
Journal of Mathematical Chemistry 8(1991)195-205 195 

A NEW PROPOSED MODEL OF ALDOSE REDUCTASE ENZYME 
INHIBITION ON THE BASIS OF AN ARTIFICIAL INTELLIGENCE 
APPROACH:  A C O M P U T E R  AUTOMATED STRUCTURE EVALUA- 
TION (CASE) STUDY 

Erdem BUYUKBINGOL 
Department of Medicinal Chemistry, Faculty of Pharmacy, Ankara University, 
Tandogan 06100, Ankara, Turkey 

and 

Gilles KLOPMAN 
Department of Chemistry, Case Western Reserve University, Cleveland, OH 44106, USA 

Abstract 

A large number of inhibitors of aldose reductase enzyme were submitted to the 
CASE (computer automated structure evaluation) program in order to ascertain the 
topological features relevant to activity. On the basis of the twenty-six biophores (activating 
fragments) and one biophobe (inactivating fragment), a new proposed interaction model 
was suggested for an aldose reductase enzyme with the chemical inhibitors. The critical 
relationship between enzyme inhibition and the structure of inhibitors is believed to 
depend on the relative positions of subordinate regions within the inhibitor structure. 

1. In t roduct ion  

The artificial intelligence approach has been introduced to the chemical literature 
as a general tool which can be used by the researcher to reduce masses of experimental 
data to relevant information [ 1,2]. The general consideration of the artificial intelligence 
approach in drug design is to find the relevant factors which describe the biological 
activity in terms of molecular properties. The evaluation and prediction of the 
biological effect of chemical substances have been the center of preoccupation of 
medicinal chemists involved in drug development, as well as those concerned about 
the effect of chemicals which have been synthesized and tested previously. For the 
latter, a collection of compounds and the results of biological activity acquired on 
each compound may be studied in order to predict a property of the compounds to 
detect the discriminatory possessions or combination of properties between active 
and inactive molecules. In such a mechanistic study, we are able to draw a topological 
relationship between the structure of a molecule and its activity. 

In recent years, several techniques have emerged that have the potential of 
helping to solve the problems consisting of the evaluation and prediction of  biological 
activity via molecular properties of compounds. In this manner, the quantitative 
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structure-activity relationships (QSAR), the pattern recognition methods, discriminant 
analysis and molecular orbital calculations show great promise in solving this 
problem [3-6] .  The QSAR methods are usually implemented as various regression 
analysis programs where linear, nonlinear or bilinear correlations have been seen 
between the observed biological activity of a series of congeneric substances. The 
parameters usually used in QSAR studies include hydrophobic, electronic and steric 
properties of the congeneric series in which the resulting observation, in some 
cases, may lead to correlations that are well enough accounted for to be used in 
developing new and optimized drugs. However, one of the greatest difficulties of 
QSAR studies is the selection of relevant properties to be used as descriptors of a 
molecular series under investigation [7]. In such cases, it is apparent that such a 
belief had been prompted mainly by the fact that no QSAR existed that was capable 
of performing qualitative correlations between molecular structure and biological 
response in a large database. On the other hand, human intelligence should be 
required to describe what the relation might be in terms of physicochemical properties 
in the relation of chemicals with biological systems. This is also limited to a 
qualitative consideration of meaningful descriptors which can be defined in order 
to reach significant results. 

The above stated problem is general indeed, and expert systems can be used 
to solve problems in several diverse areas of developing new drugs. In the artificial 
intelligence approach, to a large degree, the success of an application depends on 
the outcome of intelligent and discriminative analysis of molecular properties that 
may be important in the mechanism of action of molecules. Therefore, the artificial 
intelligence required to constuct a computer program will be described in order to 
demonstrate the molecular capabilities of compounds. 

The CASE (computer automated structure evaluation) program is particularly 
useful when comparing chemical substances showing the same kind of activity, 
especially if they belong to different chemical groups. However, no furnishings 
have been made within the program to account for chirality and cis/trans isomerism, 
although this remains a dynamic area of drug development. 

