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ABSTRACT: Aldose reductase (AR) is an NADPH-dependent enzyme implicated in diabetic complications.
AS-3201 [(R)-(-)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine-4-spiro-3′-pyrrol-
idine-1,2′,3,5′-tetrone] is a structurally novel and potent ARI with an inhibitor constant (Ki ) 10-10 M)
2000-fold lower than that of its optical antipode (S-isomer). To elucidate the inhibition modes and the
stereochemical differences in their inhibitory potencies, we examined the interaction of theseR- and
S-isomers with AR under physiological conditions. Enzyme kinetic analysis, which was performed by
using physiological substrates at 37°C, showed that both isomers selectively act on the E-NADP+ complex
in both the forward and reverse reactions of AR. However, fluorometric titration analysis demonstrated
that the affinities of the isomers for the E-NADP+ complex are about the same as those for the E-NADPH
complex and the apoenzyme. These results suggested that the selective binding to the E-NADP+ complex
arises from the predominance of this enzyme form during steady-state turnover rather than from binding
specificity. Both the competition with a known active site-directed ARI and the protective effect on AR
inactivation byN-bromosuccinimide showed that the isomers bind to the active site of the enzyme, but
the thermodynamic parameters for the binding to AR indicated that additional hydrogen bonds and/or
van der Waals interactions contribute to the energetic stabilization in the E-R-isomer complex. Molecular
modeling, together with the deductions from spectroscopic studies, suggested that the succinimide ring
and the 4-bromo-2-fluorobenzyl group of theR-isomer are optimally located for formation of a hydrogen-
bonding network with AR, and that the latter benzyl group is also effective for the differentiation between
AR and aldehyde reductase (a closely related enzyme).

Aldose reductase (AR,1 EC 1.1.1.21), a member of the
aldo-keto reductase superfamily, is a monomeric and NADPH-
dependent enzyme that catalyzes the reduction of aldo sugars
and a variety of aldehydes to their corresponding alcohols.
AR is a rate-limiting enzyme in the “polyol pathway”, where
D-glucose is converted to fructose viaD-sorbitol (1, 2). The
enhancement of this pathway in diabetes is assumed to cause
intracellular accumulation ofD-sorbitol due to the low
permeability across the cell membrane; this brings about
secondary diabetic complications such as neuropathy, neph-
ropathy, retinopathy, and cataract (3, 4). Another speculative
consequence of increased AR activity is a competition with
nitric oxide (NO) synthetase for NADPH to repress NO

production in tissues. This decrease in the NO level would
lead to a decrease in nerve blood flow and, consequently, to
nerve ischemia and diabetic neuropathy (5). Therefore, a
control of the polyol pathway activation in hyperglycemia
is necessary to prevent secondary diabetic complications.

Although several classes of AR inhibitors (ARIs) have
been discovered and clinically evaluated, discordant results
have been reported in clinical trials on both the effect of
ARIs and the prevention of early lesions associated with
diabetic complications (6, 7). One reason for the undesirable
results can be attributed to the incomplete and nonselective
enzyme inhibition of ARIs (8, 9), although some of the
clinical trial designs may have been unsatisfactory (10). To
design a new class of ARIs with more potent and fewer
adverse effects, the kinetic properties and the active site
catalytic residue(s) of AR have been examined in detail. AR
follows an ordered bi-bi mechanism where NADPH binds
to the enzyme first prior to the binding of aldehyde substrates
and then NADP+ is released last after the liberation of the
alcohol products (11-13). In this reaction sequence, con-
formational changes just before the NADP+ release are the
rate-determining step, and Tyr48 is most likely the active
site catalytic residue (14, 15). In parallel, it is of importance
to gain insights into the interaction of structurally diverse
ARIs with the enzyme. However, the interaction of ARIs
with AR has been less well characterized except for
carboxylic acid type and spirohydantoin type ARIs.
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1 Abbreviations: AR, aldose reductase; ALR, aldehyde reductase;
ARI, aldose reductase inhibitor; NADPH and NADP+, nicotinamide
adenine dinucleotide phosphate, reduced and oxidized forms, respec-
tively; NBS,N-bromosuccinimide; bis-trispropane (BTP), 1,3-bis[tris-
(hydroxymethyl)methylamino]propane; AS-3201 (R-isomer), (R)-(-)-
2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine-
4-spiro-3′-pyrrolidine-1,2′,3,5′-tetrone; SX-3202 (S-isomer), (S)-(+)-
2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine-
4-spiro-3′-pyrrolidine-1,2′,3,5′-tetrone; SX-3212 (racemate), 2-[2-(4-
bromo-2-fluorobenzyl)-1,2,3,4-tetrahydro-1,3-dioxopyrrolo[1,2-a]pyrazin-
4-yl]acetamide; ponalrestat, 3-[(4-bromo-2-fluorophenyl)methyl]-3,4-
dihydro-4-oxo-1-phthalazineacetic acid; zopolrestat, 3,4-dihydro-4-oxo-
3-{[5-(trifluoromethyl)-2-benzothiazolyl]methyl}-1-phthalazineacetic acid.
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AS-3201 [(R)-(-)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tet-
rahydropyrrolo[1,2-a]pyrazine-4-spiro-3′-pyrrolidine-1,2′,3,5′-
tetrone (Figure 1)] is a structurally novel and stereospecif-
ically potent ARI with improved pharmacokinetics (16). This
compound is more potent in both the AR inhibition and in
vivo activity than its optical antipode (S-isomer, SX-3202,
Figure 1) and is expected to be a clinical candidate for the
treatment of diabetic complications. To gain a better under-
standing of the stereospecificity in enzyme inhibition, we
investigated the interaction between AS-3201 (R-isomer) and
AR under physiological conditions (37°C and physiological
substrates,D-glucose andD-sorbitol). The use of theS-isomer
enabled us to perform comparative studies of the interactions
of the present enzyme-inhibitor (E-I) complexes. We
discussed the observed inhibition kinetics in terms of the
mechanism of the AR reaction (12, 13, 15), and characterized
the binding of the isomers to AR by performing spectroscopic
and molecular modeling studies. These data should provide
our spirosuccinimide type inhibitors with more plausible
binding modes that could describe the stereospecific and
selective interaction in the binding site.

