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The crystal structure of the complex of human recombinant

aldose reductase (AR) with zenarestat, one of its potent

inhibitors, has been solved at 2.5 AÊ resolution. Zenarestat ®ts

neatly in the hydrophobic active site and induces unique and

dramatic conformational changes. For example, the benzene

ring of zenarestat occupies a gap in the side chains of Leu300

and Trp111 that interact directly and forms a CH±�
interaction in the native holoenzyme. As a result, the benzene

ring of the inhibitor and these side chains form a CH±�±�
interaction. Such structural information is key to under-

standing the mode of action of this class of inhibitors and for

rational design of better therapeutics.
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1. Introduction

Aldose reductase (AR; EC 1.1.1.21) is an NADPH-dependent

enzyme that catalyses the reduction of the aldehyde form of

compounds to the corresponding alcohols. The enzyme

belongs to the family of oxidoreductases that use NADPH as a

cofactor and possesses a broad substrate speci®city for various

aldo±keto compounds. Although its role in the cell is not

clearly de®ned, it is known to catalyze an important step of the

polyol pathway of glucose metabolism.

Clinical interest in AR has resulted from its role in reducing

glucose to sorbitol. Enhanced ¯ux of glucose through the

polyol pathway is believed to be related to a number of

diabetic complications, including neuropathy, nephropathy,

cataracts and retinopathy. A large number of inhibitors have

been and continue to be developed and some have shown

promise in the treatment of diabetic complications. The main

structural features of these inhibitors are a polar head group

and a hydrophobic ring system (Lee et al., 1994). As shown by

crystal structures, whilst the hydrophobic moiety interacts with

the hydrophobic cleft of the active site, the polar head group

interacts with protein residues that are essential for catalysis.

As one of the promising inhibitors of this enzyme,

zenarestat (Fig. 1), 3-(4-bromo-2-¯uorobenzoyl)-7-chloro-3,4-

dihydro-2,4-dioxo-1(2H)-quinazolineacetic acid, has been

reported to inhibit cataract formation and to counteract

reduced motor nerve conduction velocity in streptozotocin-

Figure 1
Two-dimensional formula of the inhibitor zenarestat.



induced diabetic rats (Ao et al., 1991). Recently, it has been

demonstrated that zenarestat improved both nerve conduc-

tion velocity and nerve morphological changes in patients with

diabetic peripheral polyneuropathy (Greene et al., 1999).

Zenarestat displays an IC50 of 44 nM for AR and also exhibits

excellent pharmacokinetic properties in humans and is

currently in phase III clinical studies (Takakura et al., 2002).

A number of quite different conformations of human AR

have already been reported (Calderone et al., 2000; Harrison et

al., 1994, 1997; Wilson et al., 1992, 1993). Of particular note,

the hydrophobic cleft of the active site has a high ¯exibility

corresponding to the broad speci®city for substrates and

inhibitors. This ¯exibility results in dramatic movements and

each conformation can form one of three different crystal

forms: triclinic, monoclinic and orthorhombic. Since zena-

restat belongs to a novel structural class of AR inhibitors, we

could not predict a priori the crystal form or the binding mode

in detail. Careful observation of the structure of a complex of

AR and zenarestat is essential to understanding the mode of

action of this class of inhibitors and for rational design of

better therapeutics. Here, we report the structure of AR

complexed with zenarestat.

2. Materials and methods

2.1. Crystallization

Human recombinant AR was purchased from Wako Pure

Chemical Industries Ltd and zenarestat was prepared at our

company. The protein solution was used for crystallization

with no further puri®cation and was employed at 14 mg mlÿ1

in 50 mM citrate buffer pH 5.0 and 7 mM 2-mercaptoethanol

with 1 mM zenarestat suspended. All crystallization trials

were carried out by the hanging-drop method of vapour

diffusion by mixing 2 ml of the protein solution with 2 ml of the

reservoir solution and equilibrating the drops over the reser-

voir at room temperature.

