
MOLECULAR PHARMACOLOGY, 24:521-531

521

Pharmacophor Requirements of the Aldose Reductase Inhibitor Site

PETER F. KADOR AND NORMAN E. SHARPLESS

Laboratory of Vision Research, National Eye Institute, and Laboratory of Chemical Physics, National Institute of Arthritis,

Diabetes, and Digestive and Kidney Diseases, National Institutes ofHealth, Bethesda, Maryland 20205

Received August 26, 1982; Accepted July 6, 1983

SUMMARY

Recent experimental results suggesting that diabetic pathology can at least in part be
directly controlled through inhibition of the enzyme aldose reductase (alditol:NADPH
oxidoreductase, EC 1.1.1.21) have spurred great interest in the development of specific
inhibitors of this enzyme. Specific structural and electronic similarities of apparently
diverse aldose reductase inhibitors have been observed through basic studies which utilize
computer molecular modeling, molecular orbital calculations, known structure-activity
relationships, and protein-modification reagents such as 2-bromo-4’-nitroacetophenone.
From these similarities, a model of the aldose reductase inhibitor site has been postulated

along with the pharmacophor requirements for the inhibitors-guidelines which should
aid in the rational design of new inhibitors.

INTRODUCTION

Aldose reductase (alditol:NADPH oxidoreductase, EC
1.1.1.21) is an enzyme in the sorbitol pathway which
utilizes the coenzyme NADPH to reduce hexose sugars
to their respective sugar alcohols. This enzyme has been
shown to initiate cataract formation through the reduc-
tion of excess glucose to sorbitol. The intracellular accu-
mulation of sorbitol produces a hyperosmotic effect
which results in cellular swelling and subsequent cataract
formation (1). Evidence is also mounting that aldose

reductase may be involved in other diabetic complica-

tions such as corneal wound healing defects, neuropathy,
retinopathy, nephropathy, and platelet aggregation (1-
3).

Although currently no treatment for these diabetic
complications exists, inhibition of this enzyme represents
a potentially direct pharmacological approach toward
the treatment of these complications-an approach dis-
tinct from the improved control of blood sugar levels.

Studies in diabetic animals indicate that the use of potent
aldose reductase inhibitors can prevent cataract forma-
tion (4) and a decreased rate of corneal re-epithelializa-
tion (1, 5). Moreover, in pilot clinical trials the adminis-
tration of aldose reductase inhibitor resulted in improved
motor nerve conduction velocity (neuropathy) in diabetic
patients (6). These results, which indicate that diabetic

pathology can at least in part be directly controlled by
drug therapy, have spurred great interest in the devel-
opment of specific aldose reductase inhibitors.

In the search for potent inhibitors, many compounds
of diverse structure have been identified. Kinetic studies
indicate that these compounds appear to interact with
the enzyme at a site independent of either the substrate
or nucleotide cofactor fold. The inhibitory activity of
compounds containing the benzopyran ring system has

been correlated with their ability to undergo a charge-
transfer interaction at a reactive carbonyl in position 4
(7). Moreover, studies with enantiomers of 1,3-dioxo-1H-
benz[de]isoquinoline-2(3H)-2’-propionic acid, chiral an-
alogues of Alrestatin, 1, and enantiomers of the sterically
constrained spirohydantoin Sorbinil, 3, suggest that al-
dose reductase can differentiate stereochemically be-
tween inhibitors (8).

Differences in the susceptibility of aldose reductase
from various sources to inhibition have also been re-
ported (9, 10). Moreover, these studies, which suggest
that currently no “universally potent” inhibitor exists,
indicate the need for potent new inhibitors. Here we
propose a general model for the inhibitor site and present

the minimal structural requirements for an aldose reduc-
tase inhibitor. These results should serve as a guideline
in the rational design of more potent and selective aldose
reductase inhibitors.

