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Abstract. During chronic hyperglycaemia, elevated vas-
cular glucose level causes increased flux through the
polyol pathway, which induces functional and morpho-
logical changes associated with secondary diabetic com-
plications. Inhibitors of aldose reductase (ARIs) have
been widely investigated as potential therapeutic agents,
but to date only epalrestat is successfully marketed for
treatment of diabetic neuropathy, in Japan. Promising
compounds during in vitro studies or in trials with animal
models have failed to proceed beyond clinical trials and
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to everyday use, due to a lack of efficacy or adverse side
effects attributed to lack of inhibitor specificity and likely
inhibition of the related aldehyde reductase (ALR1).
Knowledge of the catalytic mechanism and structures of
the current inhibitors complexed with ALR2 are means
by which more specific and tightly bound inhibitors can
be discovered. This review will provide an overview of
the proposed catalytic mechanism and the current state of
structure-based drug design.
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Introduction

Both insulin-dependent diabetes mellitus (IDDM) and
non-insulin-dependent diabetes mellitus (NIDDM) cause
some form of chronic complications. The organs affected
include the eye, kidney and central nervous system, ex-
hibiting complications such as nephropathy, retinopathy,
neuropathy and angiopathy [1–4]. The use of insulin
treatment and strict glycaemic control has been shown to
delay or prevent the onset of these complications [5–7].
However, blood glucose levels cannot be maintained at
fully normal levels, and with the added risk of hypogly-
caemia, it is important to search for alternative treatments
for these complications.
Hyperglycaemia is regarded as the primary instigator for
the pathogenesis of diabetic complications. To explain the
relationship between hyperglycaemia and the resulting
complications, four factors have been postulated [8].
Briefly, these factors are formation of reactive oxygen
species (ROS), elevated activity of aldose reductase, acti-
vation of protein kinase C (PKC) isoforms and increased
formation of advanced glycation end products. Each of
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these mechanisms has been targeted for therapeutic inter-
vention [9–12], but this review will concentrate on ef-
forts targeting the elevated activity of aldose reductase.
Aldose reductase (ALR2; EC 1.1.1.21), which is the first
enzyme in the polyol pathway, converts glucose to sor-
bitol in the presence of NADPH as cofactor. The pathway
is completed by the second enzyme, sorbitol dehydroge-
nase, which converts sorbitol to fructose with NAD+ as
cofactor. During a hyperglycaemic event, the elevated
glucose level enhances the activity of aldose reductase by
directly increasing the glucose flux through this pathway
and indirectly by formation of ROS, which activates
ALR2 [10]. The increased activity of ALR2 results in the
decrease in the NADPH/NADP+ ratio and impacts other
NADPH-dependent enzymes, such as nitric oxide (NO)
synthase and glutathione reductase [13–15]. The reduc-
tion of NO levels decreases nerve conduction and causes
microvascular derangement. The retarded activity of the
antioxidative enzyme glutathione reductase causes oxida-
tive stress under diabetic conditions. In the peripheral
nerve, reduced activity of these enzymes could lead to
lower blood flow, tissue hypoxia and ultimately func-
tional and structural lesions. Increased sorbitol flux
through the polyol pathway compounds the problem by
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causing an increase in the NADH/NAD+ ratio, which
blocks the glycolytic pathway at the triose phosphate
level. Consequently, PKC is activated, and formation of
advanced glycation end products is increased. Advanced
glycation end products are toxic, cause pathological
changes by disrupting protein function and interfering
with cellular receptors, and have been implicated in the
etiology of diabetic complications [12].
Inhibitors against enzymes, such aldose reductase and
protein kinase C, and compounds, such as aminoguani-
dine, that prevent the formation of advanced glycation
end products are thought to be beneficial in alleviating or
averting diabetic complications. Considerable research
efforts have been expended to discover such compounds,
which have been extensively reviewed in the literature [9,
16–19], particularly inhibitors against aldose reductase.
This review will summarise the various types of ALR2 in-
hibitors (ARIs) and will examine in depth the use of drug
design for developing more potent and specific ARIs. It
is worth noting, however, that certain ARIs may not just
function as intended, as inhibitors of ALR2, but may also
function as inhibitors of phosphodiesterase, in a process
that could have a positive impact on nerve conduction ve-
locity [20]. This would be of significant interest, as in-
creased activity in the polyol pathway does not appear to
be the primary cause for diabetic neuropathy, which in
part would account for the lack of efficacy of inhibitors in
clinical trials.
Over nearly 2 decades, a number of promising ARIs have
been discovered that showed significant activity in vitro
and in animal models [9, 21, 22], but only one, epalrestat,
has made it to clinical use. All the other compounds, for
example sorbinil and ponalrestat, which have reached the
stage of human clinical trials have been withdrawn be-
cause they have poor pharmacokinetic properties, result-
ing in the lack of efficacy, or they have demonstrated ad-
verse side effects [22–25]. It is now widely believed that
inhibition of the closely related aldehyde reductase
(ALR1; EC 1.1.1.2), which also belongs to the same aldo-
keto reductase (AKR) superfamily as ALR2, may play an
important role in the development of adverse side effects
[26–27]. ALR1 is responsible for the reduction of many
aldehydes and metabolises compounds such as methyl
glyoxal and 3-deoxyglucosone, which are intermediates
in the formation of advanced glycation end products.
Many ARIs have also been shown to be inhibitors of
ALR1 [26], consequently impeding the proper function-
ing of the latter. The lack of inhibitor selectivity may be
addressed through combinatorial chemistry and high-
throughput screening. It may also be addressed by the use
of structure-based drug design, principally by designing
inhibitors that will bind specifically to ALR2 but not the
homologous ALR1.
An understanding of the catalytic mechanism is an im-
portant preamble to the development of ARIs. This would

