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Structure determination of porcine aldehyde reductase holoenzyme in complex with the potent
aldose reductase inhibitor fidarestat was carried out to explain the difference in the potency of
the inhibitor for aldose and aldehyde reductases. The hydrogen bonds between the active-site
residues Tyr50, His113, and Trpl114 and fidarestat are conserved in the two enzymes. In aldose
reductase, Leu300 forms a hydrogen bond through its main-chain nitrogen atom with the
exocyclic amide group of the inhibitor, which when replaced with a Pro in aldehyde reductase,
cannot form a hydrogen bond, thus causing a loss in binding energy. Furthermore, in aldehyde
reductase, the side chain of Trp220 occupies a disordered split conformation that is not observed
in aldose reductase. Molecular modeling and inhibitory activity measurements suggest that
the difference in the interaction between the side chain of Trp220 and fidarestat may contribute
to the difference in the binding of the inhibitor to the enzymes.

Introduction

Aldehyde reductase (ALR1, EC 1.1.1.2) belongs to the
aldo—keto reductase (AKR) superfamily of enzymes
whose members are responsible for a wide variety of
biological functions. These include the regulation of the
proinflammatory response via the reduction of aldehyde
phospholipids,! the synthesis of metabolically vital
compounds such as prostaglandins,®? and the modula-
tion and modification of steroids in vivo,*~7 which
include progesterone signaling in breast mammary
cells.® Members of the AKR superfamily are composed
of approximately 315—330 residues and generally form
monomeric proteins with a molecular weight of 36
kDa.%10 While ALR1 prefers the reduction of aromatic
rather than aliphatic aldehydes,!! both ALR1 and the
homologous aldose reductase (ALR2, EC 1.1.1.21) cata-
lyze the NADPH-dependent reduction of aldehydes,
xenobiotic aldehydes, ketones, trioses, and triose phos-
phates.?10:12715 The two enzymes have been isolated and
purified from a number of tissues including the brain,
kidney, liver, lens, and skeletal muscle.!6-18 Moreover,
ALR1 and ALR2 share a high degree of sequence
(~65%) and structural homology!® with the majority of
the differences present at the C-terminal end of an
o/B-TIM barrel structure,?’ which is the region respon-
sible for substrate and inhibitor specificity in the
AKRs.2! Earlier studies indicated that most known
ALR2 inhibitors (ARIs) inhibit ALR1 and illustrated
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that the active sites of both enzymes contain common
characteristics in the manner by which they bind
substrate and inhibitor.19:22

ALR2 has been identified as the first enzyme involved
in the polyol pathway of glucose metabolism that
converts glucose into sorbitol, the rate-limiting step of
the pathway.23 Glucose overutilization through the
polyol pathway has been linked to tissue-based patholo-
gies associated with diabetes complications,?42? includ-
ing cataract formation,2® peripheral neuropathy,?” and
diabetes-linked kidney lesions.?8 These chronic patholo-
gies make the development of a potent ARI an obvious
and attractive strategy to prevent or delay the onset and
progression of the complications. To date, none of the
currently available ARIs have been approved for clinical
use (outside of Japan) because of toxicity problems and
lack of specificity toward the target enzyme.2? An ARI
specificity is often determined by measuring its activity
against ALR1, an enzyme that metabolizes 3-deoxyglu-
cosone and methylglyoxal, which are intermediates for
the formation of the advanced glycation end products
(AGEs).2%31 Thus, ALR1 inhibition may account for
some of the undesirable side effects associated with the
present ARIs.

Recent crystallographic and molecular modeling stud-
ies have shown that ARIs bind to the active sites of
ALR1 and ALR2 with conserved hydrogen-bonding in-
teractions between the polar heads of the inhibitors and
the active-site residues Tyr50, His113, and Trp114.22:32-38
The difference in inhibitor potency for the two enzymes
has been attributed to nonconserved residues located
in the C-terminal loop lining a hydrophobic region of
the active site called the “specificity pocket”. We have
previously reported the structure of human aldose
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reductase holoenzyme in complex with the cyclic imide
inhibitor fidarestat ((2S,4S)-6-fluoro-2',5'-dioxospiro-
[chroman-4,4’-imidazoline]-2-carboxamide) determined
at an ultrahigh resolution of 0.92 A, and proposed a
mechanism for ALR2 inhibition based on the protona-
tion states of the inhibitor and the catalytic residue
His110.38 In this study, we report the first high-
resolution ternary structure of an aldehyde reductase
in complex with fidarestat. The enzyme, isolated from
porcine kidneys, shares 97% sequence homology and a
conserved active-site structure with the human en-
zyme.?? A comparison between the inhibitor-binding
sites of ALR1 and ALR2, complemented with molecular
modeling calculations and inhibitory activity measure-
ments of fidarestat (2548S), its 2R4S-isomer, and the
ARI sorbinil, suggested that both Pro301 (Leu300 in
ALR2) and the conserved Trp220, which occupies a
double conformation in ALR1 but not in ALR2, account
for the difference in the potency of the inhibitor for the
two enzymes. This information may aid the structure-
based design of ARIs that are more selective for ALR2
than ALR1 and have less toxicity problems than the
currently available inhibitors. The chemical structures
of fidarestat (2S,4S), its 2R,4S-isomer, and sorbinil are
shown in Scheme 1.