EXPERIMENTAL PROCEDURES

Inhibitor assay. RLAR’ and HPAR were prepared as previously

described (7, 8). Enzyme activity was spectrophotometrically assayed

at 340 nm in a Gilford 2400-2 automated spectrophotometer using 10

mM DL-glyceraldehyde as substrate (7). Inhibitor IC�o values were

obtained from simple linear regressions of the Marquardt-Levenberg

iterative curve-fitting algorithm of the National Institutes of Health

MLAB computer program as previously described (8).

Alkylation studies. HPAR purified by affinity chromatography (11)

I The abbreviations used are: RLAR, rat lens aldose reductase;

HLAR, human lens aldose reductase; HPAR, human placental aldose

reductase; BLAR, bovine lens aldose reductase; BrNAP, 2-bromo-4’-

nitroacetophenone; CNDO, complete neglect of differential overlap;

GEMO, geometrie moleculaire (geometry and energy of organic mole-

cules); LEMO, lowest empty molecular orbitals; CPK, Cory-Pauling-

Koltun.
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Compound no. IC50 RLAR CNDO/2
pM LEMO

Compound no. IC50 RLAR CNDO/2
�iM LEMO

6 0.01’ .0447

7 1.3 .0524

8 1.7 .0220

9 0.2 .0614

10 NA .1098
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HO 0
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OH
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0
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3 0.07 .0983 HO�LL�)
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4 2.5 .0185 �

NO2

0
��NH

5 0.8 .0510
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‘rabbit lens AR

was dialyzed against 0.1 M Na,K-phosphate buffer (pH 7.2) and then

incubated with either 1 m� BrNAP (Aldrich Chemical Company,

recrystallized from tetrahydrofuran-hexane) or 1 mre 4-nitrobenzene-

sulfonyl fluoride (Pierce) dissolved in 5% dimethyl sulfoxide. Following

a specified time interval of 15 mm to overnight, the enzyme solution

was dialyzed through a PD-b column prepacked with Sephadex G-

25M (Pharmacia Fine Chemicals) and then spectrophotometrically

assayed. Kinetic analyses were conducted using the BINKIN2 proce-

dure of the National Institutes of Health PROPHET computer system

as previously described (8).

Computer modeling. Molecular models of the inhibitors were gen-

erated on the National Institutes of Health PROPHET computer

system (12), using the make molecule command. Three-dimensional

structures of these molecules were then constructed using the compute

model command. This program generates a molecular conformation

according to either standard or specific bond lengths, bond angles, and

torsion angles and information contained in its ring dictionary. Coor-

dinates for the hydantoin ring were obtained from crystal coordinates

( 13); coordinates for all other heterocyclic ring systems were calculated

from the available GEMO energy minimizer program run on the Na-

tional Institutes of Health DEC-10. This program utilizes classical non-

quantum mechanical relationships to estimate the preferred, minimal

conformational energy structure of a molecule (14). After energy min-

imization, the orientation of the molecule could be alteredjising the

ORMOL procedure, and additional selective conformational changes

could be introduced through simple turn molecule and twist bond

commands. Molecular electronic charge distribution and energy calcu-

lations were estimated by using a quantum mechanical CNDO/2 pro-

gram which utilized the atomic coordinates of the inhibitors (15).

The molecular coordinates for the inhibitors were also introduced

onto the National Institutes of Health DEC-10 X-ray program, and the

molecular models were superimposed onto each other in real-time using

the Evans and Sutherland system (16). Similarly, the tyrosine and

arginine amino acids were introduced to the superimposed inhibitor

model and the 3-dimensional CPK models generated. A molecular

model of the inhibitor site was then generated on PROPHET from the

coordinates of the superimposed inhibitor A-ring and the two amino

acids. Inhibitors could be readily superimposed onto the model, and

the intermolecular distances between the inhibitor and its binding site

could be estimated within 0.10 A. Intramolecular distances could be

determined from vector analysis, and the distance of an atom from a

least-squares plane passing through a specified set of atoms could be

estimated with a root mean square error of less than 0.011.

