboxylate O2 is farther away
from both Tyr-48 On and His-110 N2 atoms. The C18 of the
carboxylate, which would be analogous to the carbon that
accepts the hydride in a substrate, is 3.63 A of the C4 of the
coenzyme.

Zopolrestat binding displaces at least six ordered water
molecules found in the pocket in the 1.4 A holoenzyme
structure. This contributes favorable entropic effect to the
tight binding of the inhibitor. The well-resolved, unidentified
density in the active site that has been observed in both of the

FiGc. 3. Stereoview of the superimposed a-carbon backbone
structures of the holoenzyme (red) and its complex with zopolrestat
(green). Portions of both models (including the coenzyme) that
coincide take on a yellow color. Only the region containing the loop
(residues 121-135) and the segment (residues 298-303) that undergo
inhibitor-induced conformational change are shown. The rest of the
superimposed structures not shown are virtually identical. Several
residues that undergo substantial conformational changes are also
shown. The zopolrestat molecule is to the left of the nicotinamide
ring of the coenzyme. The program CHAIN (15), developed in our
laboratory, was used in the electron-density fitting and molecular
modeling in the structure refinement and in generating Figs. 1 Top
and Middle and 3.

1.4 A and 1.65 A (2) refined structures of the holoenzyme is
no longer present in the ternary complex structure. Interest-
ingly, we found that the portion of the unknown density
closest to the nicotinamide ring coincides with the density of
the carboxylate group of the bound inhibitor.

To our knowledge, none of the many potent inhibitors of
ALR?2 displays competitive inhibition with aldehyde as the
variable substrates. Rather, these inhibitors (including zopol-
restat) commonly show noncompetitive inhibition, which is
likely a reflection of the following: (i) the sequential reaction
mechanism of ALR2 with NADPH binding first (17), (ii) the
conformational changes associated with binding and release
of the coenzyme, inhibitor, and substrate, and (iii) the very
tight affinity of the inhibitors (several with affinities 2-7
orders of magnitude greater than the K, values of substrates).
The suggestion, based on these kinetic results, that the
inhibitors bind at a site that is independent of the active site
(4-6), is difficult to explain in structural terms given our
results showing atomic interactions between the inhibitor and
the active site. Moreover, in the ternary complex structure,
the active site pocket (Fig. 1) is not only completely inac-
cessible to solvent but also devoid of a space large enough for
further productive binding of even a small substrate such as
glyceraldehyde. In addition, there does not appear to be
another site in the enzyme as accommodating and comple-
mentary to the inhibitor as the active site pocket.

Although the search thus far for ALR2 inhibitors has not
benefited from the tertiary structure of the target enzyme, the
design of zopolrestat has apparently and gratifyingly satisfied
many requirements of a potent inhibitor. The structure of the
ternary complex does indicate that the potency and pharma-
cologic requirements of this compound may be further opti-
mized. It is also a key in rational design of new inhibitors
tailored specifically for ALR2, a member of a large family of
structurally and functionally related oxidoreductases.
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