involve determination of residues involved in enzymatic
catalysis, which in turn would elucidate the residues that
interact with inhibitor molecules within the active site.
Armed with information from these analyses, the proba-
bility of a successful inhibitor design protocol would be
greatly enhanced. The following sections will provide the
current state of understanding of the catalytic mecha-
nism, the various categories of currently available ARIs,
the site of inhibitor binding and the residues that are in-
volved, and the use of structure-based and de novo in-
hibitor design in the drug development strategy.

Identification of the residues involved in the
enzymatic mechanism

Prior to the determination of the ALR2 crystal structure,
the roles of different residues were studied by site-di-
rected mutagenesis. A 66-fold increase in the value of Km

and a change in kcat that resulted from a mutation of
Lys262 to Met led Bohren et al. [28] to conclude that the
catalytic action was affected by changes in the cofactor
binding site. In 1992, Petrash et al. [29] carried out site-
directed mutagenesis of cysteine residues to serine,
which showed a big change in the catalytic efficiency of
the C298S mutant with sorbinil but not tolrestat. Further-
more, three other solvent-accessible cysteines were found
to be not essential for catalytic activity. The authors pro-
posed the existence of two binding sites, with sorbinil
bound to a site near Cys298, while tolrestat was bound to
the other site. Recent ultra-high-resolution studies [30]
have shown that there were two possible conformations of
Cys298 with H-bonds to the nicotinamide ring of
NADP+, but only one with NADPH. The effect of a
Cys298 mutation on the catalytic efficiency is ratio-
nalised in terms of the stabilisation of the NADP+ through
the extra H-bond to the C4 (hydrogen donor).
Also in 1992, the first two ALR2 structures were pub-
lished. Wilson et al. [31] published the structure of human
placenta ALR2 (refined to 1.65 Å, PDB entry: 1ads), and
Rondeau et al. [32] the one of porcine ALR2. This was fol-
lowed in 1995 by porcine ALR1 [33]. These structures
were composed of similar a/b barrels, which are still the
most prevalent motif for enzymes, with a core of eight par-
allel b strands connected by peripheral a helices. The
NADP+ coenzyme molecule was bound to the carboxyl
terminus of the b barrel in an extended conformation. The
nicotinamide ring was centred in the active site cavity. This
highly hydrophobic active site pocket is formed by aro-
matic residues (Trp20, Tyr48, Trp79, Trp111, Phe121,
Phe122 and Trp219); apolar residues (Val47, Pro218,
Leu300 and Leu301) and polar residues (Gln49, Cys298
and His110). This cavity did not bind sugars with any high
degree of specificity since aromatic compounds were bet-
ter substrates. Wilson et al. [31] identified three possible