All published reports describe AR as crystallizing using the

same precipitant at the same pH: polyethylene glycol 6000 at

pH 5.0, although those crystals can be classi®ed into three

crystal forms. Therefore, the ®rst trial was

performed using grid sceening referred to

the conditions for crystallization in these

reports: 15±25%(w/v) polyethylene glycol

6000, 50 mM citrate buffer pH 5.0. Finally,

the crystals of human AR complexed with

zenarestat used for data collection were

grown against reservoirs containing 20±

22.5%(w/v) polyethylene glycol 6000 in

50 mM citrate buffer pH 5.0. The crystals

grew to maximum dimensions of approxi-

mately 0.15 � 0.10 � 0.05 mm in 2 weeks.

2.2. Data collection and refinement

After dipping in a solution of Paratone-N

(Hampton Research Inc.), X-ray diffraction

data were collected at 100 K using

synchrotron facilities (Sakabe, 1991) at

beamline BL6B of the Photon Factory,

Japan for the Structural Biology Sakabe

Project. The crystal-to-imaging plate

distance was 573 mm and the oscillation
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Table 1
Data-collection and re®nement statistics of the complex between
zenarestat and AR.

Values in parentheses are for the highest resolution shell (2.60±2.50 AÊ ).

Data collection and processing
Unit-cell parameters (AÊ , �) a = 40.37, b = 47.69, c = 47.94,

� = 76.0, � = 67.5,
 = 76.7
Diffraction data

dmin (AÊ ) 2.5
Unique re¯ections 10335
Rsym (%) 6.0 (9.1)
Completeness (%) 94.6 (83.7)
Redundancy 2.2 (2.1)
I/�(I) 17.7 (16.7)
Rigid-body re®nement

Resolution (AÊ ) 8.0±4.0
Rcryst (%) 27.4

Re®nement
Resolution (AÊ ) 8.0±2.5
Re¯ections used [F > 2�(F)] 9831
Rcryst/Rfree (%) 17.8/19.9 (19.7/22.7)
Final model

Protein residues 316
Coenzyme 1
Inhibitor 1
Water 186

R.m.s. deviations
Bonds (AÊ ) 0.039
Angles (AÊ ) 4.4
Dihedrals (AÊ ) 29.8

Mean B factors (AÊ 2)
Protein 11.6
NADP+ 11.8
Zenarestat 9.1
Water 18.8

Figure 2
A stereoview of superimposed C� backbone structures of the complex with zenarestat (yellow,
holoenzyme; pink, NADPH; green, zenarestat) and of the holoenzyme 1mar (white). The two
holoenzyme molecules have almost the same backbones, except for the loop on the upper right
of the active site.
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range was 7�. The image data were processed using DENZO

(Otwinowski, 1997) and SCALEPACK (Fox & Holmes, 1966)

(Table 1).

The structure of human AR complexed with zenarestat was

solved by the molecular-replacement method using the

AMoRe program (Navaza, 1993) from the CCP4 suite

(Collaborative Computational Project, Number 4, 1994). This

complex crystallized in the triclinic form, with similar unit-cell

parameters to that registered as 1mar (Wilson et al., 1993) in

the Protein Data Bank (PDB). However, because only the

atomic coordinates of the C� atoms were

available for 1mar, the holoenzyme of the

orthorhombic form (PDB code 1ads) was

used as a search model for structure solu-

tion. After a rigid-body re®nement, the

zenarestat molecule was placed in the elec-

tron density by a Fourier difference map.

The model of the complex was used as the

starting point of the re®nement, which

included a rigid-body re®nement step, a

slow-cooling step, Powell minimization and

a temperature-factor re®nement. Water

molecules were then placed in a difference

map (2� level) and minimization was

performed. The programs X-PLOR

(BruÈ nger, 1992), QUANTA (Molecular

Simulations, Inc.) and X-SOLVATE

(Molecular Simulations, Inc.) were used for

re®nement, model building and picking of

water molecules, respectively.

3. Results and discussion

As mentioned above, this complex crystal-

lized in a triclinic form with similar unit-cell

parameters to the complex with the inhi-

bitor zopolestat (PDB code 1mar). Thus, the

C� backbone structures of holoenzyme in

the two complexes are very similar to each

other, with an r.m.s.d. value of 0.59 AÊ

(Fig. 2), although the two-dimensional

formulae of these inhibitors are different.

Both inhibitors occupied almost the same

site in the respective complexes. However,

the detailed structures of these complexes,

such as the inhibitor-induced conforma-

tional change of the side chains, are quite

different. Therefore, careful and precise

observation of the active site is required to

provide hints for effective modi®cation of

this class of inhibitors.