The CASE program has been successfully applied to a number of biologically 
active compounds, in which attention was devoted to the identification of the most 
relevant structural features responsible for activity and to an illustration of the 
reliability of the artificial intelligence process for developing automatically the 
most prevalent molecular structure descriptors [8-11].  

In this study, we wish to report a proposed biochemical interaction of the 
aldose reductase enzyme with organic molecules, previously obtained from the 
results of  the application of the CASE program [ 12]. Known inhibitors of the aldose 
reductase enzyme vary widely in structure. However, few of them display a strong 
species specificity. These range from dicarboxylic compounds [13] to those 
containing the benzopyran and benzophenone [ 14], flavone [ 15], oxoquinoline [ 16], 
quinazoline [17], xanthose [18], naphthalene [18], hydantoin [19-21] and spiro- 
hydantoin [22] ring systems. 
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The aldose reductase enzyme, involved in the sorbitol pathway (fig. 1) which 
is an important mechanism in the regulation of mammalian glucose metabolism, has 
been found to play a physiologically significant role in the initiation of diabetic 
complications such as cataract formation, neuropathy and retinopathy [23]. Under 

aldose reductase Sorbitol polyol dehydrogenase Glucose / , i  -,,,~ /,.._ ~ L  Fructose 

NADPII NADP + NAD ÷ NADH 

hexokinase 

Glucose-6-phosphate Glucose-6-phosphate isomeras~ Fructose-6-phosphate 

Fig. 1. Sorb i to l  p a t h w a y .  

normal glycemic conditions, aldose reductase has very little affinity to glucose [24]. 
Therefore, glucose is primarily converted by hexokinase into metabolic products. 
This is not so under diabetic conditions, in which increased concentrations of 
sorbitol become predominant, leading to tissue damage. Diabetic cataracts are believed 
to be caused by the reduction product of glucose called sorbitol via the aldose 
reductase enzyme, which is major under pathophysiologic conditions [24]. Although 
the exact meChanism of the sorbital pathway is still largely unknown, it is apparent 
that selectively active aldose reductase inhibitors are able to reduce and prevent the 
pathological perspective of diabetic complications. 

Structure-activity relationships of aldose reductase enzyme inhibitors have 
been extensively studied [25], and considerable effort has been spent in attempts 
to develop clinically useful aldose reductase inhibitors. The need for better aldose 
reductase inhibitor activity in this class makes it desirable to extend our actual 
knowledge about the structural factors responsible for activity. Unfortunately, not 
only is the mechanism of aldose reductase inhibition unknown, but also a satisfactory 
correlation between aldose reductase inhibition and molecular structure descriptors 
has not yet been obtained. 

2. Method 

The computer automated structure evaluation (CASE) methodology [7] differs 
from traditional quantitative structure-activity relationships in which the descriptors 
automatically generated by the program are not physicochemical parameters, but 
represent molecular fragments inherent in the compound's structural composition. 

The CASE study based on the artificial intelligence technique may be outlined 
as follows: 
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(1) Construction of a database including an approximately equal number of active 
and inactive inhibitors of the aldose reductase enzyme. The program requires 
as input the molecule structures of compounds to be evaluated, together with 
the experimentally measured biological activity to be studied. The molecules 
are coded by the use of the Klopman Line Notation [8]. 

(2) Clustering the activity values suitable to a CASE format. 

(3) Tabulation and analysis of the fragments that are generated from the structure 
of the molecules of the constructed database. 

(4) Elimination of irrelevant data and determination of causalities. 

(5) Selection of statistically significant fragments and proposal of the mechanistic 
approach to the interaction. 