MATERIALS AND METHODS

Materials. Recombinant human AR, produced inSpodoptera
frugiperda cells (17), was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).N-Bromosuccin-
imide (NBS) was from Aldrich and recrystallized from water
before use. All other chemicals were of the highest purity
available. AS-3201 (R-isomer, optical purity ofg99.8% ee),
SX-3202 (S-isomer, optical purity ofg99.8% ee), SX-3212
(racemate), and ponalrestat (Figure 1) were synthesized in
our laboratories (16). Ponalrestat was used as a reference
compound; this compound bears in part a common structure
with zopolrestat (Figure 1), and it resembles zopolrestat with
respect to the mode of binding to the active site pocket of
AR (18, 19). The compounds were dissolved in acetonitrile,
and these stock solutions (5-10 mM) were diluted with a

mixture of 1 mM citric acid (pH 2.8) and acetonitrile (90:
10, v/v) to the desired concentrations before being used. We
checked that this diluent had no influence on the enzyme
activity because of the low concentrations of the additives
(0.4% acetonitrile and 0.03 mM citric acid) under the
experimental conditions. Bis-trispropane (BTP)-HCl buffers
(50 mM, pH 5.3-8.1, ionic strength of 0.5-0.14) were used
for kinetic and binding studies unless otherwise stated, and
their pHs were measured at the temperature at which the
experiment was carried out. Distilled and deionized (<0.1
µS/cm) water was used for all the measurements.

Steady-State Kinetic Studies. In 50 mM BTP-HCl buffer
(pH 7.7), standard reaction mixtures (3 mL) contained the
enzyme (typically 13 nM), 150µM NADPH (coenzyme),
150 mM D-glucose (substrate), and 150µL of the diluent
(see Materials) with or without inhibitors. The reaction was
initiated by addingD-glucose to the reaction mixture at
37 °C, and enzyme activity (initial velocity) was measured
on a HITACHI U-3210 spectrophotometer (Hitachi Ltd.,
Tokyo, Japan) through the decrease in NADPH absorbance
at 340 nm. Kinetic constants were determined by fitting the
activities at variousD-glucose concentrations to either the
Michaelis-Menten equation or the general equation for
substrate inhibition (20). Reaction mixtures free of the
enzyme or the substrate were used as the controls. For the
reverse reaction, NADPH andD-glucose were replaced with
NADP+ and D-sorbitol, respectively, and the increase in
absorbance at 340 nm due to NADPH formation was
followed.

The apparent inhibitor constant (Ki′) was obtained by
measuring the residual activity as a function of the inhibitor
concentration in the presence of a saturating concentration
(150µM) of coenzyme and a fixed nonsaturating concentra-
tion of substrate. During inhibition by theS-isomer, the
enzyme activity significantly decreased only when the
S-isomer concentration was much greater than the enzyme
concentration. This assumes that the concentration of the free
S-isomer (I f) approximates the total concentration of the
S-isomer (I) (i.e., classical inhibition). The data were fitted
to eq 1 (21-23)

whereVi/V0 is the residual activity (Vi andV0 are the activities
in the presence and absence of the inhibitor, respectively).
On the other hand, theR-isomer is effective at concentrations
similar to that of the enzyme. This finding means that a
significant fraction of theR-isomer is bound to the enzyme
and that the approximation (I f ) I) becomes inaccurate (i.e.,
tight-binding inhibition). Under such circumstances, allow-
ance must be made for the reduction in the concentration of
the freeR-isomer, and the data were fitted to eq 2, which
accounts for depletion of the free inhibitor (24, 25)

whereE is the enzyme concentration. If the value ofI is
much greater thanE (I . E), eq 2 becomes identical to eq
1. Thus, eq 2 can also describe classical inhibition, but eq 2
should not be applied in this case because inclusion of an

FIGURE 1: Chemical structures of ARIs used in this study. The
asymmetric carbon that determines theR- or S-configuration is C4
(C3′) of the molecule.

Vi/V0 ) 1/(1 + I/Ki′) (1)

Vi/V0 ) [E - I - Ki′ + x(E - I - Ki′)
2 + 4EKi′]/(2E)

(2)
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extra parameter (E) may increase the uncertainty in the
determination ofKi′.

To decide inhibition type, the slope (competitive) and the
intercept (uncompetitive) inhibitor constants,Kis andKii (26),
respectively, were calculated by fitting theKi′ values obtained
at different substrate concentrations to eq 3 for general mixed
noncompetitive inhibition (21, 27)

where A is the substrate concentration andKm is the
Michaelis constant ofA. The plot of Ki′ versusA will be
concave-up whenKis > Kii and concave-down whenKis <
Kii . WhenA tends to zero,Ki′ will equal Kis, whereas when
A tends to infinity,Ki′ will equal Kii (24, 27). Comparison
of Kis with Kii revealed the inhibition to be competitive (10Kis

e Kii ), uncompetitive (Kis g 10Kii ), or mixed (Kis ≈ Kii ).
Steady-State Fluorescence Measurements. Dissociation

constants were determined from the quenching of protein
fluorescence on a Shimadzu RF-5300 spectrofluorophotom-
eter (excitation and emission bandwidths, 10 or 5 nm) at 37
°C. Titrations were carried out by serial addition of aliquots
(3-7 µL) of ligand solutions to 3 mL of enzyme solution
(20-50 nM) in 50 mM BTP-HCl (pH 7.2) containing 0.2
mM dithiothreitol. The fluorescence intensities at 340 nm
(excitation at 280 nm) were recorded at 2 min after the
addition of ligand, and corrected for background Raman
scattering and dilution effects. The dependence of fluores-
cence intensity on ligand concentration was then fitted as
previously described to obtain the dissociation constant (Kd)
(28). To minimize inner filter effects, the sum of the
absorbances at both the excitation and emission wavelengths
was kept at<0.1.

Cooperative binding to the enzyme was examined by using
the postulated general equilibrium model as shown in Scheme
1. KdA andKdB are the dissociation constants of ligands A
and B, respectively.KdAB is the dissociation constant for
dissociation of ligand A from the E-B (the enzyme fully
presaturated with ligand B) complex. Under the present
conditions,KdAB is difficult to determine directly because
the E-B complex is not experimentally accessible. To obtain
KdAB, therefore, the apparent dissociation constant of ligand
A (KdA′) was measured at different and nonsaturating
concentrations of ligand B (B), and the obtainedKdA′ values
were fitted to eq 4 with the value of the dissociation constant
for the binary E-B complex (KdB), as described by Birdsall
et al.2 (29)

Enzyme Concentration.The concentration of AR was
determined by titrating the enzyme with theR-isomer and
by monitoring the decrease in the enzyme activity or the
enzyme fluorescence. Identical results were obtained by both
the inhibition and fluorescence techniques.