proton donors, which were Tyr48, His110 and Cys298.
His110 had neighbouring hydrophobic residues and was
nonprotonated; thus it could not be a proton donor. Cys298
was not conserved in the whole enzyme superfamily and
hence omitted. Tyr48 was the favoured candidate due to its
interaction with Lys77, which in turn is salt linked to
Asp43, which could help in the proton donation. 
In 1993, the structure of the ALR2-zopolrestat complex
was solved at 1.8 Å resolution [34] (PDB entry: 1mar).
Comparison with the holoenzyme structure [31] showed
conformational changes in residues 121–135 and 298–
305 to facilitate the binding of the inhibitor. When this
ARI was complexed, the solvent-accessible area of the
ALR2-ARI complex was only 6.4% of that available to
ALR2 with the unbound zopolrestat. Most of the van der
Waals contacts in the ALR2-ARI complex were between
carbon atoms that showed hydrophobic characteristics.
The residue with the most number of contacts was
Trp111. The benzothiazole ring of zopolrestat was lo-
cated between this residue and Leu300. The phthalazinyl
ring was positioned between Trp20 and Phe122. These
four residues comprised half of all the enzyme-inhibitor
contacts, which explained the preference of ALR2 for hy-
drophobic substrates. The authors concluded that Tyr48
(2.65 Å distance to the acceptor oxygen of the ARI) was
the residue in the better position for proton donation than
His110 (2.89 Å from the ARI carboxylate oxygen that
may mimic the carbonyl oxygen of a substrate). The ex-
tended configuration of NADPH, as previously reported
[28], showed that Lys262 was involved in contacts with
the phosphate groups of NADPH. However, the interac-
tion between Cys298 and the nicotinamide ring of the
coenzyme was not mentioned. Bohren et al. [35] then per-
formed site-directed mutagenesis studies by preparing
Y48F, Y48H, Y48S, H110Q, H110A and K77M mutants.
All mutants experienced a significant loss in activity, with
the His mutants affected the least. However, the His mu-
tant also showed different substrate specificity, which sug-
gested that this residue was necessary for the recognition
of polar substrates. Furthermore, mutation of this residue
resulted in a loss of stereoselectivity between D-xylose
and L-xylose or between D-xylose and D-lyxose, which
led the authors to conclude that His110 played an impor-
tant role in directing the stereochemical orientation of po-
lar substrates and was thus not the proton donor. The Y48F
mutant was found to be inactive, while the Y48H mutant
showed a several orders of magnitude loss in catalytic 
efficiency. A structure of the Y48H mutant, obtained at
1.76 Å resolution using citrate as the substrate, showed no
differences with the structure of wild-type protein. The
residual activity could be rationalised in terms of the pro-
ton donor being a water molecule that occupied the space
of the hydroxyl group of the Tyr48 residue in the wild-type
enzyme. Based on these arguments, Bohren et al. [35]
concluded that Tyr48 was the proton donor.

