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Molecular Modeling Studies of Aldose Reductase Inhibitors
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Molecular modeling studies using the AM1 quantum chemical method and a torsional fitting
method have been conducted on a series of aldose reductase inhibitors (ARISs) possessing an ionizable
group and/or functional group susceptible to nucleophilic attack with the aim of defining the
spatial position of ARI pharmacophores. AM1 quantum chemical calculations were conducted on
ARIs possessing only an ionizable group to obtain their optimized geometries. These optimized
structures were then superimposed on the model compound spirofluorene-9,5’-imidazolidine-2’,4’-
dione (17). This superposition study suggests that a negative charge center residing in the vicinity
of the 2’-oxygen of the imidazolidine-2’,4’-dione ring participates in the binding interactions. In
addition, the optimized geometries of ARIs possessing both anionizable group and an electronegative
functional group were superimposed on spirofluorene-9,5’-imidazolidine-2’,4’-dione (17). Thelatter
results also suggest the presence of a region where nucleophilic substitution can occur.

Introduction

Aldose reductase has been linked to the accumulation
of polyols which results in diabetes-associated structural
and/or functional changes of peripheral nerves, lens, retina,
cornea, iris, and kidney.!* Observations that these
changes can be ameliorated through inhibition of aldose
reductase has spurred great interest in the development
of aldose reductase inhibitors (ARISs) since these com-
pounds appear to provide a pharmacologically direct
treatment for diabetic complications that is independent
of the control of blood sugar levels.

From the initial findings that long chain fatty acids
inhibit aldose reductase, a variety of structurally diverse
compounds have been observed to inhibit this enzyme.
These include compounds containing the chromone,
flavone, quinoline, coumarin, xanthone, 11-oxo-11H-
pyrido[2,1-b]quinazoline, naphthalene, 4-0x0-3H-phthala-
zine, 2,4-dioxo-1,2,3,4-tetrahydroquinazoline, 3-thioxo-2H-
1,4-benzoxazine, or rhodanine ring system.!® Several of
these compounds have progressed to the clinical level.
These compounds can be divided into two general groups
of ARIs, those containing a carboxylic acid moiety (Figure
1) and those containing rigid spirohydantoins or related
ring systems (Figure 2).

Despite the apparent structural diversity of ARIs,
certain common electronic and steric features have become
apparent through computer modeling, molecular orbital
calculations, and known structure—activity relationships
(SAR). Kador et al.}*€ have shown that the structural
requirements for activity consist of a generally planar
structure with two hydrophobic (aromatic) regions and a
common region which is susceptible to charge-transfer
interactions. On the basis of this observation, they
proposed that the inhibitor binding site of aldose reductase
(e.g., rat lens) possesses a hydrophobic (lipophilic) region
and a region at which reversible charge-transfer (nucleo-
philic substitution) can occur. The existence of a nu-
cleophilic residue in the inhibitor binding site has been
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Figurel. Clinically tested aldose reductase inhibitors containing
carboxylic acids.

demonstrated using the protein-modifying agents ben-
zenesulfonyl fluoride and 2-bromo-4-nitroacetophenone.
A series of affinity labels based on the structures of 12,
alrestatin (1), and sorbinil (9) have also been utilized to
define the spatial requirements of the nucleophilic residue-
(s) within the inhibitor site.™? Kinetic studies®€indicate
that ARIs reversibly inhibit the enzyme by interacting at
a site different from either the substrate or the NADPH-
binding site. Competition studies using different ARIs
also suggest that ARIs interact at a single common site on
the enzyme.?