InactiVation of AR by NBS. The enzyme (1µM) was
dissolved in 50 mM BTP-HCl (pH 7.0) containing NADP+

and/or the inhibitor, and the mixture was incubated with NBS
(0.4 mM) in the dark at 25°C for 10 min. The reaction was

terminated by diluting the sample 270-fold with the same
buffer containing 0.08% human serum albumin (HSA) in
addition to 150µM NADPH and 200 mMD-glucose. HSA
was added to quench the unreacted NBS and to trap the
inhibitor released from the E-I complex. Then, the enzyme
activity of the resulting solution was assayed for evaluation
of irreversible AR inactivation by the NBS treatment.

Fitting of Kinetic Data.Each parameter was calculated
by fitting the experimental data to each equation in the text
using the Marquardt-Levenberg algorithm in Origin 5.0
(MicroCal Software, Northampton, MA). Weighting was not
applied to individual data, and curves were calculated from
the fits of the data to an appropriate equation. In the refitting
of the calculated values to eqs 3 and 4, however, the
reciprocal of the squared standard error was applied as
weighting.

19F NMR Spectral Measurements.19F NMR spectra were
obtained at 470 MHz on a Varian Unity-INOVA 500
spectrometer (Varian Associates, Palo Alto, CA) equipped
with a 5 mm1H/19F probe. Measurements were performed
without proton decoupling. Standard un-decoupled spectral
parameters were as follows: 34 kHz spectral width, 13K
data points, 90° (14.5 µs) pulse width, 1.95 s acquisition
time, 2.05 s relaxation delay, and temperature control at 25
°C. Fluorine chemical shifts were measured with respect to
CFCl3, by using the CF3 resonance of trifluoroethanol as a
secondary reference (-77.23 ppm). Samples contained the
enzyme (110µM), 1% glycerol, 1 mM dithiothreitol, and
1% acetonitrile with or without the isomers. These were
dissolved in1/15 M phosphate buffer (pH 7.4).

Molecular Modeling. The initial atomic coordinates of the
isomers were referenced to the single-crystal X-ray analysis
data (16). The geometry was optimized by AM1 in MOPAC
6.0, and the final atomic point charges were obtained by
single-point MNDO for the optimized structure.

The structure of AR was reconstituted by using crystal
coordinates of the human holoenzyme-zopolrestat complex
(1MAR) (19). The coordinates include zopolrestat, NADPH,
and the CR atoms of AR. The side chain and the backbone
atoms were then added on the basis of the human holo-
enzyme structure (1ADS) (30) with the Biopolymer module
supplied by Sybyl 6.3 (Tripos Associates, Inc., St. Louis,
MO). The charges were generated by the Kollman all-atom
(31) for the enzyme and by single-point MNDO for zopol-
restat, and the cell multipole method (32) was adopted for
the evaluation of nonbonded interactions. Conjugate gradient
minimization was then performed with Discover 3.0.0
(Molecular Simulations, Inc., San Diego, CA), using the
consistent valence force field (33). During the calculation,
zopolrestat, NADPH, and the CR atoms of AR were kept
fixed in their original positions. The energy minimization

2 They used the binding constant to refer to the equilibrium, while
we used the dissociation constant in this work.

Ki′ ) KisKii (Km + A)/(KisA + KmKii ) (3)

KdA′ ) KdAKdAB(B + KdB)/(KdAB + KdABKdB) (4)

Scheme 1: Equilibria Describing the Binding of Ligands A
and B to ARa

a A, AS-3201 (R-isomer) or SX-3202 (S-isomer); B, NADP+,
NADPH, or ponalrestat; E, enzyme.
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of the system was broken up within 1000 iterations before
reaching the maximum derivative of 0.1 kcal mol-1 Å-1, and
the resulting structure was used as the starting point for the
docking study.

For the docking and molecular mechanics calculations, the
succinimide ring of theR-isomer (or theS-isomer) was taken
as dissociated, and docked into the active site, allowing one
of the oxygen atoms of the succinimide ring to interact with
Tyr48 OηH. Then, the carbonyl oxygen at C3 of its
pyrrolopyrazine framework was allowed to interact with
Cys298 SγH. The 4-bromo-2-fluorobenzyl group (the pen-
dent benzyl group) was positioned between Trp111 and
Leu300 such that the 4-bromine atom pointed to Thr113
Oγ1H. Flexible docking was performed with FlexiDock
implemented in Sybyl, which employs a genetic algorithm
for energy-based optimization. The evaluation function was
based on the Tripos force field (34), and the bond stretching,
angle bending, and out-of-plane bending terms were invariant
in torsional space optimization and, therefore, ignored. The
optimization by FlexiDock was examined on the restrained
E-I complex in which the translation and the torsional angles
of the isomer(s) and the side chains of proximal amino acids
(Trp20, Tyr48, His110, Trp111, Thr113, Phe122, and
Cys298) were left free to move.

RESULTS

Inhibition of AR by the R- and S-Isomers.To clarify AR
inhibition by the isomers under physiological conditions, we
conducted kinetic studies principally at 37°C by using
physiological substrates,D-glucose andD-sorbitol. Table 1
gives the apparent kinetic constants forD-glucose reduction
with NADPH andD-sorbitol oxidation with NADP+ by AR
measured at pH 7.7 in the absence of inhibitors. The catalytic
efficiency (kcat/Km) suggested that the enzyme favors the
forward reaction (D-glucose reduction). Figure 2A shows the
relationship between the residual enzyme activity (Vi/V0) and
theR-isomer concentration in the forward reaction with 150
mM D-glucose. A substantial decrease in the activity was
observed at isomer concentrations comparable to that of the
enzyme (i.e., tight-binding inhibition), and theKi′ value was
determined to be 0.45( 0.04 nM by fitting the experimental
data to eq 2. Figure 2B is a replot ofKi′ versusD-glucose
concentration. This replot was concave-up, and the data were
analyzed by fitting to eq 3 as described in Materials and
Methods. In this case,Kis was redundant (i.e.,Kis . Kii ),
and the finite value ofKii was determined to be 0.38( 0.03
nM. Therefore, the inhibition type was uncompetitive with
respect toD-glucose. Figure 3 shows a replot ofKi′ versus
D-sorbitol concentration in the reverse reaction. In the reverse
reaction,Kii was redundant (i.e.,Kii . Kis), and the finite
value ofKis was determined to be 0.32( 0.02 nM. Therefore,
the inhibition type was competitive with respect toD-sorbitol.