Inhibitors. 3,4-Dihydroxyfluorenone, 8, was a gift of Dr. D. W.

Baston (17), and 2-(4’-hydroxyphenyl-6-carboxy-4H-chromen, 32, was

prepared as previously described (18). IC�o values of Compounds 1, 3,

and 11-22 assayed against BLAR were estimated as described above

from published data (19-21). The IC�,o values for Compounds 24 and

28-30, assayed against RLAR, and the xanthone, 7, assayed against

RLAR, were similarly estimated (22, 23). With the exception of 1-

phenyl-spiro-indole-1,2,3H-2-oxo-3,4’-imidazolidine-2,5-dione, 10 (24),

all other biological data have been previously reported (8-11, 25).

RESULTS AND DISCUSSION

A wide variety of compounds can inhibit aldose reduc-

tase, ranging from long-chain fatty acids to ring systems
containing either the pyranone skeleton or its modifica-
tions or analogues. These include (among others) fla-
vones, chromones, thiochromones, quinolones, xan-
thones, fluorenones, coumarmns, and chalcones (7-10, 19-
24, 26). Table 1 shows a variety of these inhibitors,
including the well-known Airestatin (1,3-dioxo-1H-
benz[de]isoquinoline-2(3H)acetic acid), 1 ; 7-hydroxy-4-
oxo-4H-chromen-2-carboxylic acid, 2; Sorbinil (S-6-flu-
oro-spirochroman-4,4’-imidazolidin-2’,5’-dione), 3; and
quercetin (2-(3,4-dihydroxy-phenyl)-3,5,7-trihydroxy-4-

TABLE 1

Examples of aldose reductase inhibitors

LEMO values were calculated from planar molecular conformations necessary to fit the inhibitor site (Figs. 3-5).

(CO2H
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oxo-4H-chromen), 5. Kinetically, all of these inhibitors,
with the exception of the spiro-indole, 10, display either

noncompetitive or uncompetitive inhibition, indicating
that these compounds do not compete with either the
substrate or nucleotide cofactor site (7, 8, 21, 22). More-
over, competition studies suggest that all of these inhib-

itors interact reversibly at a common site on the aldose
reductase enzyme (inhibitor site). Although the specific
biological properties of the spiro-indole, 10, have not
been reported (24), examination of other hydantoins
indicate that they also possess similar kinetics (5). Since
drug-protein interactions are dependent upon both steric

and electronic parameters, the ability of these com-
pounds to inhibit aldose reductase should be related to

certain electronic and structural similarities.
Various electronic properties associated with a mole-

cule can be estimated through molecular orbital calcu-
lations. From these calculations, an important quantum

chemical index governing molecular charge-transfer in-
teractions is the LEMO. From data obtained from simple
H#{252}ckel molecular orbital calculations of flavonoids and
chromones in which a correlation between inhibitory
activity and LEMO was observed, it has been proposed

that these aldose reductase inhibitors can undergo a

charge-transfer interaction at a reactive carbonyl group
by accepting a pair of electrons from the enzyme (7).

Chaney et al. (27), using more sophisticated ab initio

Hartree-Fock self-consistent field calculations with the
molecular-fragments technique, proposed a similar

charge-transfer mechanism for the ability of oxanilic,
quinaldic, and benzopyran-2-carboxylic acids to act as

antiallergy compounds. Many of these compounds also
inhibit aldose reductase (26). A similar conclusion was
also reached by Ferrell and co-workers (28) with CNDO/

2 calculations of flavonoids and related compounds as
potential phosphodiesterase inhibitors. Although corn-

parisons between calculated molecular parameters are
generally limited to analogues with similar ring systems
or fragments, a comparison of the LEMOs calculated for
compounds of Table 1 in a conformation suitable to fit

the proposed inhibitor site versus their inhibitory activity
against RLAR also suggests a similar relationship be-
tween the ability of these compounds to undergo a
charge-transfer interaction and their ability to inhibit
aldose reductase (Fig. 1). Moreover, an examination of