CASE proceeded by making a fragmentation of each molecule structure into 
units of 3 to 10 heavy atoms together with their associated hydrogens. Each fragment 
is designated positive or negative if it belongs to an active or inactive molecule, 
respectively. The collected and statistically analyzed fragments, due to the discrcpancy 
of a random distribution of structural subunits between active and inactive pools, 
are taken as indicator fragments in which the subunits are relevant to the property 
being examined. One of the major advantages of the CASE methodology is that the 
selection of descriptors from the fragment pool, usually intensively performed by 
the investigators, is accomplished automatically. In spite of the fact that the data 
poo 1 of potential descriptors obtained from activating fragments is huge (thousands 
for a 50-100  compound database), it is apparent that human evaluation appears to 
be out of  reach. Once the database has been analyzed, new structures can 
be submitted and inspected for activating/deactivating fragments and the expected 
activity can then be estimated. Indeed, the program acts as a "learning machine" and 
the database can be updated when more data become available, thus providing a 
better prediction. 

3. Results and discussion 

The CASE analysis was performed on 482 aldose reductase inhibitors [12] 
in order to identify molecular features of the inhibition mechanism. Fourty-eight 
compounds were randomly excluded from the database for later submission to the 
program as a test set. Chemical structures used for the aldose reductase database 
can be seen in fig. 2. Compounds were classified as inactive (-),  marginally active 
(+), active (++), very active (+++)  and extremely active (++++).  The aldose reductase 
inhibition activity was measured in terms of plC50 values. Submission of the training 
database (434 compounds) to the CASE program resulted, via a multiple stepwise 
regression analysis, in twenty-six biophores (activating fragments) and one biophobe 
(inactivating fragments) (fig. 3) out of a total of 120 relevant fragments generated 
automatically, in which 103 were found to be activating and 17 inactivating [12]. 



E. Buyukbingol, G. Klopman, Aldose reductase enzyme inhibition 199 

I 

z-=~-  

o 

o 

°~'/° ~ 

o 

o 

y \ z  - o ~, 

E z~ 

2 

I I 

i i 

I .J 

I 

o 

o 

I 

;>. 

4 

9 

E 

e,i 

t~ 



200 E. Buyukbingol, G. Klopman, Aldose reductase enzyme inhibition 

t~ 

" 2  

.< 

dz 



E. Buyukbingol, G. Klopman, Aldose reductase enzyme inhibition 201 

On the basis of the biophores and the biophobe, we have previously described a 
mechanistic feature of  aldose reductase inhibitors. 

It is suggested that a wide range of aldose reductase inhibitors bind at a 
common inhibitor site on the aldose reductase enzyme [26]. This suggestion is 
based on certain common molecular orbital studies (the observed correlation between 
LUMOs and inhibitory potencies of each inhibitor) obtained from simple Htickel 
and CNDO/2 calculations, which suggest that aldose reductase inhibition mostly 
depends on the molecular structure of an inhibitor and should have at least a 
specific group which is adequate to undergo a reversible nucleophilic attack, such 
as carbonyl or thiocarbonyl. Although molecular orbital theory has been employed 
with increasing success to assist in the definition of the electronic moiety of compounds, 
a limited estimation was obtained with some electronic charge on atomic centers 
and the highest occupied and lowest unoccupied molecular energies. However, this 
fact is also confirmed by the study of several protein-modification reagents and 
irreversible aldose reductase inhibitors, which both indicated that the carbonyl 
region of the inhibitor reversibly undergoes a reaction with a nucleophilic amino 
acid residue at the enzyme active site [25]. Therefore, the proposal leading to 
te[rahedral intermediate formation between the carbonyl function and the hydroxyl 
of tyrosine residue is generally accepted in spite of the fact that several alternative 
roles for the carbonyl may be inferred, in addition to a new interaction mechanism 
which is postulated between the aldose reductase active site and inhibitory compounds 
in the light of the CASE study published previously [12]. 