In 1997, crystal structures of porcine ALR2-tolrestat and
ALR2-sorbinil complexes showed both inhibitors bound
in the same active site with the approximate dimensions
of 4 Å ¥ 15 Å ¥ 15 Å [36]. The existence of a specificity
pocket that involved the residues Trp111, Phe122 and
Leu300 was established. This pocket was shown to be
closed in the ALR2-sorbinil complex but opened in the
ALR2-tolrestat complex, which allowed tolrestat to bind
within this pocket, albeit in a different conformation to
the ALR2-zopolrestat structure [34]. The W111A mutant
decreased the inhibition by 400-fold for zopolrestat but
the W111Y mutant had no effect, which suggested that
the effects of the Ala mutation were due to changes in the
van der Waals interactions of the ALR2-ARI complex
[37]. The most significant change in activity was ob-
served for the W20A mutant, even though the number of
eliminated van der Waals contacts was less than that for
the W111A mutation. The same results were found with
other inhibitors (tolrestat, ponalrestat, sorbinil and imire-
stat), which demonstrated that binding activity was not
governed by the number of contacts.
In 1998, Lee et al. [38] analysed the binding modes of
ARIs to the active site by means of computer calcula-
tions. Starting with the 1.8 Å-resolved structure of Wil-
son et al. [34] and the assumption of a double-protonated
His110, different inhibitors were manually docked into
the active site where the ionised group of the ARI could
form H-bonds with Tyr48 and His110. Minimisation of
the system was then carried out using the program
CHARMM [39]. The authors concluded that the ARIs
must have an ionised portion that interacted with Tyr48,
His110 and Trp111, along with one of two aromatic por-
tions that interacted with Trp20, Trp111 and Phe122,
whereas the second was placed between the Trp111 and
Leu300 residues of the specificity pocket. Based on the
same assumption of a double-protonated His110, with
hydrogen atoms at the Nd1 and Ne2 positions, the cat-
alytic mechanism was studied with a combination of
quantum mechanics (QM) and molecular mechanics
(MM) techniques [40] using the programs GAMESS
[41] and CHARMM. In the minimised structures,
His110 Ne2 as the proton donor was favoured not only
by a shorter distance to the substrate acceptor oxygen but
also by 8.7 kcal/mol in the energetics of transition states
to product formation, when compared with Tyr48 as the
proton donor. This difference was attributed to the un-
favourable formation of the tyrosinate anion. The au-
thors ascribed the complete loss of enzymatic activity
when Tyr48 or Lys77 were mutated to the breaking of the
crucial hydrogen bond network involving these residues
and the substrate. 
In 1998, Schlegel et al. [42] proposed a ‘push-pull’ mech-
anism applicable to all the aldo-keto reductase family
members. The similar Kd values for NADPH in all cases
of wild-type enzyme and mutants (Y55F, Y55S, K84M,
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4.0 program [47], the minimised structures were docked
into the active site, and free-energy calculations carried
out. Energetic differences for the W20Y, W111Y, W20A
and W111A mutants (1.0, 4.0, 10.5 and 14.0 kcal/mol, re-
spectively) agreed with experimental energetic differ-
ences. The changes in the carbon atom surface area, de-
termined using the IMPACT program [48], and the calcu-
lated average interaction energies, correlated well with
the IC50 (concentration of the inhibitor that produced
half-maximal effect) values of wild-type and mutant
ALR2-zopolrestat complexes. The W20 mutation af-
fected inhibitor affinity and substrate binding, while the
W111 mutation caused loss of interaction between the
benzothiazole ring of zopolrestat and the indole ring of
tryptophan, which showed the importance of the speci-
ficity pocket for inhibitor binding.
In 2000, Varnai and Warshel [49] carried out a study with
computer simulations, using the structure of the holoen-
zyme [31]. The pKa and free energy obtained for His110
(1 and 8.7 kcal/mol, respectively) showed that His110
was not protonated at the active site and was also not the
proton donor. Conversely, the values for Tyr48 (8.5 and
–2.2 kcal/mol, respectively) showed that Tyr48 was the
proton donor, as the tyrosinate anion was stabilised in the
protein environment, where Lys77 could be involved. A
3.6 kcal/mol destabilisation of the tyrosinate anion and a
5.8 kcal/mol increase in the energetic barrier of proton
transfer for the K77M mutant supported this involve-
ment. The empirical valence bond (EVB) method [50],
coupled with free energy perturbation (FEP) technique
[51], was used to obtain the energy surface of the reac-
tion. In considering a hydride transfer preceding a proton
donation, the reaction in the protein showed a 3 kcal/mol
reduction in the initial energetic barrier, but the interme-
diate was less stable by 8 kcal/mol than in water. This
finding was consistent with its role in catalysing the non-
specific reduction of a wide range of carbonyl com-
pounds.
A very high resolution structure, refined to 0.66 Å [30],
contained 54% of all H-atoms in the complex, which al-
lowed the hydrogen bond network in the active site to be
determined. At pH 5.0, where the crystals were obtained, a
singly protonated His110 at the Ne2 position made a hy-
drogen bond with the carboxylate of the ligand (IDD594).
This orientation disagreed with the push-pull model, in
which this hydrogen had to point to Tyr48 [42]. The Tyr48
hydroxy group was polarised by Lys77 as pointed out by
Wilson et al. [31]. Different carbon atoms of NADP+ hy-
drogen bonded with the two conformations of Cys298, one
of which was involved in the hydride donation step of the
enzymatic mechanism. The loss of catalytic activity found
by Petrash et al. [29] was due to the interaction between the
cysteine and the cofactor, not with the substrate.
Cachau et al. [30] published the first model of the catalytic
mechanism using high-resolution crystallographic data.
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K84R, D50N, D50E, H117A) implied that cofactor bind-
ing was not affected by different mutations. Only the
His117 mutant was active in the oxidation study, while
other mutants were inactive in both oxidation and reduc-
tion studies. Accordingly, the authors assigned dual roles
of a general acid and a general base to Tyr55, which do-
nated a proton via His117 in the oxidation direction,
while Lys84 facilitated proton removal in the reduction
direction (fig. 1).
In 1999, Varnai et al. [43] performed another QM-MM
study, using CHARMM followed by exploration of the
potential energy surface using the restrained distance
(RESD) method, coupled with a grid calculation. For
both Tyr48 and His110, the case where an initial hydride
transfer preceded the proton donation required signifi-
cantly lower energy than the case that involved a proton
donation before the hydride transfer. The lowest-energy
pathway involved a hydride transfer followed by a proton
donation from Tyr48.
Bohren et al. [44] reported stopped-flow kinetic data,
which showed that the negatively charged sorbinil was
bound to the ALR2-NADP+ but not the ALR2-NADPH
complexes. This result disagreed with those obtained
from previous fluorescence studies [45].
Singh et al. [46] studied the role of Trp20 and Trp111 by
constructing mutants (W20A, W20Y, W111A and
W111Y) based on a refined structure of the ALR2-zopol-
restat complex of Wilson et al. [34]. Using the AMBER

Figure 1. ‘Push-pull’ mechanism proposed by Schlegel et al. [42].
Enzymatic activity in both directions is summarised.



