Molecular Vision 1998; 4:19<http://www.molvis.org/molvis/v4/p19> © Molecular Vision
Received 14 July 1997 | Accepted 21 September 1998 | Published 29 September 1998

Structural Features of the Aldose Reductase and Aldehyde
Reductase Inhibitor-Binding Sites

Ossama El-Kabbanil David K. Wilson,2 J. Mark Petrash,3 Florante A. Quiocho?

1pepartment of Medicinal Chemistry, Victorian College of Pharmacy, Monash University, Parkville, Vic 3052, Australia;
2Howard Hughes Medical Institute and Department of Biochemistry, Baylor College of Medicine, Houston, TSD&SA;
partment of Ophthalmology and Visual Sciences, Washington University School of Medicine, St. Louis, MO, USA

The three-dimensional structures of aldose reductase and aldehyde reductase, members of the aldo-keto reductase
superfamily, are composed of simitai} TIM-barrels. However, examination of the structures reveals that the inhibitor-
binding site of aldose reductase differs from that of aldehyde reductase due to the participation of non-conserved residues
in its formation. This information will be useful in the design of inhibitors to prevent or delay diabetic retinopathy. A
review of the structures of the inhibitor-binding sites is presented.

The aldo-keto reductases (AKR) comprise a superfamilappear to be derived from accelerated flux of glucose through
of My ~36,000 proteins that catalyze the reduction of a widé¢he sorbitol pathway, ALR2 inhibition represents an attractive
variety of substrates including aliphatic and polycyclicstrategy for prevention of diabetic complications. The
aldehydes, aldoses, lipid-derived aldehydes, and xenobiotidseneficial effect of aldose reductase inhibitors (ARIs) in
Some AKRs have been shown to catalyze key steps in diverpeeventing or substantially delaying the onset of diabetic
metabolic pathways such as prostaglandin [1] and steroid [2,8pmplications in experimental models provides strong support
synthesis. However, in most cases the beneficial roles fulfilletb this hypothesis. Moreover, transgenic animal studies have
by individual AKRs are not known. Most AKRs demonstrateshown that over-expression of ALR2 confers an increased
overlapping specificity for various structural classes ofsusceptibility to diabetic cataract [7] and morphological
substrates, a situation that has led to much confusion in tleanges in the retinal vasculature similar to those observed in
literature. The recently proposed nomenclature system for tHeiman diabetic retinopathy [8]. Examples of ARIs are shown
AKR superfamily, which is based on systematic comparisons Figure 2.
of primary sequences, may help to clarify the relationships
among members of this expanding group of proteins [4]. An
AKR Superfamily web site has been set up as a resource &ructural features of the AKR active site
investigators interested in receiving and adding sequence data X- ray crystallography and site directed mutagenesis
to the AKR database. studies have provided important insight into the structures and

Aldose reductase (ALR?2) is one of the most thoroughlyfatalytic mechanisms of several AKRs. Crystallographic
studied of the aldo-keto reductases due to its putativanalyses of ALR2 (PDB entry 1mar) [9,10], aldehyde reductase
involvement in the pathogenesis of diabetic eye disease [FALR1, PDB entry lae4) [11-14], a fibroblast growth factor
ALR?2 catalyzes the NADPH-dependent reduction of glucoséduced protein (FR-1, PDB entry 1frb) [15], and-3
to sorbitol, the first step of the sorbitol pathway (Figure 1)hydroxysteroid dehydrogenase(BiSD, PDB entry 1ral) [16]
The pathway is completed by sorbitol dehydrogenase, whidpave shown that the three-dimensional structures are composed
catalyzes the NAD-dependent oxidation of sorbitol to of similar a/ TIM-barrels. The three-dimensional structure
fructose. A large body of evidence, derived principally fromOf ALR2 is shown in Figure 3. ALR2 folds into arB-barrel
experimental animal studies, supports the hypothesis th¥fith @ core of eight paralig-strands. Adjacent strands are
enhanced metabolism of glucose through the polyol pathwa§Pnnected by eight parallel-helical segments running
results in biochemical imbalances associated with diabetintiparallel to th8-sheet. The active site is located at the C-
complications. Chronic hyperglycemia leads to many changd§'minal end of th@-barrel. The symmetry of the TIM-barrel
in target tissues of diabetes including accumulation of excedg disrupted by the presence of two short antipardittands
polyol, alteration in the relative abundance of oxidized andt the N-terminus connected by a tight turn closing the bottom
reduced nicotinamide coenzymes, changes in the levels 8f the barrel, three large exposed loops partially covering the
glycolytic intermediates and loss of myoinositol andtop of the barrel, and twa-helices. Based on the crystal
glutathione [6]. Since many of these biochemical alterationgtructures, the proposed catalytic mechanism of the AKRs
consists of a stereospecific transfer of ther@-R hydrogen
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is within van der Waals contacts (<4.0 angstroms) with the Cand we have shown that the coenzyme-binding site is the same
4 of the nicotinamide. The hydrogen-bond interaction betweefor ALR1, ALR2, and FR-1 (Figure 5). The coenzyme is bound
the hydroxyl group of Tyr 50 and the ammonium side-chainn an extended conformation with the nicotinamide moiety
of Lys 80, which in turn forms a salt bridge with Asp 45,forming part of the base of the active site cavity. The
facilitates the proton transfer. However, a histidine residue hgg/rophosphate bridge of NADPH is tied down by loop B
also been implicated in the catalytic mechanism [17]. In ALRZresidues 214-230) which holds NADPH tightly in place. While
and 2i-HSD, site-directed mutagenesis studies have concludedADPH binds to ALR1, ALR2, and FR-1, ALR2 and FR-1
that Tyr 50 is the proton donor and that His 113 is involved imave a higher affinity for NADPH compared to ALR1
substrate recognition [18-20]. The reaction catalyzed by ALRI15,22,27] (kg of 0.16uM, 0.45uM and 1.6uM, respectively).