Results and Discussion

X-ray Crystallography. The structure of porcine
aldehyde reductase holoenzyme in complex with fidar-
estat was determined at 1.85 A resolution, with final
Ryt and Rgee values equal to 20.9% and 29.7%,
respectively, similar to values reported for previous
ALRI1 structures.*® Moreover, similar to previous X-ray
structures,340 the electron densities observed for both
main chain atoms and side chain atoms in the segments
containing residues 218—225 (loop B) and 304—308 (loop
C) are weak compared to the rest of the molecule
because of the flexibility of these regions. The asym-
metric unit consisted of 324 amino acids, one NADPH
coenzyme, one fidarestat molecule, 210 waters, and 1
sulfate molecule. A ¢, ¥ plot of main chain torsion
angles placed approximately 96.7% and 3.3% of the
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Table 1. Data Collection and Refinement Statistics

Data Collection and Processing

no. of crystals used 1
wavelength (A) 1.000
space group P6522
unit-cell parameters
a, b,c(A) 67.35, 67.35, 244.74

o, B, vy (deg) 90.0, 90.0, 120.0
resolution range (A) 50—1.85
unique reflections 26 755
R(Dmerg (overall) (%) 9.7
R(Dmerg @ (%) 314
completeness (overall) (%) 91.2
completeness® (%) 90.1
redundancy (overall) 3.3
redundancy® 3.7
I/o(I) (overall) 11.3
I/o(I) 3.8

Refinement
resolution range (A) 10-1.85
all reflections used 26 599

size Rfree set (%) 5

all reflections (Rfree) (1320)
R-values based on F' > 4o
Rcryst/Rfree (%) 20.9/29.7
protein residues 324
coenzyme 1
inhibitor 1
sulfate 1
water molecules 210
Root-Mean-Squared Deviations
bonds (A) 0.006
angles (deg) 1.799
dihedrals (deg) 14.460

Ramachandran Plot
residues in most favored regions (%) 96.7
residues in additional allowed regions (%) 3.3

Estimated Coordinate Error

Luzzati mean error (A) 0.165
Mean B Factor (A2)

protein 21.1

coenzyme 12.9

inhibitor 20.5

sulfate 37.3

@ Data in the highest resolution shell (1.92—1.85 A).

ALR1 residues in the most favored and additional
allowed regions, respectively.4142 The statistics of ster-
eochemistry and geometry of the final model are shown
in Table 1.

Inhibitor-Binding Site. Fidarestat is bound to the
active site of ALR1 with its cyclic imide moiety anchored
in the anion-binding site, resulting in the clear electron
density observed for the inhibitor (Figure 1). The
carbonyl oxygen atoms are present within hydrogen-
bonding distances from the Nel atom of Trp114 (2.91
A) and the OH group of Tyr50 (2.37 A), while the Ne2
atom of His113 forms a hydrogen bond with the
1'-position nitrogen atom in the cyclic imide substituent
(2.85 A). A stereodiagram of fidarestat’s binding site is
shown in Figure 2. The hydrogen-bonding interactions
between the cyclic imide moiety of fidarestat and ALR1
are conserved in the ALR2 structure, which includes an
additional hydrogen bond between the main chain N
atom of Leu300, a residue lining the “specificity pocket”,
and the exocyclic amide (carbamoyl) oxygen of fidar-
estat.’6 In ALR1, Leu300 is a Pro that cannot form a
similar hydrogen bond with the exocyclic amide group.
A superposition of the ALR1 and ALR2 active sites with
the bound fidarestat molecules is shown in Figure 2.
While the side chain orientations for the anion-binding
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Figure 1. Omit electron density map (F, — F.) calculated at
1.85 A resolution with a 2.5¢ cutoff superimposed on fidarestat.
The figure was prepared using Raster 3D: Photorealistic
Molecular Graphics.%°