ing compounds, sorbinil, has been thoroughly analysed
by structural analysis of the ternary structure with ALR2
and NADPH, and several clinical studies. Other examples
of this group include fidarestat (SNK 860) and its
stereoisomers. Minalrestat (WAY-509) and AS-3201 are
examples of spirosuccinimide-based compounds. There
are numerous compounds that incorporate the acetic acid
moiety, and they include tolrestat, ponalrestat (statil) and
zopolrestat. It is noted that the cyclic imide or acetic acid
moieties bind to an essentially hydrophilic area of the ac-
tive site of ALR2, which contains the Tyr48, His110 and
Trp111 residues. 
Another common feature among the various inhibitors is
the presence of one or more aromatic groups, which may
include a phthalazinyl group (ponalrestat and zopolrestat),
a naphthyl group (tolrestat), a benzothiazole group (zopol-
restat), a 2-thioxo-1,3-thiazolan-4-one group (epalrestat)
and a halogenated benzyl group (ponalrestat). These aro-
matic groups bind in the hydrophobic pocket of ALR2,
bordered by the Trp111, Phe122 and Leu300 residues, ei-
ther through hydrogen bonding or hydrophobic contact.
This would constitute a second important pharmacophoric
requirement for inhibitor binding to ALR2. 
Inhibitors containing the cyclic imide or carboxylic
groups exhibit similar in vitro but different in vivo activ-
ities [7, 55, 56]. The carboxylic acid-containing inhibitors
have lower in vivo activity, which has been attributed to
relatively lower pKa values, thus causing ionisation at
physiological pH and an inability to traverse cell mem-
branes. Conversely, cyclic imides have higher pKa and are
only partially ionised at physiological pH, thus able to
pass through cell membranes and have better pharmaco-
kinetic properties. Sorbinil possessed all these artributes,
but its development as a therapeutic agent was halted due
to a hypersensitive reaction [57].
The flavonoids (2-phenyl-4H-1-benzopyran-4-one) are
also good inhibitors of ALR2 [58, 59] but do not contain
either the carboxylic acid or cyclic imide moieties. This
class of inhibitors, both naturally occurring and synthetic,
has higher pKa values than the carboxylic acids [60] and
also has antioxidant properties [61], which prevents 4-hy-
droxy-2,3-trans-nonenal (HNE)-induced cataract forma-
tion, since HNE is produced in larger amount from lipid
peroxidation during hyperglycaemia. A series of 1-ben-
zopyran-4-one, based on quercetin, were synthesised by
Costantino et al. [60] with compound 1, 7-acetyl-2-(4¢-hy-
droxybenzyl)-4H-1-benzopyran-4-one, having an IC50

value of 1.3 mM and a 99-fold selectivity over ALR1. A se-
ries of 35 flavonoid derivatives, primarily with the chal-
cone template, were synthesised by Lim et al. [62] and
evaluated for inhibitory activity against rat lens ALR2, for
antioxidant effects and also for accumulation of sorbitol in
various tissues. The authors concluded that 3,4,2¢,4¢-
tetrahydroxychacone has the best potential for treatment
of diabetic complications.
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The salient point, a singly protonated His110 at the Ne2
position, which was directed towards the carboxylate
group of the ARI, was consistent with experimental find-
ings. A new reaction path was obtained, in which the pro-
ton source was the Tyr48 residue but the His110 acted as
a proton shuttle (fig. 2). After the donation from Tyr48, the
His110+ intermediate formed then released the proton to
the substrate along with a hydride transfer from NADPH.
The flexibility of His110 was necessary for this mecha-
nism and agreed with the greatest experimental RMSD
value of 1.2 Å, compared with the RMSD value of 0.45 Å
for Tyr48. A water bridge and correlation of movements
between His110 and Lys77 oriented the lysine that polar-
ized Tyr48, which explained the loss of the catalytic activ-
ity in Lys77 mutants. The importance of Asp43 was evi-
dent as a salt bridge replaced the initial interaction of
Lys77 with NADP+ after the reaction. The resulting de-
protonated Lys77 was unstable; the reprotonation could
then be possible through the water channel that ended at
Asp43. This recharging process could be involved in the
ejection of the NADP+ from the reactive centre.
Recently, a new step in the understanding of ALR2 enzy-
matic activity was achieved with crystals of IDD552 that
were obtained from pH 8 at IGBMC [A. Podjarny, per-
sonal communication]. They showed a new conformation
in which Tyr48 (with its oxygen located at 2.56 Å from
the carboxyl oxygen of the inhibitor) was in a better posi-
tion for proton donation.

Classes of ARIs

A list of the most commonly available inhibitors is shown
in figure 3. Generally, these inhibitors contain either a
cyclic imide group, such as a spirohydantoin group [52]
or a spirosuccinimide group [53], or an acetic acid moi-
ety [54]. The best known of the spirohydantoin-contain-

Figure 2. Proposed enzymatic mechanism by Cachau et al. [30].
The observed position of His110 is indicated by the arrow.
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Rakowitz et al. [63] synthesised diphenylmethyleneami-
nooxycarboxylic acids as novel ARIs and then prepared
ester derivatives of the most active analogue (IC50 = 
33 mM) for evaluation as prodrugs; various esters tested
showed different propensity for stability or ease of cleav-
age and hydrolysis.
A newer class of ALR2 inhibitors is the phenylsulfonyl-
nitromethanes [64], which exhibited potent activity
against ALR2 and some of which also showed irre-
versible inhibition. Compound 2 had an IC50 value 
of 0.13 mM and almost total irreversibility at 100 mM
[64].

Significant interest has also been shown in the 2,4-thia-
zolidinedione derivatives, since these can be regarded as
hydantoin bioisosters and have shown inhibitory activity
against ALR2 and as antihyperglycaemic agents [56,
65–67].
Newer types of inhibitors, which included compounds
with aurone, chalcone and biphenyl backbones, including
those that have been patented, were discussed in a recent
review by Miyamoto [68].

Figure 3. Structures of various types of ARIs.



