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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[ &)pyrazine-4-spiro-3pyrrol-
idine-1,2,3,5-tetrone] is a structurally novel and potent ARI with an inhibitor consté&nt 10710 M)
2000-fold lower than that of its optical antipod&iéomer). To elucidate the inhibition modes and the
stereochemical differences in their inhibitory potencies, we examined the interaction ofRhasel
Sisomers with AR under physiological conditions. Enzyme kinetic analysis, which was performed by
using physiological substrates at 7, showed that both isomers selectively act on thdNEDP* complex

in both the forward and reverse reactions of AR. However, fluorometric titration analysis demonstrated
that the affinities of the isomers for the-lNJADP* complex are about the same as those for thélEDPH
complex and the apoenzyme. These results suggested that the selective bindingthl&ARFE 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-tiieiEomer complex. Molecular
modeling, together with the deductions from spectroscopic studies, suggested that the succinimide ring
and the 4-bromo-2-fluorobenzyl group of tRasomer 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 (AREC 1.1.1.21), a member of the production in tissues. This decrease in the NO level would
aldo-keto reductase superfamily, is a monomeric and NADPH- lead to a decrease in nerve blood flow and, consequently, to
dependent enzyme that catalyzes the reduction of aldo sugarserve ischemia and diabetic neuropathy. (Therefore, a
and a variety of aldehydes to their corresponding alcohols. control of the polyol pathway activation in hyperglycemia
AR is a rate-limiting enzyme in the “polyol pathway”, where is necessary to prevent secondary diabetic complications.

D-glucose is converted to fructose wiesorbitol (1, 2). The Although several classes of AR inhibitors (ARIs) have
enhancement of this pathway in diabetes is assumed to causgeen discovered and clinically evaluated, discordant results
intracellular accumulation ob-sorbitol due to the low  have been reported in clinical trials on both the effect of
permeability across the cell membrane; this brings about AR|s and the prevention of early lesions associated with
secondary diabetic complications such as neuropathy, nephyjiabetic complicationss 7). One reason for the undesirable
ropathy, retinopathy, and catara8t 4). Another speculative  results can be attributed to the incomplete and nonselective
consequence of increased AR activity is a competition with enzyme inhibition of ARIs & 9), although some of the
nitric oxide (NO) synthetase for NADPH to repress NO clinjcal trial designs may have been unsatisfactdi§).(To
design a new class of ARIs with more potent and fewer

*To whom correspondence should be addressed. Pheirgs- adverse effects, the kinetic properties and the active site
6-6337-5886. Fax: +81-6-338-7656. E-mail: masuo-kurono@ catalytic residue(s) of AR have been examined in detail. AR
dainippon-pharm.co.jp. follows an ordered bi-bi mechanism where NADPH binds

1 Abbreviations: AR, aldose reductase; ALR, aldehyde reductase; : ; i
AR, aldose reductase inhibitor; NADPH and NADPicotinamide to the enzyme first prior to the binding of aldehyde substrates

adenine dinucleotide phosphate, reduced and oxidized forms, respec@nd then NADP is released |a_5t after 'the liberation of the
tively; NBS, N-bromosuccinimide; bis-trispropane (BTP), 1,3-bis[tris- alcohol products {1—13). In this reaction sequence, con-

(Zh)(lgrgxymetszlll)metgylamli)ni)]grgpzlatnet; A;]S'cfzoysolm[g])éy(?)'(__)‘ formational changes just before the NADRelease are the
-(4-Dromo-cz-tfiuorobenzyl)-1,z,5,4-tetranyaropyrroio razine- .. . . .
4-spiro-3-pyrrolidine-1,2,3,5-tetrone; SX-3202 %isomer), §)-(+)- rate-determining step, and Tyr48 is most likely the active
2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahydropyrrolo[ Bjpyrazine- site catalytic residueld, 15). In parallel, it is of importance

4-spiro-3-pyrrolidine-1,2,3,5-tetrone; SX-3212 (racemate), 2-[2-(4-  to gain insights into the interaction of structurally diverse

bromo-2-fluorobenzyl)-1,2,3,4-tetrahydro-1,3-dioxopyrrolo[d]{2yrazin- ; ; ;
4-yllacetamide; ponalrestat, 3-[(4-bromo-2-fluorophenyl)methyl]-3,4- ARIs with the enzyme. However, the interaction of ARIs

dihydro-4-oxo-1-phthalazineacetic acid; zopolrestat, 3,4-dihydro-4-oxo- With AR. has_ been less Well Chara_Cterized except for
3{[5-(trifluoromethyl)-2-benzothiazolylmetrjd1-phthalazineacetic acid.  carboxylic acid type and spirohydantoin type ARIs.
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o] mixture of 1 mM citric acid (pH 2.8) and acetonitrile (90:
AN 10, v/v) to the desired concentrations before being used. We
Q “o Br 0 0 Br checked that this diluent had no influence on the enzyme
7 N654 3 7 N activity because of the low concentrations of the additives
NN NN (0.4% acetonitrile and 0.03 mM citric acid) under the
o] F o] F experimental conditions. Bis-trispropane (BTP)-HCI buffers
AS-3201 (R-isomer) $X-8202 (S-isomer) (50 mM, pH 5.3-8.1, ionic strength of 0:50.14) were used
for kinetic and binding studies unless otherwise stated, and
0 their pHs were measured at the temperature at which the
HaN experiment was carried out. Distilled and deionized (1
/N o] Br uS/cm) water was used for all the measurements.
= N\/Q Steady-State Kinetic Studida 50 mM BTP-HCI buffer
(pH 7.7), standard reaction mixtures (3 mL) contained the
SX—€(3)212(racer:ate) enzyme (typically 13 nM), 15M NADPH (coenzyme),
150 mM p-glucose (substrate), and 150 of the diluent

(see Materials) with or without inhibitors. The reaction was
initiated by addingp-glucose to the reaction mixture at