:N4�NNN�NNN�2 9
.5

0 .02 .04 .06 .08 .10

LEMO
FIG. 1. Comparison of the values of LEMO calculated for com-

pounds in Table 1 versus their IC�,o values obtained against RLAR

Numbers correspond to the compound numbers in Table 1 (r -

0.087).

the net charge distribution of aldose reductase inhibitors,
illustrated in Table 2, reveals that a common feature of

all of these compounds is the presence of polarized car-
bonyl groups capable of undergoing nucleophiic attack.
For such an attack, however, an appropriate nucleophile
is required. Its presence has been detected through the

use of protein-modification reagents.
Addition of 1 mM BrNAP to purified HPAR results in

the irreversible partial inhibition of this enzyme. Kinetic
studies indicate this inhibition to be uncompetitive in
nature with respect to the substrate (Fig. 2), whereas

competition studies indicate that further inhibition of
the alkylated enzyme cannot be readily accomplished
with either 7-hydroxy-4-oxo-4H-chromen-2-carboxylic
acid (IC�o 2 tiM) or Sorbinil (IC� 1 �tM). Altering the
concentration of NADPH also does not affect the inhib-
itory activity of BrNAP, indicating that BrNAP corn-
petes with known inhibitors for a site on the enzyme
independent of either the substrate site or nucleotide

cofactor fold. Through amino acid analysis of the acid
hydrolysate of the alkylated enzyme, it was suggested
that tyrosine may be the nucleophile and that reaction
of HPAR with the tyrosine-specific modification-reagent

4-nitrobenzenesulfonyl fluoride (29) results in kinetically
similar inhibition of the enzyme. Therefore, these results

indicate that a nucleophiic amino acid, possibly tyrosine,
exists at the specific inhibitor site.

Structural similarities among the apparently structur-
ally diverse compounds in Table 1 can also be observed.

All of these and other known related inhibitors possess
either some fixed, planar molecular component or freely

rotating aromatic substituents which can assume a planar
conformation. In Table 1, Compounds 1-3 and 6-9 con-
tam a planar aromatic component, and Compounds 4-5

and 10 contain both a planar ring and freely rotating

aromatic substituent. Calculations of the 2-tetrazolyl-3-
chloro-4-oxo-4H-chromen, 4, indicates that in the pre-
ferred conformation the 2-tetrazyl group is nearly co-
planar, approximately 12#{176}out of the plane of the chro-
mone ring, whereas in quercetin the 2-phenyl ring is

approximately 89#{176}out of plane. However, both corn-
pounds can assume coplanar conformations with the
expenditure of 5.6 and 13.7 Kcal/mole, respectively. With
the spirohydantoin 10, the N-phenyl substituent was
calculated to be coplanar with the indole ring. Although
sterically constrained, the spirohydantoin 3 can assume
three possible conformations-two chair and one boat-
which are interchangeable by less than 0.5 Kcal/mole.

When the three conformers of Sorbinil, 3, quercetin, 5,

3 - hydroxy - 1 1 - oxo - 1 1H- pyrido[2, lb]quinazoline - 8 -car-
boxylic acid, 7, and 1-phenyl-spiro-indole-1,2,3H-2-oxo-
3,4’-imidazolidin-2 ‘,5’-dione, 10, of Table 1 are superirn-

posed in a planar conformation upon each other at the
A-ring (shaded in Table 3) of each molecule, the molec-
ular conglomerate of Fig. 3 A and B is formed. This
generally planar figure, which can essentially encompass

the molecular structures of most known inhibitors, con-
sists of two coplanar aromatic regions, a primary region
formed by the superimposition of the A-rings (shaded)
and a broad secondary region that is more widely dis-
persed. This is more clearly illustrated in the space-filling