It has been recognized that an irreversible inhibitor exhibits
noncompetitive type inhibition and itsKi′ value is inde-
pendent of the substrate concentration because it decreases
the actual initial concentration of the enzyme (35, 36). In
the study presented here, a consideration of inhibition patterns
described above clearly indicated that theR-isomer reversibly
binds to the enzyme, and its binding attains equilibrium fairly
rapidly under the present conditions (37°C, pH 7.7,
D-glucose orD-sorbitol as the substrate). TheS-isomer also
followed uncompetitive kinetics againstD-glucose in the
forward reaction and competitive kinetics againstD-sorbitol
in the reverse reaction (data not shown); however, the
evaluatedKii and Kis values were, respectively, more than
2000-fold greater than those for theR-isomer. These results
are summarized in Table 2. In contrast, the succinimide ring-
opening compound (SX-3212, Figure 1) had no inhibitory
activity, which strongly shows that the succinimide ring in
the pyrrolopyrazine framework is essential for the formation
of the E-I complex.

pH and Temperature Dependence of Inhibition. We
examined the pH dependence ofKii in the pH range of 5.3-
8.1. Ponalrestat, an active site-directed ARI (18), displayed

Table 1: Apparent Kinetic Constants for AR-Catalyzed Reduction
and Oxidation ofD-Glucose andD-Sorbitol, Respectivelya

substrate Km (mM) kcat (s-1) kcat/Km (s-1 M-1)

D-glucose 46( 3 0.80( 0.03 18( 1
D-sorbitol 760( 150 0.66( 0.10 0.88( 0.05
a The activity was assayed with 150µM NADPH or NADP+ in 50

mM BTP-HCl (pH 7.7) at 37°C. Except where noted, the errors are
the calculated standard errors of the fit.

FIGURE 2: (A) Inhibition of AR by theR-isomer in the forward
reaction with 150 mMD-glucose at pH 7.7 and 37°C. [AR] )
13.7 nM. The dashed line is the theoretical curve with aKi′ of
0.45 nM. (B) Replot of the evaluatedKi′ vsD-glucose concentration.
The curve was drawn by using the calculatedKii (Kis was
redundant), which was determined by fitting to eq 3 together with
the Km for D-glucose.

FIGURE 3: Replot of the evaluatedKi′ of theR-isomer in the reverse
reaction vsD-sorbitol concentration. The curve was drawn by using
the calculatedKis (Kii was redundant), which was obtained by fitting
to eq 3 together with theKm for D-sorbitol.
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uncompetitive inhibition in the forward reaction with aKii

value of 10-8 M, a value similar to that reported by Bhatnagar
et al. (37). As shown in Figure 4, the pKii-pH profiles for
the isomers and ponalrestat yielded bell-shaped curves, and
two apparent pK (pK1 and pK2) values were obtained by
fitting the data to eq 5.

where K1 and K2 are the dissociation constants of the
ionizable groups that affect E-I complex formation. The
evaluated pK1 values on the acidic side for ponalrestat (pK
e 5.3) and the isomers (pK ) 5.7) may be attributable to
the carboxylate (38) and the succinimide,3 respectively. It
appears that the deprotonation of these inhibitors plays an
important role in binding to AR. On the other hand, the pK2

value on the basic side (pK ) 7.7-7.8) should be assigned
to an ionizable group in the enzyme. Protonation or depro-
tonation of this group or the groups surrounding this ionizable
group in the enzyme could modulate the interactions with
these inhibitors. Thus, the binding of our isomers to the
enzyme had a feature in common with that of ponalrestat.

To examine the energetics of formation of the complexes,
we determined thermodynamic parameters for the binding

of the R- and S-isomers to AR. Figure 5 shows the
temperature dependence ofKii exemplified by the van’t Hoff
plots (-ln Kii vs 1/T). The van’t Hoff plots were essentially
linear in the range of 27-47 °C4 at pH 7.7, and their slopes
were positive for both isomers, whose affinities decreased
with the increase in temperature. The calculated thermody-
namic quantities, namely, the standard Gibbs energy change
(∆G°), the enthalpy change (∆H°), and the standard entropy
change (∆S°), are listed in Table 3. As would be predicted
from the deprotonation of the succinimide ring (see above),
the formation of the complexes was driven by favorable
negative∆H, but there was a wide difference between these
two values. In addition, their complex formations were
differentiated by a significant difference in the entropy
changes. As a whole, the binding of theS-isomer was both
enthalpically and entropically driven, whereas that of the
R-isomer was essentially enthalpically driven.

Fluorometric Titration of AR with the Isomers and Other
Ligands.Figure 6 shows the fluorescence spectra of AR in
the presence or absence of theR- and S-isomers, upon
excitation at 280 nm. The fluorescence intensity at∼340
nm was largely decreased by the addition of the isomers,
clearly indicating that the isomers bind to the apoenzyme
(ligand free enzyme), and that the fluorescent Trp or Tyr
residues are located at or near the binding site of the isomers.
The R-isomer induced a 4 nmblue shift in the emission
maximum while theS-isomer a 2 nmshift, suggesting that
the E-R-isomer and E-S-isomer complexes differ from each

3 Both a potentiometric titration and a spectrophotometric determi-
nation have shown that the isomers possess a pK of 5.6-5.7 under
similar conditions (unpublished data).

4 Although the apoenzyme (ligand free enzyme) was gradually
inactivated at 47°C, this thermal inactivation was definitely prevented
in the presence of a saturating concentration of coenzyme (NADPH or
NADP+) under the present conditions. The enzyme retained catalytic
activity at 47°C for all observation periods (at least up to 20 min).

Table 2: Inhibitor Constants Obtained for AR-Catalyzed Reduction
and Oxidation ofD-Glucose andD-Sorbitol, Respectivelya

forward reverse

pattern Ki
b (nM) pattern Ki

b (nM)

AS-3201 (R-isomer) UC 0.38( 0.03 C 0.32( 0.02
SX-3202 (S-isomer) UC 870( 10 C 650( 10

a The activity was assayed with 150µM NADPH or NADP+ in 50
mM BTP-HCl (pH 7.7) at 37°C. b Ki values representKis andKii for
competitive (C) and uncompetitive (UC) inhibition, respectively.