site residues Tyr50, His113, and Trp114 are conserved,
the electron density indicates a disordered double
conformation (Figure 3) for the indole ring of Trp220 in
ALR1 that may have resulted from a short contact
interaction with the flexible exocyclic amide group,
inducing the major conformation (80% occupancy). The
two conformations have van der Waals contacts with
the exocyclic amide group equal to 2.99 and 3.59 A,
respectively. The former short contact is likely to be
contributing to a less favored inhibitor binding com-
pared to ALR2, where a single conformation was
observed that has a van der Waals contact with the
exocyclic amide group equal to 3.61 A. The correlation
between the electrostatic component of the binding
enthalpy (AH) and the binding constants measured in
solution (ICsg) for fidarestat was examined for ALR1 and
ALR2. Estimates of the electrostatic interactions be-
tween the residues Tyr50, His113, Trp114, and Leu300
(Pro301 in ALR1) and the inhibitor were obtained from
molecular modeling. Additionally, for comparison and
to illustrate the role of the exocyclic amide group in
inhibitor binding to ALR1 and ALRZ2, the IC5( values of
the 2R,4S-isomer and sorbinil for the two enzymes are
provided in Table 2.

A comparison between the structures of the ALR2
complexes with fidarestat (2S,4S) and its 2R,4S-isomer
shows differences in the interaction between the exo-
cyclic amide group and the C-terminal loop residues.*?
While the hydrogen bond between the exocyclic amide
group of the compounds and the main chain nitrogen
atom of Leu300 is conserved in the fidarestat and the
2R,4S-structures, an induced rotation in the exocyclic
amide group occurred to accommodate the 2R,4S into
the binding site, resulting in a short contact with Trp219
(2.79 A versus 3.61 A with fidarestat). This observation
was predicted in an earlier study** where the modeling
of the 2R,4S-isomer in the active site of ALR2 suggested
that both fidarestat and the 2R,4S-isomer bind to ALR2
in a similar manner and that the stereochemistry of the
exocyclic amide group may influence the affinity of the
compounds for the enzyme. Moreover, a comparison of
the ICs5¢ values of fidarestat, the 2R,4S-isomer, and
sorbinil for the rat ALR2 (Table 2) confirms that the
exocyclic amide group in the S-configuration (IC5) =
0.035 uM) is optimally positioned to form a hydrogen
bond and van der Waals contacts with Leu300 and
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Trp219, respectively. The missing exocyclic amide group
in sorbinil (IC5y = 0.90 M) and the short contact
between the exocyclic amide group of the isomer in the
R-configuration (IC5y = 0.57 uM) and the side chain of
Trp219 were suggested to account for the weaker
binding of both sorbinil and the 2R,4S-isomer to ALR2.

Inhibitor Selectivity between ALR1 and ALR2.
The inhibitory activities of sorbinil against porcine and
human ALR1 are similar to those reported for human
and rat ALR2 (Table 2), which have a conserved
inhibitor-binding site. This is not surprising when
considering that sorbinil lacks the exocyclic amide group
that is responsible for the difference in fidarestat’s
potency for the two enzymes and that the hydrogen-
bonding interactions between the cyclic imide moiety
of the inhibitor and the active site residues Tyr50,
His113, and Trp114 are conserved. Significant selectiv-
ity for ALR2 over ALR1 is observed with respect to the
more potent ALR2 inhibitors, the 2R,4S-isomer, and
particularly fidarestat (2S,4S). The crystal structures
of the two enzymes in complex with fidarestat suggest
that the 278-fold difference in the binding of inhibitor
to porcine ALR1 and human ALR2 is due to both the
additional hydrogen bond present between the main
chain nitrogen atom of Leu300 and the more favored
van der Waals contact between the exocyclic amide
group and the side chain of Trp220 in ALR2. In the case
of 2R,4S binding, the inability of Pro301 to form a
hydrogen bond with the exocyclic amide group of the
compound in porcine ALR1 is the likely factor that
accounts for the 31-fold difference in potency with the
rat ALR2. Additionally, similar to ALR2, the R-config-
uration of the exocyclic amide group may result in a less
favored interaction with the side chain of Trp220 in
ALRI1, as suggested by the ICs¢ values. An estimation
of the electrostatic interactions between fidarestat and
Tyr50, His113, Trp114, and Leu300 (Pro301 in ALR1)
was obtained from molecular modeling (Table 2). The
values for the binding enthalpies (AH) for porcine ALR1
and human ALR2 were equal to —12 and —15 kcal/mol
with corresponding ICso values of 2.5 and 0.009 uM,
respectively. These values, together with the crystal
structures, suggest that while the hydrogen-bonding
interaction between the main chain nitrogen atom of
Leu300 and the exocyclic amide group of fidarestat in
ALR2 plays an important role in inhibitor binding and
selectivity, it does not account for the full difference in
the binding for the two enzymes. The only other
observed significant difference in the ALR1 and ALR2
structures is the interaction between the exocyclic amide
group and the side chain of Trp220, which is ordered in
ALR2 but adopts a disordered double conformation in
ALR1, with the minor conformation (20% occupancy)
similar to that of Trp219 in ALR2. Therefore, it is likely
that this interaction contributes to a less favored
inhibitor binding to ALR1.

