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Abstract

Porcine aldehyde reductase-NADPH binary complex has
been crystallized from a buffered ammonium sulfate
solution. The crystal form is hexagonal, space group
P6s22, with a=b =672, c =243.7A, a = =90.0
and y =120.0°. A molecular-replacement structure
solution has been successfully obtained by using the
refined structure of the apoenzyme as the search model.
The crystallographic R factor is currently equal to 0.24
after energy minimization using data between 8 and
3.0 A resolution. The aldehyde reductase-NADPH com-
plex model is supported by electron density correspond-
ing to NADPH not included in the search model. The
tertiary structure of aldehyde reductase consists of a 8/a-
barrel with the coenzyme-binding site located at the
carboxy-terminal end of the strands of the barrel. The
structure of aldehyde reductase-NADPH binary complex
will help clarify the mechanism of action for this enzyme
and will lead to the development of pharmacologic
agents to delay or prevent diabetic complications.

Introduction

Aldehyde reductase (ALR1; E.C. 1.1.1.2) and aldose
reductase (ALR2; E.C. 1.1.1.21) are members of the
aldo-keto reductase superfamily which catalyzes the
NADPH-dependent reduction of a variety of aliphatic
and aromatic aldehydes such as sugars to their
corresponding alcohols (Flynn, 1982). The physiological
role for these two enzymes has not yet been identified.
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However, their ability to reduce the excess glucose that
results from the hyperglycemia of diabetes mellitus to
sorbitol has been linked to diabetic complications
affecting the eyes, kidneys and nervous system (Ki-
noshita & Nishimura, 1988). Side effects and/or lack of
efficacy have prevented several excellent inhibitors of
aldose and aldehyde reductase from achieving approval
for clinical use (Srivastava, Petrash, Sanada, Ansari &
Patridge, 1982; Spielberg, Shear, Cannon, Hutson &
Gunderson, 1991). In order to develop potent and more
specific inhibitors for aldose and aldehyde reductase,
attention has been turned to the possibilities of drug
design based on the three-dimensional structures of these
two enzymes and their mechanisms of action.

The structure of porcine aldose reductase complexed
with the coenzyme analog 2’-monophosphoadenosine-5’-
diphosphoribose (ADPRP) has been reported (Rondeau
et al., 1992), as has the structure of the ternary complex
of human aldose reductase with coenzyme and the potent
active-site inhibitor zopolrestat (Wilson, Tarle, Petrash &
Quiocho, 1993). In addition, the mechanism of action for
aldose reductase has been described (Wilson, Bohren,
Gabbay & Quiocho, 1992; Harrison, Bohren, Ringe,
Petsko & Gabbay, 1994). Aldehyde reductase apoen-
zyme from porcine and human kidneys was crystallized
from buffered ammonium sulfate solutions. We have
determined the three-dimensional structures of porcine
and human aldehyde reductase by using a combination of
molecular-replacement and isomorphous-replacement
techniques (El-Kabbani ez al., 1993, 1994).

To assist in the refinement of the crystal structure of
the enzyme, the cDNA of pig brain aldehyde reductase
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and 4 A resolution with F > 30(F), were applied directly in the NADPH-binding site for this enzyme. Moreover,
to the model without any Patterson correlation refine- these residues adopt similar conformations in the tertiary
ment. Translation search using amplitudes between 8 and  structures of human and porcine aldehyde reductase
3.5A resolution displayed one peak of 8.9 standard apoenzymes with r.m.s. differences of 0.35 and 0.94 A
deviations above background. The translation distances between main-chain atoms and all atoms, respectively
in fractional coordinates in the x, y and z directions for (El-Kabbani er al., 1994). On the other hand, Wilson et
the molecule calculated from its initial position equaled al. (1992) predict that the substrate-binding site may
0.040, 0.778 and 0.040, respectively. The crystallo- existin a region with fewer conserved residues compared
graphic R factor for the molecular replacement solution to the residues forming the cofactor-binding site which
equaled 0.38 using the 2958 reflections from 8 to 3.5A may be responsible for differences in substrate specifi-
resolution with F > 3o(F). cities between aldose and aldehyde reductase.