FIGURE 4: pKii-pH profiles of theR-isomer (O), theS-isomer (]),
and ponalrestat (4) in the forward reaction of AR. The curves and
pK values that are shown were calculated by fitting the data to eq
5.

-log Kii ) log[Kii(max)/(1 + [H]/K1 + K2/[H])] (5)

FIGURE 5: Temperature dependence of theKii values (van’t Hoff
plot) of theR-isomer (O) and theS-isomer (]) at pH 7.7.

Table 3: Thermodynamic Parameters for the Binding of the Isomers
to AR at 37°C and pH 7.7a

inhibitor
∆G°

(kJ mol-1)
∆H°

(kJ mol-1)
∆S°

(J mol-1 °C-1)

AS-3201 (R-isomer) -56 ( 1 -56 ( 5 -4 ( 16
SX-3202 (S-isomer) -36 ( 1 -14 ( 1 69( 3

a ∆G° was calculated from theKii values,∆H° from the slope of
the linear van’t Hoff plot, and∆S° from the relationship∆S° ) (∆H°
- ∆G°)/T.
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other in the local environment around these fluorescent
residues.5 Dissociation constants of the isomers (Kd) were
determined from the dependence of the fluorescence decrease
upon ligand concentration. The results are summarized in
Table 4. The apoenzyme essentially differentiates theR-
isomer from theS-isomer. TheKd values of ponalrestat and
coenzymes (NADPH and NADP+) were also determined
(Table 4); those of coenzymes are similar to those previously
reported for human AR (39, 40).

To investigate the cooperative interaction between the
isomers and another ligand, the alteration in theKd values
of the isomers was examined in the presence of coenzymes
or ponalrestat (see Materials and Methods). Typical plots of
the apparent dissociation constant (KdA′) versus the NADP+

concentration are illustrated in Figure 7. TheKdA′ values of
the isomers gradually decreased as the concentration of
NADP+ increased. The dissociation constant for dissociation
of the R-isomer (or theS-isomer) from the E-NADP+

complex6 (KdAB) was determined to be 0.5( 0.1 (or 840(
20) nM by fitting the data to eq 4. Also, theKdA′ values of
the isomers decreased with the addition of NADPH (data

not shown), and the estimated dissociation constant for
dissociation of theR-isomer (or theS-isomer) from the
E-NADPH complex (KdAB) was almost the same as that for
the E-NADP+ complex (Table 4). These results show that
NADPH facilitates the binding to the same extent, as does
NADP+. In contrast, the binding of theR-isomer to the
enzyme seems to be inhibited by ponalrestat.7 As shown in
Figure 8,KdA′ of the R-isomer8 increased linearly with the
concentration of ponalrestat. The estimatedKdAB value
between theR-isomer and the E-ponalrestat complex
approached infinity, and this indicates that theR-isomer and
ponalrestat are mutually exclusive to the enzyme.

Effect of Inhibitor Binding on AR InactiVation by NBS.
The level of inactivation of the enzyme was proportional to
the amount of NBS that was used, and the remaining activity

5 We checked that the same spectra were observed on excitation at
295 nm, where Tyr scarcely absorbs, showing that Trp was selectively
excited due to the energy transfer from Tyr to Trp residues.

6 The E-NADP+ complex is used to denote the NADP+-bound
enzyme irrespective of whether the structural isomerization occurs on
NADP+ binding. That goes for the E-NADPH complex as well.

7 When ponalrestat was used as ligand B, the concentration of ligand
B (B) in eq 4 was approximated byB - E (i.e., the total concentration
of ponalrestat minus the enzyme concentration), for the ponalrestat
concentration was not considerably greater than the enzyme concentra-
tion under the present conditions and the formation of the E-ponalrestat
complex reduced the concentration of free ponalrestat.

8 Because of the low affinity for the enzyme, the concentration of
theS-isomer required for measurements was greater than 1× 10-6 M;
this caused serious inner filter effects and made it impossible to
accurately investigate the variation in the apparent dissociation constant
(KdA′).

FIGURE 6: Fluorescence spectra of AR and its complexes with the
R- andS-isomers (excitation at 280 nm). The enzyme concentration
is 0.21µM. The spectra were measured before (a) and after addition
of 0.19 µM R-isomer (b) and 7.7µM S-isomer (c).

Table 4: Dissociation Constants (Kd) of Various AR-Ligand
Complexesa

ligand enzyme form Kd (nM)

AS-3201 (R-isomer) E 0.79( 0.11
E-NADPH 0.6( 0.1
E-NADP+ 0.5( 0.1
E-ponalrestat infinity

SX-3202 (S-isomer) E (1.2( 0.1)× 103

E-NADPH (8.0( 0.3)× 102

E-NADP+ (8.4( 0.2)× 102

ponalrestat E 57( 1
NADPH E 240( 10
NADP+ E 170( 10
a Dissociation constants were determined by fluorescence titration

in 50 mM BTP-HCl buffer (pH 7.2) with 0.2 mM dithiothreitol at 37
°C.

FIGURE 7: Replots of the logarithm of the apparent dissociation
constants,KdA′, of the R-isomer (O) and theS-isomer (]) vs
NADP+ concentration. The curves were drawn by using the
calculatedKdAB and the experimentally obtainedKdB.

FIGURE 8: Replot of theKdA′ of the R-isomer vs ponalrestat
concentration. The data were obtained by using the same procedures
as described in the legend of Figure 7.

Stereospecific Interaction of AS-3201 with AR Biochemistry, Vol. 40, No. 28, 20018221



of AR (1 µM) was 7% of the initial one after incubation for
10 min with NBS (0.4 mM). NBS reacts readily with exposed
Trp residues in proteins, decreasing the absorbance at 280
nm (41). However, at high molar ratios with respect to the
enzyme, NBS can react with Tyr residue(s) accompanying
an increase in absorbance at 280 nm (42). In the present
reaction, we assumed that Tyr residue(s) is modified because
the absorbance at 280 nm increased (data not shown).
Ponalrestat, an active site-directed ARI, significantly pro-
tected the enzyme from inactivation by NBS, but NADP+

did not resist the attack by NBS (Table 5) even in a situation
where the enzyme was wholly saturated with this coenzyme
(52 µM). This finding indicated that the residue(s) to be
oxidized by NBS is at or near the binding site of ponalrestat
(i.e., the active site of the enzyme), but not of the coenzyme.
The addition of theS-isomer provided significant protection
against AR inactivation by NBS,9 although the concentration
required for the protection was much higher than that of
ponalrestat. This may reflect the highKi (or Kd) value of the
former compared with that of the latter. No synergistic effect
was observed with the inhibitor-NADP+ combinations.