SN Br | SN N@ 37 °C, and enzyme activity (initial velocity) was measured
I N N\/MS on a HITACHI U-3210 spectrophotometer (Hitachi Ltd.,
o ¢ ) Tokyo, Japan) through the decrease in NADPH absorbance

Ponalrestat Zopolrestat at 340 nm. Kinetic constants were determined by fitting the
Ficure 1: Chemical structures of ARIs used in this study. The ac_t|V|t|e§ at vanouso-gluc_ose concentrations to elther the
asymmetric carbon that determines Reor S-configuration is C4 Michaelis-Menten equation or the general equation for
(C3) of the molecule. substrate inhibition Z0). Reaction mixtures free of the
enzyme or the substrate were used as the controls. For the
AS-3201 [R)-(—)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tet-  reyerse reaction, NADPH arglucose were replaced with
rahydropyrrolo[1,2a]pyrazine-4-spiro-3pyrrolidine-1,2.33-  NADP* and p-sorbitol, respectively, and the increase in
Fetrone (Figure 1)]_ is a structurally novel gnd_stereos_pemf— absorbance at 340 nm due to NADPH formation was
ically potent ARI with improved pharmacokinetickd). This followed.
cpmpou.nq is more potent in bqth the .AR inhibition and in The apparent inhibitor constanK;() was obtained by
vivo activity than its optical antipodeS{isomer, SX-3202, measuring the residual activity as a function of the inhibitor

Figure 1) and is expected to be a clinical candidate for the concentration in the presence of a saturating concentration

treatment of diabetic Compli_c_aFion_s. To gain a be_tt.e.r under- (150uM) of coenzyme and a fixed nonsaturating concentra-
standing of the stereospecificity in enzyme inhibition, we tion of substrate. During inhibition by th&isomer, the

investigated th? inte_r action b(_at.ween AS—SZBais(omer) a_md enzyme activity significantly decreased only when the
AR under physiological conditions (3T and physiological Sisomer concentration was much greater than the enzyme

substrates)-glucose anab-sorblto!). The use of thSl_somer .___concentration. This assumes that the concentration of the free
enabled us to perform comparative studies of the interactionsg ;¢ nar (1) approximates the total concentration of the

of the present enzymenhibitor (E-I) complexes. We  giqomer ()'(i.e., classical inhibition). The data were fitted
discussed the observed inhibition kinetics in terms of the to eq 1 @1-23)

mechanism of the AR reactiotZ, 13, 15), and characterized

the binding of the isomers to AR by performing spectroscopic o K

and molecular modeling studies. These data should provide vlvg = L1+ 1K) (1)
our spirosuccinimide type inhibitors with more plausible

binding modes that could describe the stereospecific andwhereui/uo is the residual activity:f and, are the activities
selective interaction in the binding site. in the presence and absence of the inhibitor, respectively).

On the other hand, tHe-isomer is effective at concentrations
MATERIALS AND METHODS similar to that of the enzyme. This finding means that a
significant fraction of theR-isomer is bound to the enzyme
and that the approximatiot & 1) becomes inaccurate (i.e.,
tight-binding inhibition). Under such circumstances, allow-

Chemical Industries, Ltd. (Osaka, JapaN)Bromosuccin-  5nce must be made for the reduction in the concentration of
imide (NBS) was from Aldrich and recrystallized from water the freeR-isomer, and the data were fitted to eq 2, which

before use. All other chemicals were of the highest purity : Lo
available. AS-3201R-isomer, optical purity o&99.8% ee), accounts for depletion of the free inhibitc4 25)
SX-3202 &isomer, optical purity 0&99.8% ee), SX-3212
(racemate), and ponalrestat (Figure 1) were synthesized in v/vg=[E— 1 — K/ + \/(E — 1 = K")* + 4EK/)/(2E)

our laboratories 16). Ponalrestat was used as a reference 2)
compound; this compound bears in part a common structure

with zopolrestat (Figure 1), and it resembles zopolrestat with where E is the enzyme concentration. If the value lois
respect to the mode of binding to the active site pocket of much greater tha& (I > E), eq 2 becomes identical to eq
AR (18, 19). The compounds were dissolved in acetonitrile, 1. Thus, eq 2 can also describe classical inhibition, but eq 2
and these stock solutions-{80 mM) were diluted with a  should not be applied in this case because inclusion of an

COOH COOH CF,

Materials Recombinant human AR, produced3podoptera
frugiperda cells (17), was purchased from Wako Pure
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extra parameterH) may increase the uncertainty in the Scheme 1: Equilibria Describing the Binding of Ligands A

determination okK;'. and B to AR
To decide inhibition type, the slope (competitive) and the g o=Ke o
intercept (uncompetitive) inhibitor constanks; andK; (26),
respectlvely, were calculated by_flttlng tKe values obtalned_ Koa Kaas
at different substrate concentrations to eq 3 for general mixed
noncompetitive inhibitionZ1, 27) EA EBA
dBA
K'= KiSK“(Km -+ A)/(KiSA + KmKii) 3) aA, AS-3201 R-isomer) or SX-3202 %isomer); B, NADP,

NADPH, or ponalrestat; E, enzyme.

where A is the substrate concentration amd, is the
Michaelis constant ofA. The plot of Ki' versusA will be
concave-up wheK;s > K; and concave-down whes <
Kii. WhenA tends to zeroK;' will equal Kis, whereas when
A tends to infinity,Ki" will equal K;; (24, 27). Comparison
of Kis with Kj; revealed the inhibition to be competitive (9

terminated by diluting the sample 270-fold with the same
buffer containing 0.08% human serum albumin (HSA) in
addition to 15QuM NADPH and 200 mMb-glucose. HSA
was added to quench the unreacted NBS and to trap the
inhibitor released from the £l complex. Then, the enzyme