Most ARIs to date contain either an ionizable group
(e.g., carboxylic acid) or a hydantoin ring possessing an
electronegative functional group.!®-13 Thus, we have
conducted molecular modeling studies on ARIs possessing
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Figure2. Clinically tested aldose reductase inhibitors containing
hydantoin ring or related ring systems.
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Figure 3. Fluorenecarboxylate and analogues.

an ionizable group and/or functional group susceptible to
a nucleophilic attack with the aim of both elucidating the
nature of inhibition of the enzyme by ARIs and refining
the spatial features of the previously proposed inhibitor
site. Quantum chemical calculations have been conducted
on compounds 17-26 (Figure 3) which possess an ionizable
group, and these optimized structures of compounds 18-
26 have been superimposed on 17. These studies were
conducted to determine if a common connection could be
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established between the activities of these carboxylic acids
and the ionizable spirohydantoins. Secondly, calculations
have been conducted on the ARIs (1, 3, 5, 7, and 8) which
possess both an ionizable group and a functional group.
The optimized structures were then superimposed on 17
to define the site at which a reversible charge transfer can
occur.

Methodology

Geometry optimization and energetics calculations for
compounds (1, 3, 5, 7, 8, and 17-26) have been conducted
at the semiempirical quantum chemical level by utilizing
the AM1 Hamiltonian!4 as implemented in MOPAC 6.0.15
The use of the AM1 Hamiltonian for obtaining the
geometries and energetics of small organic molecules has
been well documented in the literature.! Full geometry
optimization with the keywords EF, GNORM==0.01, and
MMOK (for compounds containing an amide bond) was
performed for all compounds studied. Calculations were
conducted on charged (—1) rather than neutral species since
the active form of compounds (1, 3, 5, 7, 8, and 17-26) are
assumed to be negatively charged at physiological pH.
Evidence for the requirement of a negative charge comes
from observations that inhibitory activity is sharply
reduced by esterification of certain carboxylic acids
containing inhibitors such as alrestatin3® and by the
observation that 5-substituted hydantoins require the
ionized form of the hydantoin ring for inhibition.!?

Superposition of these geometry-optimized compounds
was carried out using the torsional flexible fit of Quanta
3.3 (Molecular Simulations, Inc). The torsional flexible
fit method minimizes the root mean square (RMS)
deviation between two structures as a function of both
conformational and orientational degrees of freedom. In
this study, the fluorene spirohydantoin 17 was selected as
a rigid template onto which all other structures in the
series were flexibly fit. The fluorene spirohydantoin 17
was chosen as the template because (1) it contains a rigid
hydantoin ring possessing two possible enzyme interaction
sites (carbonyl) whose relative position in space is fixed
and (2) it has a high affinity for rat lens aldose reductase
(RLAR) as indicated by its ICso.

The energy difference (AE) between the geometry-
optimized and torsionally fitted structure for each working
compound was computed to determine whether the
torsionally fitted structure is energetically accessible.
Energy calculations on the torsionally fitted structures
were performed using the keyword 1SCF. AE here is
defined as the difference in AM1 heat of formation (AHj)
between a geometry-optimized and a torsionally fitted
conformation.

Results and Discussion

I. Compounds Containing an Ionizable Group.
While compounds 18-26 do not possess functional groups
susceptible to nucleophilic attack, some of these com-
pounds possess aldose reductase inhibitory activity com-
parable to that of 17 (see Table 1). Each of these
compounds possesses a fused fluorene ring as a common
backbone and an ionizable substituent group (carboxylic
acid or tetrazole) at the 10-position. Since these com-
pounds share a common backbone, their variance in ICs
may well be hypothesized to correlate with the different
spatial positions of their ionizable groups attached to the
common backbone in their most optimal RMS fit to 17.



Aldose Reductase Inhibitors

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 6 789

Figure 4. Stereoview of the superimposed structures of 18-22 on 17.