The full spectrum of biological activity of aldose reductase inhibitors is, most 
likely, not yet known. The inhibitors have been found to display complex interaction 
with the enzyme itself. Extensive recent review articles [23, 27] have discussed the 
pharmacology ~nd sterczspecific behavior of inhibitors in general. On the basis of 
the literature, it would seem that the possible interactions outlined below represent 
the first step in the complex formation of inhibitors with aldose reductase enzymes. 
The conclusions outlined are supported by recent investigations [26] as follows: 

(1) The effect of the carbonyl function could be shown to undergo tetrahedral 
intermediate formation with the tyrosine hydroxyl group at the enzyme active 
site. 

(2) A generally planar structure consisting of two lipophilic regions (aromatic) 
is required to accommodate the enzymes' hydrophobic site for hydrophobic 
interaction. 

(3) Hydrogen bonding sites located at the planar structure increase the binding 
of  an inhibitor to the enzyme. 

In this three-point binding view, we do not interfere with the carboxyl group, 
which was thought initially to be involved in the charge-transfer reaction in spite 
of the fact that a decreased capability of this reaction via esterification leads to the 
fact that the carboxyl group does not change in inhibition potency. However, as we 
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have stated previously, the ionization potential of the carboxyl moiety might be 
vigorously effective on the inhibitory site of the enzyme in deciding upon the 
quality of the interaction with the cationic center bearing amino acids residues [24] 
such as arginine, lysine and/or histidine. This can be easily demonstrated on the 
basis of the fact that the strength of inhibition increases with increasing polarity of 
the inhibitors. 

Examination of the CASE projection in fig. 3 and the distribution of certain 
functions provide insight into the similarities and differences of the conformations 
displayed by the fragments. In thirteen observations out of the twenty-six activating 
fragments, the carbonyl group has been found to be present, since its interactive 
value is limited by not being part of a free rotational system except in fragment 10. 
However, the similarity of the carbonyl function in fragment 10 demonstrates that 
the carbonyl function is being maintained in part of a conjugated system. The 
compounds derived from structure-I, -II and -III can be seen to be distinguished in 
terms of activity, which could be attributed to the position of the second phenyl ring 
in the environment of the carbonyl group. In structure-Ill, the saturated carbonyl 
bearing ring decreased the potency of binding. Fragments 1, 5, 20, 23 and 24 (the 
probability of these fragments being in the activating pool is extremely high) are 
generated most likely from structure-I; in contrast, only one fragment (nr. 4) represented 
the biophoric interaction from structure-Ill, in which it is thought that the position 
of the R group would become forceful in this fragment. The conclusion reached is 
that the above statement might be important in the arrangement of the environmental 
variation of the carbonyl group. The second phenyl ring at position 3 suppresses 
the interaction with the enzyme. This is quite contrary to the previously hypothesized 
three-point model. In considering possible binding modes of the phenyl ring to 
aldose reductase on the basis of CASE fragments, the following assumptions can 
be made. In terms of the number of phenyl ring skeletons, the fragments are equally 
complex. This process involves both similarities and differences. In fragments 1, 
5, 10, 18, 23 and 24, they are all hydroxyl bearing phenyl rings; fragments 4, 17 
and 24 have several types of substitution when comparing fragments 6, 7 and 19, 
which have nitro, chloro and bromo substitution, respectively. Only two phenyl 
moieties (fragments 22 and 23) showed a very similar thioether bridge in the 
activating fra~,q-nent pool. The use of this fact is based on the assumption that similar 
molecules have similar properties, but we are not able to announce that the phenyl 
rings are incorporated in the inhibition of the enzyme in the same way in the activity 
type. However, the inconsistency in the phenyl environment could be related to the 
spatial conformation of a molecule approaching the enzyme's inhibitor site. This 
might involve several types of stabilization of the phenyl ring via hydrogen bonding 
and/or enhanced hydrophobic interaction. Halogens display hydrogen bonding acceptor 
capability as well as hydroxyl groups on the phenyl ring. Indeed, the introduction 
of a nitro group into the phenyl ring noticeably increased the aldose reductase 
inhibitory activity and favored the interaction due to, most likely, the benefit of the 
increased electron density around oxygen atoms leading to an enhanced electron- 