Inhibitor design based on active site residues

The departure of the NADP+ from the enzyme is believed
to be the rate-determining step, and this is when current
ALR2 inhibitors inhibit enzyme action. Recent crystallo-
graphic and modelling studies with both ALR1 and
ALR2 have shown that inhibitors specific to ALR2 inter-
act with the C-terminal residues by binding to the same
subsite, termed the ‘specificity’ pocket [34, 36–38, 52,
69–71]. The hydrogen-bonding interactions between the
inhibitor and active site residues (Tyr50, His113, Trp114
in ALR1 and Tyr48, His110, Trp111 in ALR2) are con-
served, and the inhibitor is similarly oriented in the active
sites of these enzymes. However, the binding of the in-
hibitor to ALR1 induces a conformational change in the
side chain of the nonconserved C-terminal loop residue
Arg312, creating a space for the inhibitor molecule to
bind to the active site. Studies have suggested that differ-
ences in enzyme-inhibitor interactions at this C-terminal
loop between these enzymes have a significant effect on
inhibitor potency [72, 73].
When an inhibitor binding-induced conformational
change occurs, significant differences in inhibitor po-
tency are observed between ALR1 and ALR2. This was
exemplified in cases with tolrestat and zopolrestat, where
inhibition of ALR2 over ALR1 was increased by 72-fold
and 450-fold, respectively [36]. El-Kabbani et al. [73] re-
ported that tolrestat and zopolrestat were more potent in-
hibitors of the R312A mutant than the wild-type porcine
ALR1 by 130- and 24-fold, respectively. Barski et al. [72]
reported that tolrestat and zopolrestat were more potent
inhibitors of the R311A mutant than the wild-type human
ALR1 by 29- and 5-fold, respectively. Arg312 in the C-
terminal loop is an important residue contributing to the
less potent inhibition of ALR1 by ARIs than ALR2. The
binding of tolrestat involves movement apart of the side
chains of Leu300 and Phe122 in the hydrophobic pocket,
whereas the binding of zopolrestat involves movement of
the loops 121–135 away from Trp111. No conforma-
tional changes occurred with the binding of sorbinil,
which showed only a 2.7-fold greater inhibition for
ALR2. It was shown here that the inhibitors that bind to
this hydrophobic pocket were better ARIs. Such knowl-
edge has been utilised in the design of potent and specific
inhibitors of ALR2.

Overview of structure-based and de novo design 
of ARIs

The basis of structure-based drug design is utilisation 
of the three-dimensional (3D) structure of ALR2 and its
interaction with small molecules to discover potential in-
hibitors. The two main strategies involves either the use
of a 3D search of the existing databases or a strictly 

de novo process whereby the inhibitor is constructed
from atoms and fragments. In the former, the docking 
of each suitable candidate into the active site of the en-
zyme follows the 3D search. Programs that may be used
for this task include DOCK [74], AutoDock [75], ADAM
& EVE [76] and EUDOC [77]. During the procedure,
nonbinding ligands and those with bad contacts are elim-
inated, while the ligands with good interactions are ma-
noeuvred into optimal position for binding. Several crys-
tal structure coordinates of the ALR2 holoenzyme and
ternary complexes are readily available from the Pro-
tein Database (PDB) [78]. One of the more popular
search models was the 1.8 Å-resolved structure of Wil-
son et al. [34], with the PDB code of 1mar. Other struc-
tures that were used included the 1.76 Å-resolved struc-
ture of Harrison et al. [79], with the PDB code of 2acq,
and the human ALR2-IDD384 inhibitor complex of
Calderone et al. [80], solved at 1.7 Å with the PDB code
of 1el3. A more recent structure is that of the human
ALR2-zenarestat inhibitor complex, which was solved at
2.5 Å resolution by Kinoshita et al. [81] and has a PDB
code of 1iei.
The subsequent search and design processes will un-
doubtedly be highly influenced by the choice of the ALR2
structure. The initial 3D search and subsequent docking
of ligands are then carried out using structures of ligands
available from databases, such as the Available Chemicals
Directory (ACD3D) [82], the National Cancer Institute
(NCI-3-D) database [83] and the Cambridge Structure
database [84]. The second strategy starts with a dictio-
nary of common chemical fragments and a program that
constructs a ligand within the active site of the enzyme
through the maximisation of the ligand-enzyme interac-
tions. Programs that may be used for this task include
LUDI [85], LigBuilder [86] and LEGEND [87]. The op-
timal binding mode of each ligand can be independently
obtained by either of these two methods.
The series of ligands that are docked or constructed into
the active site of ALR2 can then be subjected to a pre-
liminary ranking with the programs AutoDock and
SCORE [88]. This process will select the ligands with
the most favourable interactions as templates either for
restarting the iterative process of ligand building,
through producing a new database or new fragments, or
for more advanced molecular modelling techniques.
These techniques, which include FEP, Delphi reaction
field (DRF), molecular mechanics interactions (MMI)
and linear interaction energies (LIE), will provide a
clearer, more detailed picture of ligand-enzyme interac-
tion. On the basis of these studies, ligands may be syn-
thesised and biological activities evaluated. The struc-
ture-based de novo design processes are summarised in
the following flowchart (fig. 4). In the subsequent sec-
tions, a more detailed look at specific examples of this
process will be presented.
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Crystallographic and modelling studies of
ALR2-inhibitor complexes