19F NMR Measurements.The 19F NMR measurements
were carried out to experimentally obtain information about
the local environment of the 4-bromo-2-fluorobenzyl group
moiety in the complex. Figure 9 shows the19F NMR spectra
of theR- or S-isomer in the absence or presence of AR. The
19F signal of the isomers (at-116.01 ppm) obtained in the
absence of the enzyme exhibited the splitting pattern due to
19F-1H multiple couplings. The signal for the boundR-
isomer was observed at-116.80 ppm, which is shifted
upfield by 0.79 ppm from the signal of the free isomer, while
that for the boundS-isomer was shifted substantially down-
field. During the titration, the signals of the bound and free
R-isomer were observed without a significant change in their
resonance positions, suggesting that theR-isomer binds to
the enzyme at a rate slower than the NMR time scale (slow
exchange). In contrast, the signals of the bound and free
S-isomer were observed to approach each other gradually
as theS-isomer concentration increased (slow to intermediate
exchange). Hence, the chemical shift of the boundS-isomer
was estimated by extrapolation to be approximately-113.0
ppm. When theR-isomer was added to theS-isomer-bound

AR solution, the signal for the boundS-isomer disappeared,
followed by the appearance of the signal for the bound
R-isomer. On the contrary, addition of theS-isomer to the
R-isomer-bound enzyme solution did not cause any spectral
alteration. Therefore, the results show that theR-isomer binds
to the binding site of theS-isomer in AR with a binding
affinity greater than that of theS-isomer.

Modeled Interaction of the Isomers with the Holoenzyme.
Figure 10 shows the flexible docked structure of AS-3201
(R-isomer) superposed on the reconstituted structure of
zopolrestat at the active site of AR (see Materials and
Methods). TheR-isomer fitted nicely into the entire active

9 Under the present conditions, the binding of theR-isomer to the
enzyme was so strong that this isomer was not completely liberated
from the enzyme even in the presence of human serum albumin as an
inhibitor trap.

Table 5: Effects of SX-3202 (S-isomer) and Ponalrestat on the
Inactivation of AR by NBSa

treatment residual activity (%)

none (control) 100( 5
NBS 7.4( 3.2
NBS and NADP+ 8.5( 3.0
NBS andS-isomer (47µM) 62 ( 4
NBS and ponalrestat (2µM) 52 ( 3
NBS, NADP+, andS-isomer (47µM) 61 ( 2
NBS, NADP+, and ponalrestat (2µM) 51 ( 9
a The enzyme was incubated at pH 7.0 and 25°C with 0.42 mM

NBS in the absence or presence of the ligands. The NADP+ concentra-
tion was set to 52µM. The residual AR activity was calculated from
the activity of control AR (treated as described above in the absence
of NBS).

FIGURE 9: 19F NMR spectra of theR- or S-isomer in either the
absence or presence of AR (110µM). The asterisk marks the signal
that arises from SX-3212, which was formed by the hydrolysis of
the succinimide ring of the isomer.

FIGURE 10: Superposed E-I complexes of the energy-minimized
zopolrestat (gray) and the flexible docked AS-3201 (R-isomer)
(green) in the active site of AR. The side chains of proximal residues
for the zopolrestat complex are shown in gray and those for the
R-isomer complex in yellow. The arrows show hydrogen bonds
(heteroatom-hydrogen distance ofe2.9 Å).
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site pocket in an orientation similar to that of zopolrestat.
The succinimide ring in the pyrrolopyrazine framework was
located at the active site, and the rigidity of the spirosuc-
cinimide oriented the three heteroatoms for hydrogen-
bonding interactions with Tyr48 OηH, His110 Nε2H, and
Trp111 Nε1H. This binding model has an orientation similar
to that of the spirohydantoin ring observed for sorbinil and
fidarestat (43, 44). On the other hand, the 4-bromo-2-fluoro-
benzyl group fitted into the hydrophobic cleft of AR, similar
to the location of the benzothiazole ring of zopolrestat, so
that each halogen atom was linked by a hydrogen bond to
Leu300 backbone NH or to Thr113 Oγ1H. Other important
features were van der Waals interactions; the aromatic side
chains of Trp20 and Phe122 were positioned to sandwich
the pyrrolopyrazine framework, and Trp111 and Leu300
intercalated the 4-bromo-2-fluorobenzyl group. Thus, the
mode of binding of theR-isomer to AR is likely to resemble
that of zopolrestat, and this makes theR-isomer a very potent
inhibitor of AR.

Figure 11 displays the flexible docked structure of SX-
3202 (S-isomer) superposed on that of AS-3201 (R-isomer)
in the active site of AR. The similar molecular modeling
experiments placed theS-isomer in an orientation different
from that of theR-isomer, and the flexible docked complex
was less stable than that for theR-isomer by approximately
17 kJ/mol. The accommodation of the succinimide ring of
theS-isomer was better when the 5′-carbonyl oxygen made
bifurcated hydrogen bonds to Tyr48 and His110. However,
the 1′-nitrogen did not contribute to binding (1′-N to Tyr48
OηH, 3.2 Å), and the 2′-carbonyl oxygen pointed away from
these active center residues and was oriented toward Trp20,
forming a hydrogen bond to the unexpectedly flipped indole
ring. In the allowed conformational state, the aromatic side
chain of Phe122 as well as that of Trp20 was displaced
through the van der Waals interactions with the pyrrolo-
pyrazine framework, and Trp111 Nε1H was away from the
succinimide and now near to the 3-carbonyl oxygen, which
was still bound to Cys298 SγH. Also noteworthy was the
fact that the relative orientation of the 4-bromo-2-fluoroben-
zyl group of theS-isomer was slightly different from that of
the R-isomer. The 2-fluorine atom was placed outside the

hydrogen bond contact with backbone NH of Leu300 (3.5
Å), whereas that in theR-isomer complex was within the
hydrogen bond distance of this NH (2.5 Å). On the whole,
the S-isomer at the active site was held in place by six
hydrogen bonds whereas that of theR-isomer by eight.