Table 1. Activity of ARIs and Calculated Parameters from the
Superimposition of 18-26 on 17

ICs, distance (A) between
(M) the charge center

RMS (A) AE (kcal/mol)

compd RLAR® ds dy rs ry E, E;

17 3.5

18 8.9 0.06 0.45 002 016 09 10.4
19 11.7 0.54 1.39 0.19 0.41 4.7 2.8
20 182 1.04 0.35 029 0.14 23 2.3
21 217 0.91 0.32 025 0.11 0.0 0.0
22 1488 0.16 0.61 0.05 021 03 7.6
23 0.85 0.00 0.52 0.03 0.18 09 10.2
24 0.43 0.01 0.53 0.03 018 10 10.0
25 56 0.37 1.94 0.03 062 7.7 0.7
26 16 0.38 1.93 0.13 062 85 0.8

2 RLAR (purified rat lens aldose reductase). d, r, and E with
subscripts 2 and 4 represent the calculated values from a fit in which
a correspondence between an electronegative atom of a working
compound and the respective 2’-oxygen atom and 4"-oxygen atom of
the hydantoin ring of 17 was made.

Toinvestigate this possibility, compounds 18-26 have been
fitted to 17.

Since the fitting requires that corresponding sets of
atoms must be assigned to the working and reference
molecules, the common fluorene ring of each working and
reference compound was chosen. In addition to the fused
ring, a correspondence between an electronegative atom
(carboxylic oxygen or nitrogen in the tetrazole) of the
working compounds and the 2’-oxygen or 4’-oxygen atom
of the hydantoin ring of 17 was made to optimize the fit
of the negative charge centers. The superimposed struc-
tures of compounds (18-22) obtained utilizing the torsional
flexible tool of Quanta 3.3 are illustrated in Figure 4.

Figure 4 indicates that the anionic group of each
compound is clustered around the 2’-oxygen atom of the
hydantoin ring in the best RMS fit of these molecules.
From these superposed structures, attempts were made
todevise a parameter torepresent the trend in the observed
activities of compounds 18-22. The distance between the
electronegative atom of the negatively charged groups of
the working compounds and the 2’-oxygen atom of the
hydantoin ring of 17 was one of the choices. This distance
parameter gives a qualitative description of how well these
negatively charged groups coincide with the 2’-oxygen atom
of the hydantoin ring. Compounds 18-22 do not have
fluorine atoms, and thus lipophilicity or electron density
due to the fluorine atoms is not a factor for giving the
different values of ICs for 18-22.

The inhibitory activity of ARIs 17-26 along with the

computed distance between charge centers (d; and dy)
which correspond to the two different ring superposition
orientations aligning each of the carbonyl oxygens of 17
and AE all at the least RMS deviation of the optimal fits
are summarized in Table 1. A trend between the ICs of
the working compounds (18-21) and d3 was observed with
a decreased distance between the charge centers of the
working compounds and the 2’-oxygen of the hydantoin
ring resulting in higher inhibitory activity. A plot of ICs
vs dp (Figure 5a) illustrates this trend. The low AE (<4.7
kcal/mol) between the fully AM1 optimized structures in
their most stable conformations and the torsionally fitted
structures suggest that the conformations of the fitted
structures (18-21) are accessible. The superposition ori-
entations of compounds 18-21 with 17, which permit the
alignment of the anion of 18-21 and the 4’-oxygen atom
of the hydantoin ring, demonstrates no similar trend in
ICs0 vs ds (see Figure 5b). It is further noted that the
conformation of 18 in Figure 5b is not readily accessible
since the fitted conformation of 18 is 10.4 kcal/mol higher
in energy than its global minimum.

The inhibitory activity of 18 is ca. 20-fold higher than
that of 20. This can be attributed to the fact that d; for
18 is shorter than that of 20 by 0.98 A; however, this trend
was not observed for 21 and 22. The ICs of compound
22 is 7-fold lower than that of 21 although d; for 22 is
shorter by 0.75 A. Therefore d, does not appear to be a
good descriptor for describing the inhibitory activity of
22. The tetrazole moiety of 22 occupies a different position
in space compared to that of other compounds being
located above the 2’-oxygen atom of the hydantoin ring
while the anionic groups of the other compounds occupy
a position below or adjacent to the 2’-oxygen atom (see
Figure4). Therefore, the tetrazole moiety of 22 may extend
into a sterically unallowed region of the active site of aldose
reductase (shown above the dotted line in Figure 6).
Compounds 20 and 21 have similar activities, and the
difference in ds for 20 and 21 is only 0.13 A. Both the
carboxylic and tetrazole anions of 20 and 21 span a similar
position in space as shown in Figure 4. This suggests that
the difference in charge distribution between the carboxylic
anion and the tetrazole anion is not a major factor in
governing the activity of 20 and 21.