and ALR2 proceeds through an ordered sequential kinetithe ring of the nicotinamide is oriented so that th@etR
mechanism with NADPH binding first and NADFbeing  hydrogen is directed toward the opening of the active site
released last [21,22]. The Asp 45-Lys 80-Tyr 50 systenpocket. This orientation is maintained by several interactions:
maintains an overall neutral charge on the enzyme’s active stacking of the A face of the nicotinamide ring against Tyr
site between pH 6-8, allowing a proton to be transferred to th210 located at the bottom of the active site pocket and the
carbonyl oxygen of the substrate and a negative charge hydrogen bonding of the amide group of the nicotinamide
develop on the tyrosyl hydroxide. group with GIn 184, Asn 163, and Ser 162. The interactions

Despite an overall similarity in the AKRs structures andthat favor the binding of NADPH over NADH are also

mechanisms, differences in the structure and function of actigonserved; Lys 263 and_ Arg 2_69 are salt linked to the 2'-
site residues in the enzymes have been demonstrated by ggosphate of the adenosine moiety of NADPH.

ray crystallography [12,14], molecular modeling [13], and site-  The ternary structures of ALR1 [14], ALR2 [10], and FR-
directed mutagenesis [14,23]. The structure of the active site[15] in complex with coenzyme and inhibitor have recently
of ALR1 differs significantly from that of ALR2, FR-1, and been determined. The active sites of ALR2 and FR-1 are
3a-HSD due to the participation of an eight-residue insertioroccupied in a very similar manner by the inhibitor zopolrestat
segment from the C-terminal loop (Asp 306, Gly 307, Lyq15]. Here, we compare the structure of the inhibitor-binding
308, Arg 309, Val 310, Pro 311, Arg 312, and Asp 313) liningsite of ALR1 with that of ALR2 and indicate reasons for the
the active site pocket (Figure 4) [13,14]. Moreover, a recerdifferences in the potency of inhibition by ARIs.

study using site-directed mutagenesis has identified the non-

conserved Arg 312 as the residue responsible for the carboxyl-
containing substrate preference of ALR1 [23]. A number of

recent enzyme structure-function studies have been attempted ?He
to define the interactions between ALR1 and ALR2 and the s N~ COM
various classes of ARIs with the intention of facilitating ’ »\
structure-based drug design and improving inhibitor potency INH
and specificity [24-26]. X-ray crystallographic studies have
shown that the inhibitors tolrestat and zopolrestat bind in the _z o
active sites of ALR1 [14] and ALR2 [10], respectively. CHzO

Mutation of the human ALR2 active site residues, Tyr 50 to CF, o

Phe (or His) and Trp 22 to Ala, greatly influences the inhibitory
activity of ARIs [18]. In ALR1, mutation of residues involved
in lining the active site pocket (the conserved His 113 to GIn CO,H
or the non-conserved Arg 312 to Ala) alters the potency of
inhibition of the enzyme with ARIs, suggesting that enzyme
inhibition is a consequence of the interactions between the
inhibitor and the active site of the enzyme [14,23,26].