< Ky), uncompetitive Kis = 10K;), or mixed Kis ~ Ki). activity of the resulting solution was assayed for evaluation

Steady-State Fluorescence MeasuremeBissociation of irreversible AR inactivation by the NBS treatment.
constants were determined from the quenching of protein Fitting of Kinetic Data.Each parameter was calculated
fluorescence on a Shimadzu RF-5300 spectrofluorophotom-PY fitting the experimental data to each equation in the text
eter (excitation and emission bandwidths, 10 or 5 nm) at 37 USing the MarquaretLevenberg algorithm in Origin 5.0
°C. Titrations were carried out by serial addition of aliquots (MicroCal Software, Northampton, MA). Weighting was not
(3—7 uL) of ligand solutions to 3 mL of enzyme solution appl!ed to individual data, and curves were calculated .fr.om
(2050 nM) in 50 mM BTP-HCI (pH 7.2) containing 0.2 the fits of the data to an appropriate equation. In the refitting
mM dithiothreitol. The fluorescence intensities at 340 nm ©f the calculated values to eqs 3 and 4, however, the
(excitation at 280 nm) were recorded at 2 min after the eciprocal of the squared standard error was applied as
addition of ligand, and corrected for background Raman Weighting.
scattering and dilution effects. The dependence of fluores- *°F NMR Spectral MeasurementSE NMR spectra were
cence intensity on ligand concentration was then fitted as Obtained at 470 MHz on a Varian Unity-INOVA 500
previously described to obtain the dissociation constégt (  SPectrometer (Varian Associates, Palo Alto, CA) equipped
(28). To minimize inner filter effects, the sum of the With a 5 mm*H/*F probe. Measurements were performed

absorbances at both the excitation and emission wavelength&vithout proton decoupling. Standard un-decoupled spectral
was kept at<0.1. parameters were as follows: 34 kHz spectral width, 13K
Cooperative binding to the enzyme was examined by using data points, 90 (14.5us) pulse width, 1.95 s acquisition
the postulated general equilibrium model as shown in Schemetime, 2.05 s relaxation delay, and temperature control at 25
1. Kga andKgg are the dissociation constants of ligands A °C. Fluorine chemical shifts were measured with respect to
and B, respectivelyKyag is the dissociation constant for CFCh, by using the Ckresonance of trifluoroethanol as a
dissociation of ligand A from the €B (the enzyme fully ~ Secondary reference-{7.23 ppm). Samples contained the
presaturated with ligand B) complex. Under the present €nzyme (11QuM), 1% glycerol, 1 mM dithiothreitol, and
conditions,Kqag is difficult to determine directly because 1% acetonitrile with or without the isomers. These were
the E-B complex is not experimentally accessible. To obtain dissolved in'/1s M phosphate buffer (pH 7.4).
Kaas, therefore, the apparent dissociation constant of ligand Molecular Modeling The initial atomic coordinates of the
A (Kga') was measured at different and nonsaturating isomers were referenced to the single-crystal X-ray analysis
concentrations of ligand B3], and the obtainelys’ values data (L6). The geometry was optimized by AM1 in MOPAC
were fitted to eq 4 with the value of the dissociation constant 6.0, and the final atomic point charges were obtained by
for the binary E-B complex Kqg), as described by Birdsall ~ single-point MNDO for the optimized structure.
et al? (29 The structure of AR was reconstituted by using crystal
coordinates of the human holoenzywmopolrestat complex
Kaa' = KgaKgag(B + Kgg)/(KgaB + KyagKgs)  (4) (IMAR) (19). The coordinates include zopolrestat, NADPH,
and the G atoms of AR. The side chain and the backbone
Enzyme ConcentratioriThe concentration of AR was atoms were then added on the basis of the human holo-
determined by titrating the enzyme with tReisomer and enzyme structure (LADSB0) with the Biopolymer module
by monitoring the decrease in the enzyme activity or the supplied by Sybyl 6.3 (Tripos Associates, Inc., St. Louis,
enzyme fluorescence. Identical results were obtained by bothMO). The charges were generated by the Kollman all-atom
the inhibition and fluorescence techniques. (31 for the enzyme and by single-point MNDO for zopol-
Inactivation of AR by NBSThe enzyme (1uM) was restat, and the cell multipole metho82f was adopted for
dissolved in 50 mM BTP-HCI (pH 7.0) containing NADP  the evaluation of nonbonded interactions. Conjugate gradient
and/or the inhibitor, and the mixture was incubated with NBS minimization was then performed with Discover 3.0.0
(0.4 mM) in the dark at 25C for 10 min. The reaction was  (Molecular Simulations, Inc., San Diego, CA), using the
consistent valence force fiel®3). During the calculation,
2 They used the binding constant to refer to the equilibrium, while ZOPolrestat, NADPH, and the Gatoms of AR were kept
we used the dissociation constant in this work. fixed in their original positions. The energy minimization
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Table 1: Apparent Kinetic Constants for AR-Catalyzed Reduction 1 IQ 127
and Oxidation ofb-Glucose and-Sorbitol, Respectively 0 A i B
~ I I

substrate Km (MM) Keat (572) KealKm (ST MY & \ s i

D-glucose 463 0.80-+ 0.03 18+1 g g go0s ‘%

Dp-sorbitol 760+ 150 0.66+ 0.10 0.88+ 0.05 > N N ol A %

@ The activity was assayed with 1501 NADPH or NADP* in 50 é 0.38 nM B 5-
mM BTP-HCI (pH 7.7) at 37°C. Except where noted, the errors are 8 0.5F ‘R R i AR Pt
the calculated standard errors of the fit. = \ 0 50 100 150

3 N [ glucose ] (mM)

= SN

. . . 7]
of the system was broken up within 1000 iterations before @ 8 -.
reaching the maximum derivative of 0.1 kcal mof -2, and e o-6
the resulting structure was used as the starting point for the o.ols L P il <R
docking study. o 5 10 15 20 25
For the docking and molecular mechanics calculations, the [ R-isomer ] (nM)

succinimide ring of thé&k-isomer (or theS-isomer) was taken FIGURE 2: _(A) Inhibition of AR by theR-isomer in the forward
as dissociated, and docked into the active site, allowing oneréaction with 150 mMp-glucose at pH 7.7 and 37C. [AR] =

S : . . 3.7 nM. The dashed line is the theoretical curve witK;aof
of the oxygen atoms of the succinimide ring to interact with 0.45 nM. (B) Replot of the evaluatéd vsp-glucose concentration.