The binding of fidarestat to ALR1 and ALR2 does not
induce a conformational change in the C-terminal loop
region of the enzymes, unlike the binding of tolrestat,
a carboxylic acid inhibitor that is 180-fold more potent
against ALR2 than ALR1, and its structure in complex
with both enzymes is known.3238 The difference in
inhibitor potency was investigated by molecular model-
ing and mass spectrometry3* and was attributed to the
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Figure 2. Stereodiagrams showing the binding site of fidarestat (25,4S). (a) ALR1 residues within 4 A and hydrogen bonds as
dashed lines with distances given in anstroms are shown. The two conformations for Trp 220 are included. (b) Superposition of
the inhibitor binding-site residues Tyr50, His113, Trp114, Trp220, and Pro301 (Leu300 in ALR2) in ALR1 (black and red) and

ALR2 (green). Figures were prepared using Molscript.5!

Figure 3. Electron density map (2F, — F) calculated at 1.85
A resolution with a 1.00 cutoff superimposed on Trp220. Both
conformations for the side chain indole ring are shown. The
brown Trp220 (20% occupancy) in this figure is the one shown
in red in Figure 2 and has an orientation similar to that of
Trp219 of ALR2. The yellow Trp220 is the major conformation
(80% occupancy) and is shown in black in Figure 2. The figure
was prepared using Raster 3D: Photorealistic Molecular
Graphics.%

difference in the hydrophobic interactions between the
inhibitor and C-terminal loop region of ALR1 and ALR2.
Upon binding of tolrestat to ALR1, the side chain of the
nonconserved Arg312, a residue that shares a hydrogen-
bonded water molecule with fidarestat’s chroman ring,
moves to accommodate tolrestat into the binding site.
In the ALR2-tolrestat structure, the side chains of

Table 2. Comparisons of ALR1 and ALR2 Inhibitor Binding
Constants ICs9 and AH

ICs0 (uM) AH (kcal/mol)
porcine human human rat porcine human
inhibitor ALR1 ALR1 ALR2 ALR2 ALR1 ALR2
fidarestat 2.5 1.2¢  0.009¢ 0.035¢ —12 -15
sorbinil 4.0 5.4b 200 0.90°
2R 4S-isomer 17.8 0.57¢

@ ICso values reported by Mizuno et al.5” ® ICso values reported
by Barski et al.58 ¢ ICs values reported by Yamaguchi et al.5®

Leu300 and Phel22 move apart from each other, allow-
ing for the binding to occur. A more recent study showed
that the cyclic imide inhibitor minalrestat binds to
ALR2 with its isoquinoline ring system located in a
hydrophobic pocket formed mainly by the side chains
of Trp20, Phe122, and Trp219 (Scheme 2).3¢ The 4-bromo-
2-fluorobenzyl group enters the crevice formed between
Phel22, Leu300, and Trp111. The benzyl group z-stacks
against the side chain of Trplll, while the bromine
atom is positioned within an interacting distance with
the side chain of Thr113 and the fluorine interacts with
the main chain amide of Leu300. A comparison of the
crystal structures of ALR2 in complex with minalrestat
and the carboxylic acid inhibitor statil (Scheme 2)
showed that these two inhibitors bind to the enzyme in
a similar manner, resulting in a conformational change
in the side chains of Leu300 and Phel22, suggesting
that the orientations of the cyclic imide and carboxylic
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Scheme 2
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acid inhibitors in the active site of ALR2 are dictated
by both the hydrophobic ring system and the polar
headgroups of the inhibitors.35:36

Our recent molecular modeling and design studies
suggest that the replacement of both the fluorine atom
of minalrestat and the exocyclic amide group of fidar-
estat with a carboxylate functional group may enhance
the net binding energies of the enzyme—inhibitor com-
plexes by capturing the maximal interactions with
nonconserved residues from the C-terminal loop of
ALR2.%5 Of particular interest is the unsuccessful at-
tempt to model the minalrestat-based compound into
the active site of ALR1 due to steric hindrance between
the compound and nonconserved residues from the
C-terminal loop, and therefore, this compound may
show more selectivity toward ALR2 over ALR1. The
result of the present study is in agreement with our
earlier assumption34% that while the interactions be-
tween the polar head of the inhibitors and the active-
site residues play a major role in the overall stability
of the enzyme—inhibitor complexes, the compounds that
capture the maximal interactions with the nonconserved
residues of the ALR2 C-terminal loop region (such as
Leu300) provide the basis for the development of more
specific inhibitors for ALR2.