DISCUSSION

Interruption of the polyol pathway with the use of ARIs
has been extensively studied as a therapeutic strategy for
preventing the onset or delaying the progression of diabetic
complications. AS-3201 (R-isomer) is a structurally novel
and highly potent ARI with improved pharmacokinetics (16).
The focus of the present research was to describe the
stereospecific and selective interaction in the binding site as
well as to characterize the inhibition mechanism. The use
of the low-affinity isomer (S-isomer) allowed us to examine
the interaction with greater precision, and the comparative
study of these E-I complexes provided meaningful informa-
tion about the stereospecific interaction.

Inhibition Characteristics of the R- and S-Isomers.The
inhibition of AR by the isomers was uncompetitive with
respect toD-glucose in the forward reaction (aldehyde
reduction), while in the reverse reaction (alcohol oxidation),
their inhibition patterns were competitive with respect to
D-sorbitol, irrespective of the difference in affinity for the
enzyme. Since AR follows an ordered bi-bi mechanism
where in the forward reaction the apoenzyme binds NADPH
first and releases NADP+ last, and vice versa in the reverse
reaction (11-13), the results presented here support the idea
that both isomers bind selectively to the E-NADP+ binary
complex during steady-state turnover. One explanation for
these inhibition patterns assumes that the isomers strongly
bind to the E-NADP+ complex. Another may be ascribed
to the fact that the E-NADP+ complex is predominant
during steady-state turnover. To clarify the characteristics
of AR inhibition by the isomers, we examined complex
formation between the isomers and each of the intermediate
enzyme forms (the apoenzyme E and the E-NADP+ and
E-NADPH complexes).

The important feature for the present isomers is that the
dissociation constant for dissociation of theR-isomer (or the
S-isomer) from the E-NADP+ complex (KdAB) is almost the
same as that for the E-NADPH complex (Table 4). Also,
the presence of NADP+ provided no synergetic protection
against AR inactivation by NBS (Table 5). These results
indicated that the presence of NADP+ is not critical for the
isomers binding to AR, and it is unlikely that the inhibition
patterns concerning our isomers are attributable to the
stronger binding to the E-NADP+ complex, as demonstrated
for a carboxylic acid type ARI, alrestatin (45). According
to the transient kinetic analysis for partial reactions of AR,
it was suggested that most of the enzyme is present as the
E-NADP+ complex during steady-state turnover (12, 46).
Therefore, the inhibition patterns are perhaps an expression
of the kinetic specificity of the enzyme (the predominance
of the E-NADP+ complex) during steady-state turnover,
rather than of binding specificity.

Binding Site of the R- and S-Isomers. The binding behavior
of our isomers is distinct from that of some other ARIs; the
isomers can bind to the apoenzyme as well as the holo-
enzyme, whereas sorbinil, alrestatin, and tolrestat do not (45,

FIGURE 11: Superposed E-I complexes of the flexible docked AS-
3201 (R-isomer) (green) and SX-3202 (S-isomer) (gray) in the active
site of AR. Note the changes of the side chains of Trp20, Trp111,
and Phe122 (gray) for theS-isomer complex, and the relative
orientation of the 4-bromo-2-fluorobenzyl group of theS-isomer.
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47, 48). These findings led us to experimentally ascertain
the binding site of the isomers as novel ARIs of spiro-
succinimide type. Although a difference in the binding site
of the isomers could be one of the causes of enantioselective
inhibition, a 19F NMR study revealed that theR- and
S-isomers bind to the same site of AR. On the other hand,
fluorescence methods showed that the dissociation constants
(Kd) for dissociation of the isomers from the E-coenzyme
complexes have finite and fixed values (Table 4), thus most
simply indicating that the isomers bind at a site other than
the coenzyme-binding site. Moreover, ponalrestat, an active
site-directed ARI (18), and theR-isomer compete for the
same binding site, or the binding of ponalrestat causes a
conformational change in the enzyme molecule so as to
prevent the subsequent binding of theR-isomer at a different
site. This point was made clearer from the protective effect
of theS-isomer on AR inactivation by NBS. The similarity
in this effect between ponalrestat and theS-isomer clearly
indicated that theS-isomer (and theR-isomer) binds to the
active site of the enzyme as does ponalrestat, and further
suggests that the formed E-I complexes might be confor-
mationally similar despite the apparent difference in structure
between ponalrestat and the isomers.

The pH-dependent feature of the inhibition provides
another base for studying the inhibitor-binding site since it
could result from changes in the ionization of the inhibitor,
enzyme, or both. As mentioned in the preceding section,Kii

in the forward reaction is actually identical to the dissociation
constant for dissociation of the isomers from the E-NADP+

complex. Therefore, the pKii-pH profiles (Figure 4) show
that the enzyme residue with a pK of 7.7-7.8 may be
associated with the binding of the isomers and ponalrestat
to the E-NADP+ complex. This pK value was comparable
to that reported for the active site catalytic residue (Tyr48,
pK ) 7.6) in the E-NADP+ complex (13), consistent with
all the results discussed above.

Forces Contributing to the Complex Formations and
Binding Modes of the Isomers.Thus far, the stereospecificity
of AR toward substrates or inhibitors has been investigated.
However, little is known about the differences in the binding
mode and/or conformation between these compounds. The
use of ourR- and S-isomers may serve as a probe for the
stereospecificity because these isomers are conformationally
restricted and active site-directed inhibitors (see above).

From the comparison of the thermodynamic parameter
values, the difference in nature of E-I complex formation
may be drawn between the isomers. The binding of the
S-isomer is characterized by comparatively small negative
enthalpy and large positive entropy changes whereas that of
theR-isomer by the large negative enthalpy and small entropy
changes. In other words,∆H° and ∆S° for E-R-isomer
complex formation are more negative than those for the E-S-
isomer complex. Ross and Subramanian (49) suggested that
protein-ligand association occurs in two steps: (step 1)
hydrophobic association and partial immobilization, in which
the release of water molecules that are restricted to the
interacting hydrophobic surface is the source of significant
positive entropy, and (step 2) formation of other inter-
molecular interactions, in which the strengthening of hydro-
gen bonds in the low-dielectric protein interior and van der
Waals interactions are the most important factors contributing
to the observed negative values of∆H° and∆S°. The results

given in Table 3 suggest that hydrophobic interaction (step
1) contributes significantly to E-S-isomer complex forma-
tion, and the conformational entropy losses upon complex-
ation might be relatively small due to the rigidity of the
isomer. In contrast, the more negative values of∆H° and
∆S° for the E-R-isomer complex lead us to speculate that
not hydrophobic interaction (step 1) but subsequent inter-
molecular interactions (step 2) such as hydrogen bonds and/
or van der Waals interactions might account for the stronger
binding of theR-isomer to the enzyme. Many of the antigen-
antibody complexes belong to this “enthalpically driven”
category (50, 51), and this thermodynamic behavior has been
attributed to these specific intermolecular interactions (49,
52). It can be concluded, therefore, that the formation of
additional hydrogen bonds and/or van der Waals interactions
contributes to the energetic stabilization in the E-R-isomer
complex.