Tyr48 OyH. Then, the carbonyl oxygen at C3 of itS The curve was drawn by using the calculatd (Kis was
pyrrolopyrazine framework was allowed to interact with redundant), which was determined by fitting to eq 3 together with

Cys298 $H. The 4-bromo-2-fluorobenzyl group (the pen- theKp for p-glucose.
dent benzyl group) was positioned between Trpl1ll and
Leu300 such that the 4-bromine atom pointed to Thrll3
Oy1H. Flexible docking was performed with FlexiDock - %

1.0

implemented in Sybyl, which employs a genetic algorithm
for energy-based optimization. The evaluation function was
based on the Tripos force fiel84), 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—1 complex in which the translation and the torsional angles
of the isomer(s) and the side chains of proximal amino acids
(Trp20, Tyr4d8, His110, Trplll, Thrl13, Phel22, and 3
Cys298) were left free to move.

o
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RESULTS [ sorbitol ] (mM)
Inhibition of AR by the R- and S-Isomefi® clarify AR FiGURE 3: Replot of the evaluateld’ of the R-isomer in the reverse

snhibiti ; ; ; i reaction v-sorbitol concentration. The curve was drawn by usin
inhibition by t'he ISOMErs under phyS|oIoglcaI Condltlops, we the calculateds (Ki was redundant), which was obtained byyfittingg
condycteq kinetic studies principally at 3‘73 by using to eq 3 together with th, for p-sorbitol.

physiological substrates-glucose and-sorbitol. Table 1

gives the apparent kinetic constants feglucose reduction It has been recognized that an irreversible inhibitor exhibits
with NADPH andb-sorbitol oxidation with NADP by AR noncompetitive type inhibition and itk;’ value is inde-
measured at pH 7.7 in the absence of inhibitors. The catalytic pendent of the substrate concentration because it decreases
efficiency ke.a/Km) suggested that the enzyme favors the the actual initial concentration of the enzynibs,(36). In
forward reactionf-glucose reduction). Figure 2A shows the the study presented here, a consideration of inhibition patterns
relationship between the residual enzyme activitieg) and described above clearly indicated that Bxssomer reversibly
the R-isomer concentration in the forward reaction with 150 binds to the enzyme, and its binding attains equilibrium fairly
mM b-glucose. A substantial decrease in the activity was rapidly under the present conditions (3T, pH 7.7,
observed at isomer concentrations comparable to that of thep-glucose om-sorbitol as the substrate). Tigsomer also
enzyme (i.e., tight-binding inhibition), and tig value was followed uncompetitive kinetics againstglucose in the
determined to be 0.4% 0.04 nM by fitting the experimental ~ forward reaction and competitive kinetics againstorbitol
data to eq 2. Figure 2B is a replot Kf' versusp-glucose in the reverse reaction (data not shown); however, the
concentration. This replot was concave-up, and the data wereevaluatedK; and Kis values were, respectively, more than
analyzed by fitting to eq 3 as described in Materials and 2000-fold greater than those for tReisomer. These results
Methods. In this caseis was redundant (i.eKis > Kj), are summarized in Table 2. In contrast, the succinimide ring-
and the finite value oK; was determined to be 0.380.03 opening compound (SX-3212, Figure 1) had no inhibitory
nM. Therefore, the inhibition type was uncompetitive with activity, which strongly shows that the succinimide ring in
respect tao-glucose. Figure 3 shows a replot I§f versus the pyrrolopyrazine framework is essential for the formation
D-sorbitol concentration in the reverse reaction. In the reverseof the E-1 complex.

reaction,K; was redundant (i.eK; > K, and the finite pH and Temperature Dependence of Inhibitiowe
value ofKis was determined to be 0.320.02 nM. Therefore, = examined the pH dependencelgfin the pH range of 5.3

the inhibition type was competitive with respecttsorbitol. 8.1. Ponalrestat, an active site-directed ARS)( displayed
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Table 2: Inhibitor Constants Obtained for AR-Catalyzed Reduction
and Oxidation ofb-Glucose and-Sorbitol, Respectively

forward reverse
pattern K (nM)  pattern  K® (nM)
AS-3201 R-isomer) uc 0.38+ 0.03 C 0.32+0.02
SX-3202 Gisomer) uc 870+ 10 C 6504 10

aThe activity was assayed with 1501 NADPH or NADP* in 50
mM BTP-HCI (pH 7.7) at 37C. P K; values represeri;s andK; for
competitive (C) and uncompetitive (UC) inhibition, respectively.
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Ficure 4: pK;—pH profiles of theR-isomer ), the Sisomer ),

and ponalrestaty) in the forward reaction of AR. The curves and
pK values that are shown were calculated by fitting the data to eq
5.

uncompetitive inhibition in the forward reaction withka
value of 108 M, a value similar to that reported by Bhatnagar
et al. 37). As shown in Figure 4, theis—pH profiles for

the isomers and ponalrestat yielded bell-shaped curves, an
two apparent K (pK; and [K;) values were obtained by
fitting the data to eq 5.