In addition to the distance parameter, conformational
energetics and other properties such as lipophilicity and
electron density also play important roles in determining
the inhibitory activities of 23-26. The differences in
activities of compounds 18 versus 23 and 24, and 25 versus
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Figure 5. (a) Plot of ICs vs the distance (d;) between the
electronegative atom of the working compounds (18-21) and the
2’-oxygen atom of the hydantoin ring. (b) Plot of ICs vs the
distance (ds) between the electronegative atom of the working
compounds (18-21) and the 4’-oxygen atom of the hydantoin
ring.

26 may be due to an increase in lipophilicity of 18 and 25
or an increased electron density upon the introduction of
fluorine. The IC; difference between 23 and 25 can be
attributed to the difference in energetics between the two
compounds. The difference in ds for 23 and 25 is only 0.37
A; however, 23 is ca. 66-fold more potent than 25.
Energetics associated with the conformation of the car-
boxylic anion may account for this difference. As sum-
marized in Table 1, the fitted conformation of 25 is 7.7
kcal/mol higher in energy than the minimum conformation
whereas the fitted conformation of 23 is only 0.9 kcal/mol
higher than its minimum. Therefore, the fitted confor-
mation of 25 from which ds (0.37 A) was calculated is not
readily energetically accessible. This suggests that the
carboxylic anion of 25 cannot properly orient in the binding
site of aldose reductase, and as a result 25 inhibits the
enzyme less than compound 23.

Our finding with regard to the required location of the
negative charge site is in agreement with those of Yama-
gashi et al.!® who have investigated the importance of the
hydantoin ring in ARI activity by modifying the hydantoin
ring of 27 and concluded that the modified hydantoins
29-31 were much less potent than 28. Compounds 29-31
all lack the 2’-oxygen atom of the hydantoin ring, which
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Figure 6. Superimposed structure of 22 on 17.

the present study identifies as an important negative
charge center influencing the activity of ARIs.
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II. Compounds Containing both an Ionizable
Group and a Carbonyl or Thione. Compounds sum-
marized in Figure 1 containing both an ionizable group
and an additional carbonyl or thione (C=S) that can
undergo nucleophilic attack were investigated to pinpoint
the site of nucleophilic substitution. Experimental evi-
dence for nucleophilic substitution comes from observa-
tions of the existence of nucleophilic residue, in or near
the inhibitor binding site,® and from the use of affinity
labels derived from 17, alrestatin (1), and sorbinil (9). The
4’-carbonyl of 17 is the most probable site of nucleophilic
attack based on evidence that the reactivity of the 4'-
carbonyl to attack by base is increased with the ionization
of the 3’-position imide in 5-substituted hydantoins.!®

o]
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Figure 7. Equivalent sets of atoms for working and reference compounds.

Figure 8. Stereoview of the superimposed structure of 1, 3, 5, 7, and 8 on 17.

Compounds 1, 3, 5, 7, and 8 were superimposed on 17 to
pinpoint the site at which nucleophilic substitution occurs.

Since compounds 1, 3, 5, 7, and 8 do not have a fluorene
ring as a common backbone, there is no unique way, with
the exception of the carboxylic anion, of superimposing
these compounds on 17. Superimposition of compounds
1,3,5, 7 and 8 on 17 was performed by choosing the
corresponding atoms illustrated in Figure 7, where a set
of five ring atoms and an oxygen atom of the carboxylic
anionof 1,3, 5,7, and 8 correspond to the set of five atoms
and the 2’-oxygen atom of the hydantoin ring. This allowed
low-energy conformations of 1, 3, 5, 7, and 8 to be well
fitted to 17. The two torsional angles shown in 32 were
allowed to vary for each compound during torsional flexible
fitting to 17. Other rotatable bonds in 3, 5, 7, and 8 were
frozen in a minimum-energy conformation.