Rigid-body refinement followed by 40 energy mini-
mization steps (Briinger et al., 1990) decreased the R
factor to 0.33 and 0.24, respectively, using the 3910
reflections between 8 and 3 A resolution with F > 3a(F)
(90% of the observed unique reflections). The root-mean-
square (r.m.s.) deviation of bond lengths and bond angles
from ideality equaled 0.022A and 2.4°, respectively.
Amino-acid side chains of the search model were fitted
into a (2F, — F,.) electron-density map. The cofactor
NADPH-binding site was located from a difference
electron-density map calculated with coefficients
(Fo—F.) and o, at 3.0A resolution (Fig. 3). The
NADPH-binding site of aldehyde reductase is located at
the carboxy-terminal end of the strands of the f-barrel.
Similar to aldose reductase (Wilson er al., 1992),
NADPH l? bound to a!dehy de reductase in a,n extended Fig. 3. NADPH (red) with superimposed difference electron density
conformation and held in place by loop B (residues, 213 (blue) contoured at 20. The density was calculated after energy
230) and a number of hydrogen bonds, salt links and van ~ minimization with NADPH excluded from the model using
der Waals contacts from the strands of the B-barrel coefficients (F, — F) and a at 3.0 A resolution.
(Fig. 4).

At the present stage of refinement, the critical
NADPH-binding residues for aldose reductase are
conserved in aldehyde reductase and play a critical role

Fig. 4. Superposition of human aldose reductase (silver) and porcine
aldehyde reductase (gold) with bound NADPH. The root-mean-
square (r.m.s.) difference between main-chain atoms for human
aldose reductase and porcine aldehyde reductase is 1.4 A. Atomic

. coordinates for human aldose reductase (Wilson et al., 1992) were

Fig. 2. Ocillation photograph of a hexagonal crystal of porcine aldehyde obtained from the Protein Data Bank. NADPH is color coded
reductase-NADPH binary complex, taken at the Synchrotron according to atom type (O atoms are red, C atoms are green, N atoms
Radiation Source, Daresbury Laboratory. The edge of the diffraction are blue and P atoms are magenta). Ribbon drawings were prepared
pattern represents 2.1 A data. by using the programs described by Carson (1987).
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A space-filling model of the non-H atoms of the
aldehyde reductase molecule and NADPH is shown in
Fig. 5. A portion of the nicotinamide ring is seen in the
center and the 5'-phosphate and part of the adenosine are
to the left. The pyrophosphate bridge of NADPH is tied
down by loop B which holds NADPH tightly in place
(the positions of residues 218-226 from loop B were not
located in the structure of the apoenzyme). A conforma-
tional change of loop B is necessary for the association
and dissociation of NADPH. An estimated rotation by
51° of loop B around Gly214 and Ser215 upon binding
of NADPH to aldose reductase has been reported
(Borhani, Harter & Petrash, 1992).

It has been proposed (Wilson et al., 1992) that the 4-
pro-R H atom from the exposed C-4 of the nicotinamide
of NADPH bound to aldose reductase is transferred to
the C atom of the carbonyl group of the substrate,
followed by the protonation of the substrate carbonyl O
atom by one of the two most likely conserved candidates,
Tyr48 or His110. The kinetic mechanism of aldehyde

reductase is believed to be the same as that of aldose
reductase although the rate-determining step of this

enzyme has not actually been defined. However, on the
assumption that the catalytic mechanism of aldehyde
reductase will be the same or very similar to that of
aldose reductase, the activity of recombinant enzyme
where the histidine and tyrosine residues have been
mutated will be examined and the crystal structures
determined.

Fig. 5. Space-filling model of the non-H atoms of the porcine aldehyde
reductase molecule with bound NADPH (magenta). The porcine
aldehyde reductase molecule is color coded according to atom type
(O atoms are red, C atoms are green, N atoms are blue and S atoms
are yellow).

CONFERENCE PROCEEDINGS

Attempts are currently under way to cocrystallize
aldehyde reductase complexed with cofactor and various
inhibitors. By studying the interactions of these com-
pounds with the aldehyde reductase molecule, detailed
knowledge regarding the chemical interactions will be
made available. This structural information should allow
the design of more effective compounds, perhaps active-
site inhibitors that are more specific and have fewer side
effects which could be used to alleviate some of the
degenerative problems associated with diabetes.
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