Molecular modeling also shows that the binding mode of
the R-isomer is different from that of theS-isomer. In the
E-R-isomer complex, the succinimide ring is favorably
located so that the heteroatoms form hydrogen bonds to the
side chains of active site residues (Tyr48, His110, and
Trp111), and the pyrrolopyrazine framework was firmly
anchored to the active site through this hydrogen-bonding
network and van der Waals interactions with Trp20 and
Phe122. In contrast, the heteroatoms of the succinimide ring
of theS-isomer do not form such a tight hydrogen-bonding
network with the enzyme due to less matching to these active
site residues (Figure 11). Moreover, the displacements of
Trp20 and Trp111 in the E-S-isomer complex may perturb
the van der Waals interactions so as to lower binding affinity,
because these residues play important roles in inhibitor
binding to AR (45, 53, 54). This modification in the
interaction with Trp residues is consistent with the greater
Stokes shift (the less blue shift) in the fluorescence spectra
of the E-S-isomer complex as shown in Figure 6.

Furthermore, the19F NMR spectra have revealed that the
local environment of the 2-fluorine atom in the E-R-isomer
complex is different from that in the E-S-isomer complex.
The two major determinants of fluorine chemical shifts are
likely to be van der Waals interactions, which usually
produce downfield shifts, and the magnetic anisotropy effects
from aromatic rings, carbonyls, and other anisotropic groups,
which at best produce either upfield or downfield shifts of
(2 ppm (55-57). Since observation of an upfield fluorine
shift is indicative of magnetic anisotropy effects from
aromatic rings (ring current effect) on the bound fluorine
(56), the upfield shift of theR-isomer signal on binding (0.79
ppm) suggests a substantial contribution from the ring current
effect. In the E-R-isomer complex model, the 4-bromo-2-
fluorobenzyl group is in a close stacking orientation with
the indole ring of Trp111, and the 2-fluorine atom makes a
hydrogen bond to Leu300 backbone NH. These interactions
are absent from the E-S-isomer complex model (Figure 11).
Also, the signals of the bound and freeR-isomer are in slow
exchange on the NMR time scale, whereas those of the bound
and freeS-isomer are in slow to intermediate exchange,
indicating that AR binds the pendent benzyl group of the
R-isomer more tightly than that of theS-isomer. Although
the contribution of hydrogen bonding to fluorine shifts is
uncertain (56), Negoro et al. (16) pointed out that the
introduction of a fluorine atom at position C-2 of the pendent
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benzyl group results in a significant improvement in AR
inhibitory activity. Therefore, it can be reasoned that the
hydrogen-bonding interaction of the fluorine atom with
Leu300 backbone NH as well as the van der Waals
interactions of the 4-bromo-2-fluorobenzyl group with the
indole ring of Trp111 may enhance the stereospecificity of
AR toward the isomers.

According to the structure-based thermodynamic analysis,
most of the enthalpically favorable interactions for the E-R-
isomer complex are due to these specific hydrogen-bonding
and van der Waals interactions described above. These
interactions may be further strengthened in the low-dielectric
interacting surface, which is presumed upon the blue shift
in the emission maximum of the complex (Figure 6). Since
each hydrogen bond effects a binding strength by ap-
proximately 7-10 kJ/mol (58-60), the view that eventually
two additional hydrogen bonds are present between the
R-isomer and AR is in fairly good agreement with the
difference in binding energy between the present isomer
complexes (Table 3).

SelectiVity of the Isomers between AR and ALR.It is
generally believed that one cause of clinical side effects of
ARIs is related to nonselective inhibition of aldehyde
reductase (ALR), a closely related enzyme, and the participa-
tion of nonconserved active site residues in the binding of
inhibitors is responsible for the differences in the potency
of inhibition of AR and ALR (61). Since the tertiary
structures of porcine ALR and human AR can be superposed
upon each other in the active site except for residues 300-
305 near the C-terminal end (62), it should be noted that
Leu300 in AR is changed to Pro in ALR, which would not
have the ability to form a hydrogen bond to the 2-fluorine
atom of the pendent benzyl ring. To make this point clearer,
we examined theR- and S-isomers for ALR inhibitory
activity by using ALR purified from porcine kidney. The
kinetic study demonstrated that the inhibitor constant of the
R-isomer was 3× 10-7 M while that of theS-isomer was 7
× 10-7 M in porcine kidney ALR (unpublished data),
indicating that the failure of the 2-fluorine atom to form a
hydrogen bond with ALR accounts for such a decrease in
stereospecificity.10 This result supports the idea that the
formation of an additional hydrogen bond between the
pendent benzyl ring of theR-isomer and AR leads to the
differentiation between AR and ALR as well as the ther-
modynamic stabilization of the E-R-isomer complex.

In summary, we have characterized the interaction of AS-
3201 (R-isomer) with AR, in comparison with that of the
optical isomer (S-isomer). Although the difference in stereo-
structure in the succinimide ring induced an∼2000-fold
change in the inhibitor constant (Ki), both isomers are active
site-directed inhibitors, which seem to preferentially bind to
the E-NADP+ complex during the steady-state turnover.
Molecular modeling, together with the deductions from
spectroscopic studies, suggested that the succinimide ring
in the R-configuration binds more optimally in the enzyme
active site to form a hydrogen-bonding network and the

2-fluorine atom of the pendent benzyl group may interact
with AR by forming an additional hydrogen bond to one of
the residues that are not conserved in ALR (a closely related
enzyme). Thus, the results presented here reinforce the view
that the R-isomer acts as a stereospecifically potent and
selective ARI.
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