model of Fig. 4A and B, in which Fig. 4A corresponds to
the back view (Fig. 3B).
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Aside from the overlap of the aromatic ring systems, a erated by the A-ring to being directed below the plane of
common feature of these inhibitors is the apparent broad the A-ring. Moreover, with the exception of the oxaniic
overlap of carbonyl regions, which are susceptible to ester 9, all carbonyl groups are essentially sterically
nucleophiic attack. As illustrated by distance measure- locked in the molecule as part of a rigid ring system.
ments from the carbonyl (shaded) to the plane generated However, conformational changes in the rigid spirohy-
by the A-ring (shaded) in Table 3, these carbonyl groups dantoin 3 can slightly alter the spacial relationship be-
vary from being essentially coplanar with the plane gen- tween the carbonyl group and the plane generated by the
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TABLE 2

Net charge distribution of aldose reductase inhibitors when placed in a planar conformation

no. Net charge distribution

-.380 .161

H
.461 -.237

021H13 346

. iH-Nr�25#{176}� 0-334
-.213F .051 .059H.007

‘�‘�2 -.001

-.025 .150

.023H �- 1�8
-.005 .219fl_.027

no. Net charge distribution

.002 -.343 .036 -.290

H 0 H

006 H��7067*L<�489. 082 1340 144 367
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a 30 mm incubation

a 60 mm incubation

the A-ring to the carbon and oxygen atoms of the car-
bonyl, also indicated spatial similarities. Values for all
compounds ranged from 2.84 to 3.78 A for the carbon and
from 3.60 to 4.96 A for the oxygen from the center of the

shaded A-rings (Table 3). Overlap of the apparent corn-
mon carbonyl regions, which are partially buried under
position 4 of the spirobenzopyran in Fig. 4A and B, are

indicated in blue.

Since inhibition is not competitive, the inhibition of
aldose reductase can be postulated to result from several
mechanisms. These include either an alteration of the 3-
dimensional structure of the enzyme, produced upon
binding of the inhibitor, which in turn leads to a distor-
tion of the catalytic site, or to a steric interference of the
catalytic site produced by partial overlapping of the
bound inhibitor with the catalytic site. Either of these
possibilities could be envisoned to result from simple
nucleophiuic attack of the reactive carbonyl by the tyro-
sine to form a reversible tetrahedral intermediate. Alter-
natively, the carbonyl group could act as a “charge-
transfer” bridge between an “acidic” and “basic” group

on the enzyme, thus allowing them to interact reversibly,

the net result of such an interaction being a conforma-
tional change that results in inhibition. This latter pos-
sibility is illustrated in Fig. 4C and D by the introduction
of tyrosine and arginine residues, arbitarily positioned in
real-time on the Evans and Sutherland system to the

inhibitor conglomerate. In this position (Table 3), the
hydroxyl oxygen of tyrosine (“basic residue”) can readily
interact with the carbonyl carbon of each inhibitor, sep-
arated by 2.25-3.36 A, whereas the imine hydrogen of
arginine (“acidic residue”) can interact with the carbonyl
oxygen, separated by 1.56-3.65 A.

Currently, no evidence exists for such an interaction
between arginine and tyrosine and its inclusion here is
used only to illustrate the possibility for such a reversible

charge-transfer interaction between an “acidic” and
“basic” residue on the aldose reductase enzyme. Doughty
et al. (30), however, have reported the presence of both

arginine and tyrosine at or near the nucleotide fold of
BLAR. We have also confirmed the presence of arginine
in the nucleotide cofactor fold through the use of the

argimne-specific reagent camphorquinone- 1O-sulfomc
acid.2

By combining the observations of Figs. 3 and 4 with
known structure-activity relationships of aldose reduc-
tase inhibitors, one can postulate a site onto which this
inhibitor model may fit. At this site, a three-point inter-
action with the inhibitors could be expected to occur.
This includes hydrophobic interactions between a pri-
mary lipophiic region on the enzyme (1#{176})and the A-ring
aromatic region of the inhibitor, hydrophobic interac-
tions between a secondary lipophilic region (2#{176})and the
broad secondary aromatic inhibitor region on some in-
hibitors, and a “charge-transfer” interaction with the

nucleophilic carbonyl. This can be schematically visual-
ized in the proposed model of Fig. 5, which consists of
two planar lipophilic areas and a sterically constrained

charge-transfer pocket that contains a nucleophilic
amino acid. The two lipophilic regions, which also possess