—log K = 10g[Kijmax/(1 + [HI/ Ky + KS[HD]  (5)

where K; and K, are the dissociation constants of the
ionizable groups that affect-H complex formation. The
evaluated [, values on the acidic side for ponalrestak(p
< 5.3) and the isomers Kp= 5.7) may be attributable to
the carboxylate 38) and the succinimidé respectively. It

Kurono et al.
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FiIcUrRe 5: Temperature dependence of tevalues (van't Hoff
plot) of the R-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 7.7

AG® AH® AS
inhibitor (kJmorY)  (kJmofl)  (Imolt°C™Y
AS-3201 R-isomer) —56+1 —56+5 -4+ 16
SX-3202 Gisomer) -36+1 -14+1 69+ 3

a3 AG® was calculated from th&; values,AH° from the slope of
the linear van't Hoff plot, and\S’ from the relationship\S* = (AH®
— AG°)[T.

of the R- and Sisomers to AR. Figure 5 shows the
temperature dependencekafexemplified by the van't Hoff
plots (—In Kj vs 1/T). The van’t Hoff plots were essentially
linear in the range of 2747 °C* 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
(AG®), the enthalpy chang@&\H°®), and the standard entropy
change AS°), are listed in Table 3. As would be predicted
rom the deprotonation of the succinimide ring (see above),
he formation of the complexes was driven by favorable
negativeAH, 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 tBésomer 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 tRe and Sisomers, upon

appears that the deprotonation of these inhibitors plays anexcitation at 280 nm. The fluorescence intensity~&40

important role in binding to AR. On the other hand, th&p
value on the basic side Kp= 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

3 Both a potentiometric titration and a spectrophotometric determi-
nation have shown that the isomers posses& @fp5.6—5.7 under
similar conditions (unpublished data).

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 inducd a 4 nmblue shift in the emission
maximum while theS-isome a 2 nmshift, suggesting that
the E-R-isomer and E Sisomer complexes differ from each

4 Although the apoenzyme (ligand free enzyme) was gradually
inactivated at 47C, 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).
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FIGURE 6: Fluorescence spectra of AR and its complexes with the FIGURE 7: Replots of the logarithm of the apparent dissociation
R- andSisomers (excitation at 280 nm). The enzyme concentration CONStantsKay', of the R-isomer ©) and the Sisomer ) vs
is 0.21uM. The spectra were measured before (a) and after addition NADP" concentration. The curves were drawn by using the

of 0.19uM R-isomer (b) and 7.Z:M S-isomer (c). calculatedKgag and the experimentally obtaindde.
Table 4: Dissociation Constant&d) of Various AR-Ligand
Complexe’ a
ligand enzyme form Ka (NM) s -
c
AS-3201 R-isomer) E 0.79:0.11 = -7
E—NADPH 0.6+ 0.1 © 3L -
E—NADP* 05+0.1 E <
E—ponalrestat infinity 2} _
SX-3202 Gisomer) E (1.2 0.1) x 10° ot % -
E—NADPH (8.04 0.3) x 1? s 2T -
E—NADP* (8.4+ 0.2) x 10 o | -
ponalrestat E 5% 1 v Phd
NADPH E 240+ 10 "
NADP* E 170+ 10 &
aDissociation constants were determined by fluorescence titration o 50 ' 100 150 200
LreSO mM BTP-HCI buffer (pH 7.2) with 0.2 mM dithiothreitol at 37 [ ponalrestat] (nM)

Ficure 8: Replot of theKga' of the R-isomer vs ponalrestat
concentration. The data were obtained by using the same procedures
other in the local environment around these fluorescent as described in the legend of Figure 7.
residue$. Dissociation constants of the isomei&) were
determined from the dependence of the fluorescence decreasgot shown), and the estimated dissociation constant for
upon ligand concentration. The results are summarized indissociation of theR-isomer (or theSisomer) from the
Table 4. The apoenzyme essentially differentiates Rhie ~ E—NADPH complex Kaas) was almost the same as that for
isomer from theS-isomer. TheKy values of ponalrestat and  the E-NADP* complex (Table 4). These results show that
coenzymes (NADPH and NAD® were also determined NADPH facilitates the binding to the same extent, as does
(Table 4); those of coenzymes are similar to those previously NADP*. In contrast, the binding of th&-isomer to the
reported for human AR39, 40). enzyme seems to be inhibited by ponalre$tas. shown in

To investigate the cooperative interaction between the Figure 8,Kaa" of the R-isome? increased linearly with the
isomers and another ligand, the alteration in kaevalues concentration of ponalrestat. The estimatéghs value
of the isomers was examined in the presence of coenzymedetween theR-isomer and the Eponalrestat complex
or ponalrestat (see Materials and Methods). Typical plots of approached infinity, and this indicates that Résomer and
the apparent dissociation constakii{) versus the NADP ~ ponalrestat are mutually exclusive to the enzyme.
concentration are illustrated in Figure 7. TKg\' values of Effect of Inhibitor Binding on AR Inactation by NBS.
the isomers gradually decreased as the concentration ofThe level of inactivation of the enzyme was proportional to
NADP* increased. The dissociation constant for dissociation the amount of NBS that was used, and the remaining activity
of the R-isomer (or theSisomer) from the ENADP™
complex (KEJA_B) was determined to be 05 0.1 (or 840+ "When ponalrestat was used as ligand B, the concentration of ligand
20) nM by fitting the data to eq 4. Also, th&;" values of B (B) in eq 4 was approximated & — E (i.e., the total concentration

the isomers decreased with the addition of NADPH (data 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@halrestat

5We checked that the same spectra were observed on excitation attomplex reduced the concentration of free ponalrestat.
295 nm, where Tyr scarcely absorbs, showing that Trp was selectively & Because of the low affinity for the enzyme, the concentration of
excited due to the energy transfer from Tyr to Trp residues. the S-isomer required for measurements was greater tharl° M;