Figure 8, depicting the superimposed structures 1, 3, 5,
7,and 8 on 17, illustrates that the carboxylic anion of the
working compounds fits well to the 2’-oxygen atom of the
hydantoinring. Italsoshows thatthe hydrophobic portion
(aromatic ring) of the working compounds overlaps well

Table 2. Activity of ARIs and Calculated Parameters from the
Superimposition of 1, 3, 5, 7, and 8 on 17

ICso (uM)  distance (A) RMS(A) AFE (kcal/mol)
compd RLAR dy ro E;
1 1.5¢ 0.21 0.37 2.5
3 0.016¢ 0.07 0.31 2.8
5 0.00442 0.13 0.26 1.6
7 0.023° 0.19 0.24 0.2
8 0.13¢ 0.11 0.31 1.6

2 Reference 19. P Reference 20. © Reference 21.

that of 17. From this superposition, the d, RMS, and AE
between the unfitted and the torsionally fitted structures
have been calculated. The activities of ARIs and the
calculated parameters from the fitting are listed in Table
2. Values for ds for compounds 1, 3, 5, 7, and 8 range from
0.07 to 0.21 A, indicating that the spatial positions of the
carboxylic anion of these working compounds are very
close to the 2’-oxygen of the hydantoin ring. The tor-
sionally fitted structures of 1, 3, 5, 7, and 8 are all
energetically accessible since AE is 2.8 kcal/mol. Since
compounds 3, 5,7, and 8 have a number of rotatable bonds,
extensive conformational studies to differentiate the global
minimum of each working compound were not conducted.
Therefore in Table 2 AE reflects the difference between
the energy of a stable conformer of the working compounds
and the energy of their respective torsionally fitted
structure.

A diagram (Figure 9) estimating the region at which
nucleophilic charge transfer is likely to take place was
constructed by taking the spatial position of carbonyl or
thiocarbonyl of 1, 3, 5, 7, and 8 with respect to the 4'-
carbonyl of the hydantoin ring from Figure 8. Figure 9
illustrates that positions of C; and Cs are in close proximity
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Figure9. Spatial regions where nucleophilic substitutionislikely
taking place.

to the 4’-carbonyl carbon atom (C,) of the hydantoin ring
whereas position Czisrelatively distant. Since nucleophilic
substitution is likely to occur at the 4’-carbonyl of the
hydantoin ring, the position C; can be excluded from the
region where nucleophilic substitution taking place. The
nucleophile (Nu) may reside at a position between the
4’-carbonyl of the hydantoin ring and C; or C; as shown
in Figure 9. The mapping of the spatial position of a
proposed nucleophilic residue of aldose reductase will be
published elsewhere. On the basis of Figure 9, it can be
postulated that the inhibitory activity of 3 is primarily
governed by the presence of the carboxylic anion but not
by the carbonyl, while the activity of 1,5,7, and 8 isdictated
by both the carboxylic anion and carbonyl or thiocarbonyl.
The carbonyl or thiocarbonyl of 1, 5, 7, and 8 is susceptible
to nucleophilic attack since it spans a region close to the
4’-carbonyl of the hydantoin ring.

Summary

A connection has been established between the activities
of two major structural classes of ARIs by demonstrating
that a negative charge center residing in the vicinity of the
2’-oxygen atom of the hydantoin ring participates in
binding interactions. The distance parameter, d2, together
with conformational energetics and excluded steric volume,
appears to be a good descriptor for explaining the difference
in the observed activities of ARIs 18-26. Compounds 1,
3, 5, 7, and 8 containing both an ionizable group and a
functional group help to define the region where reversible
charge transfer most likely takes place. Understanding
the pharmacophore requirements may lead to the rational
design of new ARIs.
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