TOLRESTAT SORBINIL

=

In previous studies, we have compared the NADPH-
binding site of ALR2 with that of ALR1 [12] and FR-1 [15],
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Figure 1. The polyol pathway. Aldose reductase, the first and rafeigure 2. Schematic diagram of ARI structures. Spirohydanteins (
limiting enzyme of the polyol pathway, catalyzes the NADPH-de-g. sorbinil) and carboxylic acide(g.tolrestat and zopolrestat) rep-
pendent reduction of glucose to sorbitol. The pathway is complete@sent two major classes of aldose reductase inhibitors. Our recent
by the second enzyme of the polyol pathway, sorbitol dehydrogecrystallographic studies have revealed that tolrestat and zopolrestat
nase, which converts sorbitol to fructose. bind ALR1 and ALR2, respectively, at the active site.
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Differences in ALR1 and ALR?2 structures direction of the reaction [29]. However, we have recently

. . demonstrated using X-ray crystallography that two carboxylic
. The high degree of h_omology that exists between th%\Cid inhibitors, tolrestat and zopolrestat, bind at the active sites
primary structures of porcine ALR1 and human ALR2 (51%of ALR1 [14] and ALR2 [10], respectively. Zopolrestat and
sequence identity [11]) is also reflected in their tertiaryt Irestat display 1€g values ’of 27uM and.O 72uM with
structures. The main-chain atoms (excluding the loop regionﬁuman ALR1 (porcir?e and human ALR1 exhiBit 93% sequence
from the p_orcine ALR1 molecule super_impose on theldentity [11]). and 0.06M and 0.01uM with human ALR2

corresponding atoms from human ALR2 with rOOt'mean.'respectively [26]. The fitted inhibitors occupy almost the entire

square deviation of 0.87 angstrom (Figure 4). The maln'Chalzgl]ctive site pockets of the enzymes (Figure 6). Four of the nine

atoms that deviate the most (>1.0 angstrom) belong to residugsdrogen bonds present between ALR2 and zopolrestat are

resent on the surface of the molecules, while the main-chai . ) .
P . conserved in the ALR1-tolrestat structure. The side-chains of
atoms of the cor@-sheet deviate the least among the two . o :

. o . Tyr 50, His 113, and Trp 114 are within hydrogen bonding
structures. The active site is located at the C-terminal end g

o : . 8|stance of the carboxylate group of tolrestat. In the ALR2-
the B-barrel and exists in a region with the least conserve ) .
zopolrestat structure the N2 of the phthalazinone ring and the

residues [L1]. A major difference is the participation of thstls of the benzothiazole ring of the inhibitor are hydrogen

eight-residue insertion segment from the C-terminal loop
ALR1 (residues 306-313) in lining the active site pocket. onded to the SH group of Cys 299 and the backbone NH

Despite an overall homology in sequence and structure oup of Leu 301, respgctively. The residues corresponding to
ALR1 and ALR2, antiserum to ALR1 does not cross reac ys 299 and Leu 301 in ALR, lle 299 and Pro 301, can not

with ALR2 [28]. The differences in sequence and structure of'ma hydrogen bonq with the inhibitor. The trifluoromethyl
the C-terminal loop in ALR1 and ALR2 may account for theJrouP of zopolrestat is hydrogen bonded to the OH group of

lack of immunological cross reactivity between the tonhr 116 of .ALRZ' In ALR1, however, yr 11.6’ _the residue
enzymes. corre;pon_dmg to Thr 116 of ALRZ2, is not within hydrogen
bonding distance with the trifluoromethyl group of tolrestat.
In the FR-1 ternary complex structure the thiol group of Cys
Differences in ALR1 and ALR2 inhibitor-binding sites 299 and the amide main-chain nitrogen of Leu 301, which
donate hydrogen bonds to zopolrestat bound in ALR2, have
een replaced by water molecules [15]. In addition, similar to
ALR1, none of the fluorine atoms of inhibitor accepts a
hydrogen bond in the FR-1 ternary complex structure [15].