6 The E-NADP* complex is used to denote the NAD®ound this caused serious inner filter effects and made it impossible to
enzyme irrespective of whether the structural isomerization occurs on accurately investigate the variation in the apparent dissociation constant
NADP™ binding. That goes for the-ENADPH complex as well. (Kga").
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Table 5: Effects of SX-3202%isomer) and Ponalrestat on the

Inactivation of AR by NB3 free
treatment residual activity (%) Free R- or S-isomer
none (control) 106Gt 5
NBS 7.4+3.2
NBS and NADP 8.5+ 3.0
NBS andS-isomer (47uM) 62+ 4
NBS and ponalrestat (2M) 52+ 3 [R-isomer] : (AR) bound

NBS, NADP*, andS-isomer (47uM) 61+2 12:1.0 free
NBS, NADP", and ponalrestat (@2M) 514+9 o
aThe enzyme was incubated at pH 7.0 and°@5with 0.42 mM

NBS in the absence or presence of the ligands. The NAGRcentra-

tion was set to 52M. The residual AR activity was calculated from
the activity of control AR (treated as described above in the absence
of NBS). [S-isomer]: [AR]  bound

1.0:2.0

free

of AR (1 uM) 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 1.0:04

an increase in absorbance at 280 nt8)( In the present bound

reaction, we assumed that Tyr residue(s) is modified because

the absorbance at 280 nm increased (data not shown). L '1'12' R .1|1; S |1|1(; e
- - - ppm

Ponalrestat, an active site-directed ARI, significantly pro- . 9: F NMR ra of thek. o Si i either th
; ivati IGURE 9: spectra o - or Sisomer in either the
tected the enzyme from inactivation by NBS, but NADP absence or presence of AR (1181). The asterisk marks the signal

did not resist the attack by NBS (Table 5) e_ven i,n a situation that arises from SX-3212, which was formed by the hydrolysis of
where the enzyme was WhOHy saturated with this coenzyme the succinimide ring of the isomer.

(52 uM). 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 NBSalthough the concentration
required for the protection was much higher than that of
ponalrestat. This may reflect the high(or Kg) value of the
former compared with that of the latter. No synergistic effect
was observed with the inhibitetNADP* combinations.

F NMR MeasurementsThe °F 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 tH#& NMR spectra
of theR- or Sisomer in the absence or presence of AR. The
19F signal of the isomers (at116.01 ppm) obtained in the
absence of the enzyme exhibited the splitting pattern due to
9F—1H multiple couplings. The signal for the bourkt
isomer was observed at116.80 ppm, which is shifted Ficure 10: Superposed-El complexes of the energy-minimized
upfield by 0.79 ppm from the signal of the free isomer, while zopolrestat (gray) and the flexible docked AS-32@igomer)

that for the boundisomer was shifted substantially down- (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

field. During the titration, the signals of the bound and free gisomer complex in yellow. The arrows show hydrogen bonds
R-isomer were observed without a significant change in their (heteroatom-hydrogen distance a£2.9 A).

resonance positions, suggesting that Rasomer binds to

the enzyme at a rate slower than the NMR time scale (slow
exchange). In contrast, the signals of the bound and free
Sisomer were observed to approach each other gradually
as theS-isomer concentration increased (slow to intermediate
exchange). Hence, the chemical shift of the bo8xisomer

was estimated by extrapolation to be approximatelyl 3.0
ppm. When thér-isomer was added to tHgisomer-bound

AR solution, the signal for the bourfslisomer disappeared,
followed by the appearance of the signal for the bound
R-isomer. On the contrary, addition of ti&isomer to the
R-isomer-bound enzyme solution did not cause any spectral
alteration. Therefore, the results show thatRasomer binds
to the binding site of th&s-isomer in AR with a binding
affinity greater than that of th&isomer.
Modeled Interaction of the Isomers with the Holoenzyme.
5 — — _ Figure 10 shows the flexible docked structure of AS-3201
Under the present conditions, the binding of Résomer to the  Risomer) superposed on the reconstituted structure of
enzyme was so strong that this isomer was not completely liberated . . .
rZopolrestat at the active site of AR (see Materials and

from the enzyme even in the presence of human serum albumin as a _ - ) ! - )
inhibitor trap. Methods). TheR-isomer fitted nicely into the entire active
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hydrogen bond contact with backbone NH of Leu300 (3.5
A), whereas that in th&-isomer complex was within the

é hydrogen bond distance of this NH (2.5 A). On the whole,
the Sisomer at the active site was held in place by six

hydrogen bonds whereas that of tRésomer by eight.

Thr113

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-3201R-isomer) is a structurally novel
and highly potent ARI with improved pharmacokinetid)

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 &isomer) allowed us to examine

FiIGURE 11: Superposed-El complexes of the flexible docked AS-  the interaction with greater precision, and the comparative

3201 R-isomer) (green) and SX-3203-{somer) (gray) in the active ; ; ; .
site of AR. Note the changes of the side chains of Trp20, Trp111, gtudy of these El Complex§§ p'rowded. meaningful informa
tion about the stereospecific interaction.

and Phel22 (gray) for th&isomer complex, and the relative
orientation of the 4-bromo-2-fluorobenzyl group of tBésomer. Inhibition Characteristics of the R- and S-IsomeThe

inhibition of AR by the isomers was uncompetitive with
respect top-glucose in the forward reaction (aldehyde

site pocket in an orientation similar to that of zopolrestat.