E. Buyukbingol, G. Klopman, Aldose reductase enzyme inhibition 203 

withdrawing property. Based on the above assumptions, at least two phenyl rings 
may he required for optimum inhibitory activity in which the first phenyl moiety 
should denote certain functions to manifest hydrogen bonding (primary hydrophobic 
area at the enzyme inhibitory site), and the second one involved substituents with 
increased electronic density around the aromatic ring (secondary hydrophobic area). 
The carbonyl or thiocarbonyl group is then placed in the middle of the two phenyl 
rings having functions that should stabilize its tetrahedral intermediate formation. 

The next point of interest is the importance of carboxyl (fragments 2, 3, 25 
and 26) and -SO 2- (fragments 9 and 11) functions located both on the heterocyclic 
and the aromatic moiety for binding to the enzyme. The carboxyl moiety showed 
evidence that it is preferably found within a side chain and may interact with 
the cationic site of the aldose reductase enzyme. This site includes arginine, lysine 
and/or histidine residues [24]. A naturally occurring binding site in the enzyme 
therefore offers itself as being cationic due to the fact that many of the inhibitors 
comprising carboxylic acids include 4-oxo-4H- 1 -quinoline-2-carboxylic acids [28], 
oxanilic acids [29], 3, 4-dihydro-4-oxothieno[2, 3-d]pyrimidine carboxylic acids [30], 

Tyrosine residue 

Primary Pro ~ ~ Leu 

hydrophobic area '~ Secondary 

Val Leu X : , - ~ ~ 7  ~ 7  ~ _ :  hydr°ph°bic a r e a N O  2 Val 

Gly 1 SO2 ~'112 [ ~ 1  1 Leu 
' O i 
' Z C[t, C l l 2 0  

X=CI,Br [t I - I II 
- CO CO '. G l y 

I I 

tl J II / 
Cationic area near ~'~1 IN+'¢ Lys 
binding cleft I / % 

Arginine Ilistidine 

Fig. 4. A schematic representation of hypothetical relation- 
ships of AR enzyme inhibitors with their activity site. 
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xanthone-2-carboxylic acids [31], 11 -oxo- 11H-pyrido[2, 1-b]quinazoline-2-carboxylic 
acids [23] and 1, 6-dihydro-6-oxo-2-phenylpyrimidine-5-carboxylic acids [32]. 
The compounds consisting of sulfonyl functionality have been found to repre- 
sent desirable activity including 7-sulfamoylxanthone-2carboxylic acids [18], 
1 - (aryl and - alkyl sulfonyl)hydantoins [20] and 5 - [5 '- substituted- 2 '- [(N- alkyl- 
amino)sulfonyl]phenyl]hydantoin derivatives [21]. It is suggested that the cationic 
area would presumably be located coplanar with the primary and the secondary 
hydrophobic plane due to the fact that fragments consisting of carboxyl moiety 
should be preferably located at the side chain to display some flexibility for interaction. 
Assuming this geometry, optimized by CASE mechanistic selectivity of the compounds 
studied, no similar coplanar geometry can be constructed in the case of the side- 
chain-carboxyl function interacting with the enzyme. Although the position of  the 
carboxyl group may be restricted by the steric hindrance of the phenyl substituents, 
the location of the cationic area, above or below the phenyl rings, in certain cases 
may distribute vigorous interactions despite the missing steric effect. A schematic 
rcpresentation of hypothetical relationships is shown in fig. 4. Therein, the carboxyl 
moiety (polar tail) is positioned in such a manner that it can interact with amino 
acid residues which are located at the cationic site near the hydrophobic binding 
cleft. The two hydrophobic heads of the molecule are such that they fit into the 
lipophilic pockets which are created by several non-polar acting amino acid 
residues [33]. Furthermore, the proton-donor region of the phenolic hydroxyl group 
would lie close to, or in, the lipophilic pocket. 
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