Utilising a potent and currently available inhibitor, the
enzyme-inhibitor complex may first be crystallised, the
structural data collected by X-ray diffraction analysis and
the structure solved by molecular replacement using the
refined structure of the native enzyme. The advantage of
this method is that favourable steric and electrostatic in-
teractions imbued by a potent inhibitor can then be read-
ily examined and optimised. The disadvantage of this ap-
proach is that only a limited number of models can be in-
vestigated at any one time.
The knowledge acquired from an investigation of these
modelled enzyme-inhibitor complexes can then be
utilised to design more potent and specific inhibitors of
the enzyme. Using a 2.1 Å-resolved crystal structure of
human aldose reductase holoenzyme in complex with the
acetic acid-based inhibitor statil (fig. 5), El-Kabbani et al.
[89] designed potential inhibitors of human aldose reduc-
tase with enhanced binding energies. The program GRID
[90] was utilised to evaluate various probes that could be
attached to the statil backbone in regions of favoured in-
teractions with specific residues on the enzyme. The
maximum interactions were found in the vicinity of the
fluorine atom in statil. Because of these interactions with
nonconserved residues from the C-terminus, improved
specificity for ALR2 was anticipated.

The fluorine atom was replaced with selected probes to
give compounds that were docked into the active site of
ALR2. Energy minimisation and molecular dynamics cal-
culations were then performed on these compounds, re-
sulting in both enhanced and retarded binding energies of
these complexes in relation to statil. Replacement of the
fluorine atom with a carboxylic acid group was shown to
be the most favourable, with a 33% enhancement in the
binding energy of the complex. The interaction of this ad-
ditional carboxylic group with the enzyme residue Leu300 
is also illustrated (fig. 6). Similar investigations of ALR2
with the compounds SNK860 (fidarestat) and WAY509
(minalrestat) as the search models have also been com-
pleted [O. El-Kabbani et al., unpublished observations].

3D database screening and molecular docking

This method utilises the many thousands of structures of
compounds and ligands available from online databases.
These ligands are then docked into the active site of the
enzyme. There are various crystal coordinates of ALR2
complexes available to be accessed from the PDB. Kuntz
[74] demonstrated the success of this 3D-search approach
using the DOCK program, as have others [38, 91, 92].
Iwata et al. [93] used the ADAM & EVE program [76] to
search the ACD3D database [82] using an ALR2 ternary
structure that included the cofactor NADPH as well as
glucose-6-phosphate. They also carried out a preliminary
screen of the enzyme at the catalytic and glucose-6-phos-
phate binding sites to evaluate the electrostatic and van
der Waals interactions as well as hydrogen bond energies
using an in-house program, CALGRID. Using the grid
data from this preliminary search, the authors searched
the approximately 120,000 structures in the ACD3D data-
base and also simultaneously performed a conforma-
tional search during docking of the ligands. They posi-
tioned the ligands over two to three hydrogen bond sites
in the ligand binding pocket and then used the ADAM &
EVE program to optimise the ligand conformation. Inter-
actions with Ne2 of His110, Oh of Tyr48, Ne1 of Trp111,
Sg of Cys298 and the N atom of NADP+ were used as cri-
teria for selection. The authors performed further selec-
tion, based on total interaction energies and visual exam-
ination by computer graphics, to yield a total of 179 com-
pounds. They acquired 36 of these compounds of which
10 were found to be active. The most potent compound,
with an IC50 value of 4.3 mM, was used for lead optimisa-
tion using the ADAM & EVE program. Analogues of this
compound were synthesised by the authors, with most
showing increased potency in inhibition of ALR2. They
also showed a loss of inhibitory activity with a t-butyl
protected carboxylate group. The structure and IC50 val-
ues of the lead compound 3 and the 3 most potent ana-
logues are shown in figure 3. 

Figure 4. Flowchart of structure-based de novo design of ARIs.
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The authors also claimed a newly inferred hydrophobic
subsite, based on the complex structure models of the
most potent compounds, which could be useful in the de-
sign of more specific ARIs.
Rastelli et al. [94] favoured a complex of ALR2 with an
inhibitor bearing both a carboxylic acid and benzothia-
zole moieties as the enzyme of choice, because of an
open additional hydrophobic pocket. They used the pro-
gram DOCK [74] to dock 127,000 structures of organic
compounds from the NCI-3-D database [83] into the en-
zyme search model. Different families of inhibitors were
proposed from this exercise, and these include car-
boxylic acid, sulfonic acid, nitro, sulfonamide and car-
bonyl derivatives. Five of 25 representative compounds
from the different inhibitor classes were determined to
have IC50 values in the 0.6–42 mM range. Some selec-

tivity of ALR2 over ALR1 was also obtained for these
compounds. The authors selected the nitro derivative as
the lead compound for optimisation, in spite of it having
the highest IC50 value at 42 mM. They reasoned that this
compound has a simple structure and does not undergo
ionisation at physiological pH, which is the case for the
phenylsulfonyl nitromethanes, sulfonic acid and car-
boxylic acid derivatives. The authors synthesised six de-
rivatives of this compound, based on the binding modes
proposed by DOCK. The most potent of the derivatives,
which also has a 10-fold selectivity for ALR2 with re-
spect to ALR1, is shown in figure 3 along with the lead
compound 4.