C
0

-I

.0
-C

C

B

FIG. 2. BrNAP incubation with HPAR

A. Lineweaver-Burke plot of 1 mai BrNAP incubated with purified

HPAR for 30 min (Li) and 60 mm (0). The substrate was DL-glyceral-

dehyde. Velocity units are changes in A�0/4 min.

B. Competition studies of 7-hydroxy-4-oxo-4H-chromen-2-carbox-

ylic acid, 2, and Sorbinil, 3, at indicated concentrations with HPAR

incubated overnight with 1 mr�i BrNAP (control).

All points in A and B represent the means of four to six determina-

tions.

ring. Therefore, the values for Sorbinil, 3, in Table 3
represent measurements for the more stable conformer,
although distances varied from -1.14 to -1.38 A for
carbon and from -2.27 to -2.45 A for oxygen. In Corn-
pound 9, the carbonyl group is part of a freely rotating
oxanhic acid residue. Rotation of the phenyl C-N car-
bonyl bond by 22.5#{176}from a conformation in which the

carbonyl group is coplanar with the aromatic ring results
in a favorable carbonyl positioning with an expenditure
of 3.4 Kcal/mole from the apparent lowest-energy con-
formation formed by a 200 twist.

Distance measurements, conducted from the center of

PROPOSED MODEL OF THE ALDOSE REDUCTASE INHIBITOR SITE 525

2 P. F. Kador and N. E. Sharpless, unpublished data.

0 O�,�NH
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Distance (A) from Distance (A) from

plane generated by center of A ring’

A ring’ to carbonyl’ to carbonyl’

C 0 C 0

-.01 .01

-.02 -.21 2.85 3.65

-1.38 -2.45 3.65 3.84

no. Structure

�LH

H)�/�H

H H

2 H_�IXX(0_H

3F�

H

Distance (A) from

basic (B) and acidic (A)

groups of model to carbonyl’

B-C A-O

3.78 4.96 3.36 3.65

3.11 2.75

2.48 2.03

-.02 -.02 2.85 3.65 3.11 2.75

-.02 -.02 2.85 3.65 3.11 2.75

.00 .01 2.84 3.63 3.13 2.75

.07 .07 2.92 3.60 3.13 2.74

.00 .01 3.82 3.71 3.10 2.96

-1.01 -2.03 3.71 3.76 2.29 1.56

-1.15 -2.30 3.78 4.01 2.25 2.24

Shaded

526 KADOR AND SHARPLESS

H)�N�LH

7 H-0

H H

8 HI��H

HH H

0 �

H-0

10

TABLE 3

Measurement of various molecular distances

hydrogen-bonding sites near the positions indicated by

H, are either coplanar (Fig. 5B) or parallel with the
secondary lipophilic region formed in part by tyrosine, as

suggested in Fig. 4C and D.

Assuming compounds with a higher affinity for a re-
ceptor are more potent agonists in vitro, one could pos-
tulate that enhancing the lipophilic properties of the
aromatic regions of the inhibitor should result in higher
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back view

FIG. 3. Molecular conglomerate formed upon superimposition ofthe A-rings (shaded) ofthe three conformers ofSorbinil, 3, quercetin, 5, 2.

hydroxy.11-oxo.JIH.pyrido[2,lbjquinazoline.8.carboxyljc acid, 7, and 1-phenyl-spiro-indole.1,2,3H.2.oxo.3,4’.imidazoljdjn.Z,5’.djone, 10,

from Table 3 as viewed from the front (A) and rear (B).