The succinimide ring in the pyrrolopyrazine framework was . i X N
located at the active site, and the rigidity of the spirosuc- reduction), while in the reverse reaction (alcohol oxidation),

cinimide oriented the three heteroatoms for hydrogen- their inhibition patterns were competitive with respect to

bonding interactions with Tyr48 £M, His110 Ne2H, and D-sorbitol, irrespective of the difference in affinity for the
Trp111 Ne1H. This binding model has an orientation similar €NZyme. Since AR follows an ordered bi-bi mechanism
to that of the spirohydantoin ring observed for sorbinil and Where in the forward reaction the apoenzyme binds NADPH
fidarestat 43, 44). On the other hand, the 4-bromo-2-fluoro- first gnd releases NADPlast, and vice versa in the reverse
benzyl group fitted into the hydrophobic cleft of AR, similar  réaction {1—13), the results presented here supgor_t the idea
to the location of the benzothiazole ring of zopolrestat, so that both isomers bind selectively to the-BADP™ binary

that each halogen atom was linked by a hydrogen bond tocomplex during steady-state turnover. One explanation for
Leu300 backbone NH or to Thr113y@H. Other important these inhibition patterns assumes that the isomers strongly
features were van der Waals interactions: the aromatic sidePind to the E-NADP* complei(. Another may be ascribed
chains of Trp20 and Phe122 were positioned to sandwich 0 the fact that the ENADP™ complex is predominant
the pyrrolopyrazine framework, and Trp111 and Leu300 during _stegdy-state turnover. To clarify the_charactenstlcs
intercalated the 4-bromo-2-fluorobenzyl group. Thus, the ©f AR inhibition by the isomers, we examined complex
mode of binding of thék-isomer to AR is likely to resemble formation between the isomers and each of the intermediate

that of zopolrestat, and this makes fésomer a very potent ~ €nzyme forms (the apoenzyme E and theNADP" and
inhibitor of AR. E—NADPH complexes).

Figure 11 displays the flexible docked structure of SX-  The important feature for the present isomers is that the
3202 Sisomer) superposed on that of AS-32@igomer) dissociation constant for dissociation of tResomer (or the
in the active site of AR. The similar molecular modeling Sisomer) from the ENADP* complex Kaag) is almost the
experiments placed th@isomer in an orientation different ~same as that for the-BNADPH complex (Table 4). Also,
from that of theR-isomer, and the flexible docked complex the presence of NADPprovided no synergetic protection
was less stable than that for tResomer by approximately ~ against AR inactivation by NBS (Table 5). These results
17 kJ/mol. The accommodation of the succinimide ring of indicated that the presence of NADI not critical for the
the Sisomer was better when thé-&arbonyl oxygen made  isomers binding to AR, and it is unlikely that the inhibition
bifurcated hydrogen bonds to Tyr48 and His110. However, patterns concerning our isomers are attributable to the
the 1-nitrogen did not contribute to binding'¢N to Tyr48 stronger binding to the ENADP* complex, as demonstrated
OnH, 3.2 A), and the 2carbonyl oxygen pointed away from ~ for a carboxylic acid type ARI, alrestatimg). According
these active center residues and was oriented toward Trp20t0 the transient kinetic analysis for partial reactions of AR,
forming a hydrogen bond to the unexpectedly flipped indole it was suggested that most of the enzyme is present as the
ring. In the allowed conformational state, the aromatic side E-NADP* complex during steady-state turnové2(46).
chain of Phe122 as well as that of Trp20 was displaced Therefore, the inhibition patterns are perhaps an expression
through the van der Waals interactions with the pyrrolo- Of the kinetic specificity of the enzyme (the predominance
pyrazine framework, and Trp111eH was away from the ~ of the E-NADP* complex) during steady-state turnover,
succinimide and now near to the 3-carbonyl oxygen, which rather than of binding specificity.
was still bound to Cys298+&1. Also noteworthy was the Binding Site of the R- and S-Isomef$ie binding behavior
fact that the relative orientation of the 4-bromo-2-fluoroben- of our isomers is distinct from that of some other ARIs; the
zyl group of theS-isomer was slightly different from that of  isomers can bind to the apoenzyme as well as the holo-
the R-isomer. The 2-fluorine atom was placed outside the enzyme, whereas sorbinil, alrestatin, and tolrestat do4t (
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47, 48). These findings led us to experimentally ascertain given in Table 3 suggest that hydrophobic interaction (step
the binding site of the isomers as novel ARIs of spiro- 1) contributes significantly to ESiisomer complex forma-
succinimide type. Although a difference in the binding site tion, and the conformational entropy losses upon complex-
of the isomers could be one of the causes of enantioselectiveation might be relatively small due to the rigidity of the
inhibition, a *F NMR study revealed that th& and isomer. In contrast, the more negative valuesAéf° and
Sisomers bind to the same site of AR. On the other hand, AS’ for the E-R-isomer complex lead us to speculate that
fluorescence methods showed that the dissociation constantsiot hydrophobic interaction (step 1) but subsequent inter-
(Kg) for dissociation of the isomers from the-€oenzyme molecular interactions (step 2) such as hydrogen bonds and/
complexes have finite and fixed values (Table 4), thus most or van der Waals interactions might account for the stronger
simply indicating that the isomers bind at a site other than binding of theR-isomer to the enzyme. Many of the antigen
the coenzyme-binding site. Moreover, ponalrestat, an activeantibody complexes belong to this “enthalpically driven”
site-directed ARI 18), and theR-isomer compete for the  category 50, 51), and this thermodynamic behavior has been
same binding site, or the binding of ponalrestat causes aattributed to these specific intermolecular interactiof@ (
conformational change in the enzyme molecule so as t052). It can be concluded, therefore, that the formation of
prevent the subsequent binding of Résomer at a different  additional hydrogen bonds and/or van der Waals interactions
site. This point was made clearer from the protective effect contributes to the energetic stabilization in the REisomer
of the Sisomer on AR inactivation by NBS. The similarity = complex.
in this effect between ponalrestat and ®&somer clearly Molecular modeling also shows that the binding mode of
indicated that th&S-isomer (and thdr-isomer) binds to the  the R-isomer is different from that of th&isomer. In the
active site of the enzyme as does ponalrestat, and furtherE—R-isomer complex, the succinimide ring is favorably
suggests that the formed-E complexes might be confor-  located so that the heteroatoms form hydrogen bonds to the
mationally similar despite the apparent difference in structure side chains of active site residues (Tyr48, His110, and
between ponalrestat and the isomers. Trplll), and the pyrrolopyrazine framework was firmly