Figure 5. Stereoview of ALR2 with the bound inhibitor statil [89]; only the active site residues are shown.

Figure 6. Stereoview of ALR2 with bound carboxylate analogue of statil [89]; only the active site residues are shown.



De novo inhibitor design

Iwata et al. [95] had also undertaken an investigation
whereby they utilised the same crystal coordinates as
above [93] to undertake an atom-by-atom construction of
3D molecular structures using the LEGEND program
[87]. They used the Ne2 of His110 and the Oh of Tyr48 as
the building points of structures sited at the bottom of the
binding pocket. 200 chemical structures were designed to
bind into this ligand-binding site. Geometry optimisation
was then carried out and the interaction energies for these
compounds were calculated. A combination of familiar
compounds and novel ones was generated, although most
of the latter encompasses the usual aromatic and car-
boxylate moieties. All four compounds 5–8 that were se-
lected for synthesis (fig. 3) gave reasonable IC50 values in
the range 17–91 mM.
Although the ratio of 4 compounds synthesised is small,
compared with the 200 initially designed, the authors
emphasised that the reasonable IC50 values coupled with
the structural novelty of all 4 compounds represent a first
successful generation of nonpeptide lead compounds us-
ing a rational de novo design approach.

More advanced molecular modelling techniques

One of the techniques listed under this category is an FEP
study. Rastelli et al. [96] carried out such a study on a
class of inhibitors, 7-hydroxy-2-substituted-4H-1-benzo-
pyran-4-one, which they had previously reported to be
potent and selective inhibitors of ALR2 [54]. The relative
binding energies of three analogues of 7-hydroxy-2-ben-
zyl-4H-1-benzopyran-4-one were predicted by FEP sim-
ulations. 7-hydroxy-2-(4¢-hydroxybenzyl)-4H-1-benzopy-
ran-4-one was then selected to be the lead compound for
investigation into the role of hydrogen bonding at the ac-
tive site of ALR2. The authors converted the 4¢-hydroxy
to a methyl and a trifluoromethyl, and additionally intro-
duced a hydroxy at position 8. They found that the com-
pounds displayed Ki values that were in good agreement
with the calculated relative free energies of binding and
provide a rationale to the differences in binding affinities.
They emphasised the relative importance of hydrogen
bonding with Thr113 and with Trp111 and cofactor.
Rastelli et al. [97] also undertook an earlier study on a 
series of methoxylated analogues of the 5,6-dihy-
drobenzo(h)cinnolin-3(2H)one-2-acetic acid to develop
an explanation for differences in inhibitory activities.

Site-directed mutagenesis and other structural studies

Hohman et al. [37] had previously investigated the in-
hibitor-binding site with site-directed mutagenesis. The

replacement of Trp20, Trp79, Trp111 and Phe115 resi-
dues with either alanine or tyrosine decreased the poten-
tial of van der Waals interactions. They found that the in-
hibitors bind through hydrophobic interactions at the 
active site of the enzyme. Srivastava et al. [98] had mod-
ified aldose reductase by S-nitrosothiols, notably the ac-
tive site residue Cys298. They found an enzyme with en-
hanced catalytic rate and Km and a desensitisation to-
wards inhibition by sorbinil. Newly designed inhibitors
that bind to these residues or to residues that may be sim-
ilarly modified can then be studied as a means to con-
firm specific interactions proposed in inhibitor design
and optimisation processes.
Structure activity relationships can also be used to study
the interactions of inhibitors and active site residues.
This can be accomplished by modifying specific areas
on the inhibitors that have been shown by molecular
modelling studies to have interactions with the enzyme
active site residues. Costantino et al. [99] synthesised
several derivatives of 7-hydroxy-2-(4¢-hydroxybenzyl)-
4H-1-benzopyran-4-one modified at position 2 and
tested them with bovine and human ALR2. They found
that substitution of the methylene bridge with an isos-
teric sulfur group gives an active derivative, while sub-
stitution with a polar NH group reduces inhibitory activ-
ity. The finding is in accordance with the methylene
linker being adjacent to the hydrophobic Leu300 resi-
due. Further replacement at the 4 position favours deriv-
atives with polar substituents in this position, presum-
ably acting as hydrogen bond donors to the Thr113 resi-
due of the enzyme.
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