FIG. 4. CPK molecular conglomerate formed upon superimposition of the A -rings

Various inhibitors in Table 1 as viewed from the rear (A) and top (B). A corresponds to Fig. 3B. The superimposed A-rings are at the right, and

the dark blue indicates areas of apparent overlap of the common carbonyl regions. C and D represent the rear (C) and top (D) views illustrating

the ability of the common carbonyl regions to serve as a “charge-transfer” bridge between a tyrosine (yellow) hydroxyl group and an acidic

imminium hydrogen of arginine (blue).
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A

front view

B
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similar enhancement of activity has been reported with

dichloro analogues of Sorbinil or related spiro-thiazoli-

dine analogues (19, 20). Introduction of acetal moieties

TABLE 5

Evidence for a hydrogen-bonding effect

Compound no. R

0

R�’”�’�CO2H OCH3,.. 23 HI I 2 OH7.5

1.3

0.5

r���cO2H

s-NH

R, R2

H OH

HO�X5�#{176}

I OH

OH

R

IC50 RLAR

pM

400

2.2

29

0.8

3.0

42

1.3

140

8.0

1.0

5.0

17% at lx 10-a

3.2

0

R �IX�)
-.-- N��I��CO2H

22

8.1
5.3 HO2C �

5 OH

25 OCH2CH2OH

26 H

7 OH

27 OCH3

28 H

29 OH

30 OCH3

31 H

32 OH
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A B
FIG. 5. Front (A) and side (B) views of the postulated aldose reductase inhibitor site model

This site consists of either two parallel or coplanar lipophiic regions [primary (1#{176})and secondary (2#{176})],each containing a hydrogen-bonding

site (H) and a sterically constrained charge-transfer pocket. The 1 #{176}site (left) interacts with the region formed by the overlap of the inhibitor A-

rings (left on Fig. 2A).

affinity for the inhibitor site and, subsequently, higher

inhibitor potency. This can be seen in published obser-
vations which show that introduction of hydrophobic
groups, which can increase the lipophilicity of the inhib-
itors, increases in vitro inhibitory activity (Table 4). First
observed in the halogen substitution of Alrestatin, 2,

TABLE 4

Evidence for hydrophobic interactions

Compound no. A1 R2 X IC30 BLAR

pM

1 H

11 �l

12 SC6H5

13 H H 0 13

3 F H 0 3.4

14 Cl H 0 <0.1

15 Cl Cl 0 <<0.1

16 H H S 7.4

17 F H S 0.3

18 Cl H S 0.4

19 Cl cI S <0.1

20 CH3 cH3

21 CH3 Et

22 CH3 Bu
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PROPOSED MODEL OF THE ALDOSE REDUCTASE INHIBITOR SITE 529

FIG. 6. Front (A) and top (B) views illustrating the stereospecific recognition of the inhibitor Sorbinil, 3

to the 3-substituted sugar moieties of flavonoids has also
been reported to increase the inhibitory activity by in-
creasing the lipophilicity of these compounds (22).

In addition to hydrophobic interactions, hydrogen-

bonding sites near each of the two lipophiic regions can
also help to orient less lipophilic inhibitors containing
hydroxyl substituents to the inhibitor site. As seen in

Table 5, etherification of the 7-hydroxyl group of either
the chromone carboxylic acid, 2, and quercetin, 5, or the
3-hydroxyl group of the pyrido[2,lbjquinazoline carbox-

ylic acid, 7, decreases the inhibitory activity of these
compounds, presumably by decreasing their ability to
hydrogen-bond to the bonding site at or near the primary

lipophilic region. However, this hydrogen bonding inter-
action would not be expected to result in an all-or-none
inhibition effect with these compounds since etherifica-

tion of the hydroxyls can also increase the lipophilicity
of the inhibitors. Evidence for a bonding site at or near
the secondary lipophiic region is seen in the methylation
of 2-(4’-hydroxy)-5,7-dihydroxy-4-oxo-4H-chromen, 11,

and more dramatically in the introduction of a 4’-hydroxy
substituent to 2-phenyl-6-carboxy-4-oxo-4H-chromen,
31.