The pH-dependent feature of the inhibition provides anchored to the active site through this hydrogen-bonding
another base for studying the inhibitor-binding site since it network and van der Waals interactions with Trp20 and
could result from changes in the ionization of the inhibitor, Phel22. In contrast, the heteroatoms of the succinimide ring
enzyme, or both. As mentioned in the preceding seckgn,  of the Sisomer do not form such a tight hydrogen-bonding
in the forward reaction is actually identical to the dissociation network with the enzyme due to less matching to these active
constant for dissociation of the isomers from theNEADP* site residues (Figure 11). Moreover, the displacements of
complex. Therefore, theka—pH profiles (Figure 4) show  Trp20 and Trp111 in the ESisomer complex may perturb
that the enzyme residue with &Kpof 7.7—7.8 may be the van der Waals interactions so as to lower binding affinity,
associated with the binding of the isomers and ponalrestatbecause these residues play important roles in inhibitor
to the EENADP* complex. This K value was comparable  binding to AR @5, 53, 54). This modification in the
to that reported for the active site catalytic residue (Tyr48, interaction with Trp residues is consistent with the greater
pK = 7.6) in the EENADP' complex (3), consistent with Stokes shift (the less blue shift) in the fluorescence spectra
all the results discussed above. of the E-Siisomer complex as shown in Figure 6.

Forces Contributing to the Complex Formations and  Furthermore, thé’F NMR spectra have revealed that the
Binding Modes of the Isomerghus far, the stereospecificity  local environment of the 2-fluorine atom in the-RB-isomer
of AR toward substrates or inhibitors has been investigated. complex is different from that in the-ES-isomer complex.
However, little is known about the differences in the binding The two major determinants of fluorine chemical shifts are
mode and/or conformation between these compounds. Thelikely to be van der Waals interactions, which usually
use of ourR- and Sisomers may serve as a probe for the produce downfield shifts, and the magnetic anisotropy effects
stereospecificity because these isomers are conformationallyfrom aromatic rings, carbonyls, and other anisotropic groups,
restricted and active site-directed inhibitors (see above). which at best produce either upfield or downfield shifts of

From the comparison of the thermodynamic parameter £2 ppm 65—57). Since observation of an upfield fluorine
values, the difference in nature ofHE complex formation shift is indicative of magnetic anisotropy effects from
may be drawn between the isomers. The binding of the aromatic rings (ring current effect) on the bound fluorine
Sisomer is characterized by comparatively small negative (56), the upfield shift of théR-isomer signal on binding (0.79
enthalpy and large positive entropy changes whereas that ofppm) suggests a substantial contribution from the ring current
theR-isomer by the large negative enthalpy and small entropy effect. In the E-R-isomer complex model, the 4-bromo-2-
changes. In other word®\H°® and AS’ for E—R-isomer fluorobenzyl group is in a close stacking orientation with
complex formation are more negative than those for th&E the indole ring of Trp111, and the 2-fluorine atom makes a
isomer complex. Ross and Subramani4®) 6uggested that  hydrogen bond to Leu300 backbone NH. These interactions
protein—ligand association occurs in two steps: (step 1) are absent from the-ES-isomer complex model (Figure 11).
hydrophobic association and partial immobilization, in which Also, the signals of the bound and frRésomer are in slow
the release of water molecules that are restricted to theexchange on the NMR time scale, whereas those of the bound
interacting hydrophobic surface is the source of significant and freeSisomer are in slow to intermediate exchange,
positive entropy, and (step 2) formation of other inter- indicating that AR binds the pendent benzyl group of the
molecular interactions, in which the strengthening of hydro- R-isomer more tightly than that of th&isomer. Although
gen bonds in the low-dielectric protein interior and van der the contribution of hydrogen bonding to fluorine shifts is
Waals interactions are the most important factors contributing uncertain $6), Negoro et al. 16) pointed out that the
to the observed negative valuesAdfi° andAS’. The results 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 2-fluorine atom of the pendent benzyl group may interact
inhibitory activity. Therefore, it can be reasoned that the with AR by forming an additional hydrogen bond to one of
hydrogen-bonding interaction of the fluorine atom with the residues that are not conserved in ALR (a closely related
Leu300 backbone NH as well as the van der Waals enzyme). Thus, the results presented here reinforce the view
interactions of the 4-bromo-2-fluorobenzyl group with the that the R-isomer acts as a stereospecifically potent and
indole ring of Trp111 may enhance the stereospecificity of selective ARI.
AR toward the isomers.
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each hydrogen bond effects a binding strength by ap-
proximately 710 kJ/mol §8—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).

Selectiity of the Isomers between AR and AUR.s
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 @1). 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 en®3), 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 Sisomers for ALR inhibitory
activity by using ALR purified from porcine kidney. The
kinetic study demonstrated that the inhibitor constant of the
R-isomer was 3x 107 M while that of theSisomer was 7
x 1077 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? This result supports the idea that the
formation of an additional hydrogen bond between the
pendent benzyl ring of th&isomer and AR leads to the
differentiation between AR and ALR as well as the ther-
modynamic stabilization of the-ER-isomer complex.

In summary, we have characterized the interaction of AS-
3201 R-isomer) with AR, in comparison with that of the
optical isomer &isomer). Although the difference in stereo-
structure in the succinimide ring induced ar2000-fold
change in the inhibitor constarij, 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

10 The results showed that the ratiok{porcine ALR) toK;(human
AR) for the R-isomer is more than 800 while that for tisdsomer is

~1. Since a high degree of sequence homology exists between porcine 27

ALR and human ALR §2), the ratio ofKi(human ALR) toKi(human
AR) for the R-isomer, i.e., the selectivity of the-isomer against the
human enzymes, is also inferred to be high.
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