Inhibition and binding studies have suggested that ARI
are uncompetitive or non-competitive inhibitors in the forwar

Figure 3. TIM-barrel structure of ALR2. A representative frame of a

movie shows the backbone folding of ALR2. The ribbons in ma+Figure 4. Backbone foldings of ALR1 and ALR2. Superposition of
genta show eight-helices surrounding a core of eihstrands (in ~ porcine ALR1-tolrestat (back bone in yellow, coenzyme in pink, in-
yellow) all in parallel orientation. The arrows on fhstrands point  hibitor in red) and human ALR2-zopolrestat (back bone in green,
from N- to C-terminus. The active site is located on the C-terminatoenzyme in black, inhibitor in blue) structures. The eight residue
side of the3-strands and is associated with three loops (in white anéhsertion segment in the C-terminal loop of ALR1 (residues 306-313)
blue). The quicktime movie can be viewetitp://www.molvis.org/  is shown in cyan. Ribbon drawings were prepared using MOLSCRIPT
molvis/v4/p19 [37].
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A major difference that exists between the structures ahe two heterocyclic rings. The A face of the benzothiazole
the inhibitor-binding site of ALR1 and ALR2 is the ring stacks against Trp 114 while the side-chain of Leu 301
participation of the non-conserved Arg 312 and Asp 313 oépposes the B face. The phthalazinone ring is sandwiched by
ALR1 in lining the inhibitor-binding site [14] (Figure 6). Upon Trp 22 and Phe 125 (Figure 6). In the ALR1-tolrestat structure,
binding of tolrestat to ALR1, the side-chain of Arg 312 moveghe naphthalene ring is sandwiched by Phe 125, Trp 82, Pro
to accommodate the inhibitor in the active site pocket and 801 and Trp 220. Thé-methylthioamide group stacks against
positioned within van der Waals contacts with theTrp 22 and apposes Trp 114. Upon zopolrestat binding to
trifluoromethyl group of the inhibitor [14]. Mutation of Arg ALR2, the side-chain of Leu 301 is displaced and together
312 to Ala reduces the value of the binding constant for bottith the side-chain of Phe 125 forms a hydrophobic bridge
tolrestat and zopolrestat in the forward direction, thus enablintiat is involved in sequestering the inhibitor. In ALR1, the
the inhibitor to bind more tightly [14]. Tolrestat and zopolrestatresidue corresponding to Leu 301 is Pro 301 and the
are 130 and 24 fold, respectively, more potent inhibitors ofiydrophobic bridge between the side-chains of Leu 301 and
R312Athan the wild type ALR1 [14]. This would be expectedPhe 125 of the ALR2-zopolrestat complex is missing in the
given that Arg 312 is not present in the active site of ALR2ALR1-tolrestat structure. As observed in the ALR2-zopolrestat
and mutation of this residue to Ala in ALR1 makes the ALR1structure, the interaction between zopolrestat and the active
active site more similar to that of ALR2 in this respect. site of FR-1 is dominated by apolar residues [15]. Acomparison

Superpositioning of the ternary complex structures Opetween the actl\(e sites of ALR2 and FR-1 shows that the
ALR1 and ALR?2 shows that tHé-methylthioamide group of conformatu_)nal differences t_)etween thg two enzymes are
tolrestat is positioned approximately in the plane of théargely conflned to the C-terminal IOOP Wh'c_h has been shown
phthalazinone ring of zopolrestat while the plane of thd© be flexible [10]. However, the orientation of the bound

naphthalene ring intersects with the benzothiazole ring (Figu@opolrestat in the active site of FR-1 s similar to that of ALR2

6). The carboxylate oxygen of the inhibitors mimic the carbonyl'de many of the interactions between enzyme and inhibitor
oxygen of the substrate and are within van der Waals contad@&® conserved [15].

with the hydroxyl group of Tyr 50, the proton donor [9,12].
The carboxylate carbon is within van der Waals contacts Witta‘RIS and clinical trials

the C-4 of the nicotinamide ring of the coenzyme (<4.0 i ) )
angstroms), mimicking the carbon in a substrate that accepts 1he efficacy of several ARIs toward diabetic neuropathy
the hydride during enzymatic reaction. In ALR2, eleven ap0|a1'amd retinopathy have been examined in several clinical trials
residues that line the active site pocket are involved in van der
Waals contacts with zopolrestat (Trp 22, Tyr 50, Trp 82, Trp
114, Phe 118, Phe 125, Trp 220, Ala 300, Leu 301, Tyr 319,
and Pro 320), consistent with the observation that aromatic
compounds are the best substrates for the enzyme [30]. The
corresponding residues in ALR1 are: Trp 22, Tyr 50, Trp 82,
Trp 114, Phe 118, Phe 125, Trp 220, Val 300, Pro 301, Tyr
319, and Pro 320 (Figure 7). However, residues Val 300, Tyr
319, and Pro 320 are not within van der Waals contacts with
tolrestat. In the ALR2 ternary complex structure, the four
residues Trp 22, Trp 114, Phe 125, and Leu 301 interface with