A rational model for the aldose reductase inhibitor site
must also predict the experimentally observed stereospe-
cific recognition of inhibitors. From the location of the
lipophilic binding regions and the “charge-transfer”
pocket, potential stereochemical recognition of a chiral

inhibitor is possible. This stereochemical recognition can
be illustrated with the spiro-hydantoin Sorbinil, 2, which
fits the proposed inhibitor site as ifiustrated in Fig. 6.
One can readily observe that the reactive carbonyl of
only one enantiomer can properly participate in the

A

charge transfer. Therefore, the 1-carbonyl of the hydan-
tom ring of the active S-enantiomer can serve as a charge
transfer bridge whereas in the less active R-enantiomer
the carbonyl is improperly positioned.

Proposed bulk tolerance differences between HLAR,
HPAR, and RLAR have been postulated to account for
differences in the susceptibility of these enzymes to in-

hibition. Although specific steric differences between
these enzymes is stifi unknown, bulk tolerance differences
have been partially incorporated into this proposed
model through the introduction of a sterically con-

strained charge-transfer pocket. In HPAR, this charge
transfer pocket is believed to be more sterically con-

strained than in either HLAR or RLAR. Therefore,
inhibitors with subsituents which must extend into this
pocket in order for the inhibitor to fit the inhibitor site
properly would be expected to be less potent against

HPAR. This is ifiustrated in Fig. 7 with 3’-carboxy-2’-
hydroxy-5’-nitro-oxanilic acid, ethyl ester, 9, which is 73-

fold less potent in HPAR than in RLAR. The oxanilic
ester portion of this compound extends into the stericaily
restricted charge-transfer pocket in order for this mole-
cule to fit the inhibitor site properly (Fig. 7).

In general, the search for aldose reductase inhibitors
has employed random screening techniques. With an

understanding of the molecular mechanism of action and
the pharmacophor requirements of these inhibitors, more
potent and specific inhibitors can be rationally designed.
Having combined the results obtained from molecular
modeling of the inhibitors with observations of the pro-
posed inhibitor site, we propose the following pharma-
cophor requirements, summarized in Fig. 8. The minimal
requirements consist of a primary aromatic region and a

B
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Approximate Distances

530 KADOR AND SHARPLESS

A B
FIG. 7. Steric restrictions in the charge-transferpocket [front (a), top (b)] illustrated by 3’-carboxy-2’-hydroxy-5’-nitro-oxanilic acid, ethyl

ester, 9, whose oxanilic acid portion extends into the pocket in order for this molecule to properly fit the inhibitor site

This compound is 73-fold less active against HPAR than against RLAR.

carbonyl group separated by 2.8-3.8 A (d1, defined as the
distance between the center of the aromatic ring to the
carbon of the carbonyl). Hydrophobic bonding is en-
hanced upon introduction of a secondary planar aromatic

and/or lipophilic region centered around 2.8-6.1 A from
the carbonyl. Two hydroxyl groups located 2.8-3.8 A and
8.0-9.3 A from the center of the primary aromatic ring
also help to bind the inhibitor to the inhibitor site.

ACKNOWLEDGMENT

We wish to thank Mr. Richard Feldmann, of the National Institutes

of Health Division of Computer Research and Technology, for his help

on the Evans and Sutherland system.

HO

d, 2.8-3.8 A
0

d, 2.8-6.1 A

d3 2.8-3.8 A

0

d4 8.0-9.3 A

OH

FIG. 8. Pharmacophor requirements ofthe aldose reductase inhib-

itors

Distances are measured from the center of the aromatic ring of the

specific atoms.
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