Bound zenarestat, with its unambiguous

difference electron-density map (Fig. 3a),

occupies almost the entire active-site cleft at

the top of the �-barrel (Fig. 2). The bound

inhibitor is almost buried in the active-site

cavity; it has an accessible surface area of

46.8 AÊ 2, 8.0% of the total surface area of the

unbound inhibitor. The binding mode indi-

cated many features consistent with its

potent inhibition. The quinazoline ring is

almost at a right angle to and bisects the

Figure 3
Stereoviews of the active site (green, zenarestat; pink, NADPH; red, O atoms; blue, N atoms;
yellow, S atoms; white, C atoms). (a) The inhibitor is enclosed in a wire-cage representation of
the electron-density map calculated at 2.5 AÊ resolution by a Fourier transform using |Fo| ÿ |Fc|
as coef®cients (grey line, 1� level map; red line, 3� level map). Fc values calculated from the
initial protein structure. The electron density at heavy-atom positions (Br, Cl) and two
carbonyl groups of the quinazoline ring is higher than that of the other atoms of the inhibitor.
(b) Zenarestat makes six hydrogen bonds with AR. The hydrogen bonds are displayed as the
white dotted lines.



plane of the benzene ring, protruding from the centre of the

pocket. It is also perpendicular to the nicotinamide ring of

NADPH.

There is excellent complementarity between bound

zenarestat and the active site of AR. The inhibitor makes an

unusually large number of contacts with the active site,

totalling 110 contacts within a 4 AÊ distance: 92 with 13 resi-

dues, 15 with the nicotinamide moiety of NADPH and three

with three ordered water molecules. The hydrophilic head

makes a network of hydrogen bonds to the catalytic site

(Fig. 3b). That is, one acid O atom forms three hydrogen bonds

with His110 N"2 (2.6 AÊ ), Tyr48 O� (2.9 AÊ ) and the carbonyl O

atom of NADPH (2.6 AÊ ). The other O atom forms a hydrogen

bond with Trp111 N"1 (2.9 AÊ ). The two carbonyl O atoms of

the quinazoline ring make hydrogen bonds with a side chain of

AR and a water molecule, respectively. The 2-carbonyl O

atom of the ring forms a hydrogen bond with Cys298 S


(3.5 AÊ ) and the 4-carbonyl O atom with water127 (2.8 AÊ ). The

hydrophobic moiety, including the two ring systems of the

inhibitor, binds to the hydrophobic active site consisting of 11

amino acids: Trp20, Val47, Trp79, His110, Trp111, Thr113,

Phe121, Phe122, Tyr219, Ala299 and Leu300. The benzene

ring of zenarestat cuts into the side chains of Leu300 and

Trp111 that interact directly and form a CH±� interaction in

the native holoenzyme (Fig. 4a). As a result, these two side

chains and zenarestat form a quite unique CH±�±� interaction

(Fig. 4b). The benzene ring forms a �±� interaction with the

indole ring of Trp111 and a CH±� interaction with the methyl

group of Leu300. The other induced ®tting is found at the

amino acids near the Br atom of bound zenarestat, where the

side chains were found to be moved signi®cantly (Tyr309 OH,

4.7 AÊ ; Phe115 C�, 4.3 AÊ ). Consequently, the Br atom forms a

hydrogen bond to Tyr309 OH (3.4 AÊ ). These inhibitor-induced

conformational changes indicate why the selectivity of the

hydrophobic site is very broad.

4. Conclusions

In the crystal structures solved so far, including this complex,

the portion binding the polar head group of the inhibitor is

structurally stable. Therefore, considering this portion of these

inhibitors as a rigid template, the polar head part may be

readily modi®ed. The high ¯exibility of the hydrophobic part,

however, makes it dif®cult to design the hydrophobic part of

an inhibitor. We believe that the structural information

reported here should be helpful for major improvement of

several properties of this class of inhibitors which are essential

for its success as a medicine; for example, solubility in water,

toxicity and metabolism. However, it is noted that if major

structural modi®cation is examined, it is recommended to

certify the enzyme±inhibitor interaction by X-ray analysis.1
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Figure 4
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CH±�±� interaction in this complex.
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(Reference: gr2214). Services for accessing these data are described at the
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