Lys-263
Val265 |=>NH, A
H3N® WH . e Asn-163
L : Hz
Thr-266 }—OH. 1\ ; : '
. 8 ! : y
e (m2) i
Ser-264 OH\.__:,E)/p\O on L N s
A N Y o
e / B kY 5
Mo Te Te N o=c
NHy ! —o ol 0 o
HNz—,QQ (/N\ —N, ﬁ ﬁ _\\( 9
e L L2 g8 o
S 2N TV W

/
HQ
i n‘

' '

HaN 0-""';!12“‘ ."; P ‘ | | l\\ IIL|N<
F ™ i o e K” in<{Tpz ) Figure _S. Th(fe in:LbF:tfr-ptiEdting soilt?.|5u$etri(mpgsed ip;ipgor-t;]inq-
(Ginarz ) ing residues for with bound tolrestat (amino-acid side-chains
in yellow, inhibitor in red) and ALR2 with bound zopolrestat (amino-
acid side-chains in green, inhibitor in blue). The inhibitor atoms are
Figure 5. The coenzyme-binding site. Schematic diagram of the hyolored by type to illustrate potential hydrogen bonds (O inred, N in
drogen bonding and salt linking interactions between ALR1 andblue, S in yellow, F in green, C in black). For clarity, only the coen-
NADPH. With the exception of GIn 272 (Glu in ALR2 and FR-1) the zyme molecule bound to ALR1 is shown in pink. Residues are la-
coenzyme-binding residues are conserved in ALR1, ALR2 and FRaeled with residue type and number. The sequence numbering for
1. aldehyde reductase (ALR1) is used [11].
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in the United States (reviewed in [31] and [32]). While novasculature. A similar rationale applies for ARI studies to
ARIs have been approved, results from ongoing research inestablish efficacy toward diabetic neuropathy.

the pathogenesis of_diabetic retinopathy and neuropathy_should In addition to these potential design flaws in prior clinical
have an |mportant impact on the deS|gr_1 and expectations ﬂfals, failure to demonstrate inhibitor efficacy may be related
future drug trials. For example, the Diabetes Control anq

o ; 7 0 poor pharmacokinetic profiles of the investigated
Co_mpllcatlons Tnal_ (D_(?CT) sh.owed that the incidence Ofcompounds. For example, inadequate nerve penetration almost
retinopathy was significantly influenced by mean blood

certainly contributed to the failure of ponalrestat in clinical

glucose levels and St‘%dy participar!ts practicing intgnsive 3Hals for diabetic neuropathy. In addition, unexpected toxicity
compared to conventional glycemic control experienced flas a factor leading to the termination of clinical trials of

marked reduction in the incidence and progression of diabe't.?':\orbinil and tolrestat [35,36]. This experience illustrates the

retinopathy. The DCCT also showed that the protective eﬁegomplex array of pharmacological issues that must be
was less noticeable if intensive control was instituted afteéddressed for successful introduction of a new ARI

some progression has occurred [33]. Similar results were found
in a recent study of galactosemic dogs, which showed that
correction of hyperglycemia through removal of dietary SUMMARY

galactosg .d'd not st_op the.progress.Ne appearance of reurfﬁlthis study we have shown that the 450 and 72 fold differences
abnormalities associated with diabetic retinopathy [34]. Taken .
) . . in the potency of inhibition of ALR1 and ALR2 by zopolrestat
together, these studies emphasize that retinopathy follows_a ) .
) o and tolrestat [26], respectively, are reflected in the mode of

long term pathogenesis and that once initiated

pharmacological efforts to interfere are far less likely to bethe Interaction of the inhibitors with the enzymes. The

. : information gained from studying the hydrogen-bonding

successful than prophylactic treatment prior to onset of earl LS S
. i X .. network between enzyme and inhibitor, the participation of
and perhaps irreversible tissue changes. Therefore, even if thé

. i RS . : non-conserved residues from the C-terminal loop in lining the
therapeutic basis for ALR2 inhibition is valid, efficacy for a active site pocket in ALR1 and the formation of a hydrophobic

given drug might be impossible to establish if the clinical StUd)f)ridge over the bound inhibitor in ALR2 may be used in future

design does not take into consideration known risk factors for )
. . . ; : e{forts to design drugs based on the structure of the target
retinopathy progression such as duration of diabetes, rigor g zyme

; i : . en
glycemic control and existence of early changes in retinal
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