Summary

The structure of ALR1 in complex with the potent ARI
fidarestat was determined at high resolution to explain
the difference in the inhibitor potency between ALR1
and ALR2, an enzyme implicated in the development
of the complications of diabetes, and its structure in
complex with fidarestat has recently been solved at
ultrahigh resolution.?® In both enzymes, fidarestat is
anchored through its cyclic imide ring to the active site
and the hydrogen-bonding network with the active-site
residues Tyr50, His113, and Trp114 is conserved. The
exocyclic amide group of fidarestat forms a hydrogen
bond with the main chain N atom of Leu300 in ALR2.
This residue is a Pro in ALR1 that cannot form a similar
hydrogen bond, allowing for the free rotation of the
exocyclic amide group. The interaction between Trp220
of ALR1 and the exocyclic amide group results in a
disordered split conformation for the side chain of
Trp220, making inhibitor binding less favorable com-
pared to ALR2. The analysis of the binding enthalpy
(AH) and the in-solution binding constants (ICsy) for
fidarestat, its 2R,4S-isomer, and sorbinil for ALR1 and
ALR2 suggests that the 278-fold difference between
fidarestat’s potency for the enzymes is the result of both
the electrostatic interaction of the exocyclic amide group
with Leu300 and the favored van der Waals contact with
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Trp219 in ALR2. This is in agreement with the recent
results obtained from the structure of the complex
between fidarestat and the Leu300Pro mutant form of
ALR2% where the only observed difference with the
wild-type structure®® is the loss of the H-bond with
Leu300, resulting in a 23-fold difference in inhibitor
potency.

Experimental Section

Purification of Porcine ALR1. ALR1 was purified by
using a modification of a published procedure.’* Porcine
kidneys were diced and homogenized in sodium phosphate (pH
7) buffer containing 5 mM 2-mercaptoethanol and 5 mM EDTA
(buffer A). This and all subsequent steps, excluding the FPLC
step, were carried out at 4 °C. The homogenate was centri-
fuged, and the supernatant was treated with ammonium
sulfate to obtain both 35% and 65% saturation. The pellet at
65% saturation was resuspended in buffer A and further
purified by successive liquid chromatography (LC) steps using
affinity Blue Sepharose LC, anionic exchange Q-sepharose LC,
gel filtration Superdex 75 FPLC (Pharmacia), and a second
Blue Sepharose LC step. The purified enzyme, which was
characterized by SDS—polyacrylamide gel electrophoresis
(SDS—PAGE) and liquid chromatography—electrospray ioniza-
tion mass spectrometry (LC—ESMS), was then desalted by
repeated dilution—concentration cycles in a Megafuge 1.0R
centrifuge (Heraeus) at 3200g with 5 mM Tris (pH 6.5) buffer
containing 5 mM 2-mercaptoethanol (buffer B) in a 10 kDa
Amicon ultra-4 centrifugal filter unit (Millipore). The sample
was finally concentrated to a protein concentration of between
15 and 17 mg/mL.

Crystallization. Crystals of the holoenzyme were grown
at 295 K by vapor diffusion using the hanging drop method.*”
Protein in buffer B was first mixed with NADPH to give a 1:20
ratio of protein to cofactor. Each droplet consisted of 5 uL of
the protein/NADPH mixture and mixed with 5 uL of solution
from the well (2.0 M ammonium sulfate and 0.1 M Tris HCI
buffer, pH 8.1; buffer C). Crystals grew to their maximum
dimensions (0.30 mm x 0.10 mm x 0.10 mm) within 1 week.
Binary crystals were then soaked in a 5 uL droplet of buffer C
containing the cyclic imide inhibitor fidarestat, dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 2 mM and a
final DMSO concentration of 2%, for a period of 10 days. The
ternary complex crystals were mounted onto a nylon loop
(Hampton) and then briefly immersed into a cryoprotecting
solution (20% glycerol in 2.2 M ammonium sulfate and 0.1 M
Tris HCI buffer, pH 8.1) before being flash-frozen in liquid
nitrogen for X-ray diffraction studies.

In Vitro Inhibitor Evaluation. The IC5y value, which is
the inhibitor concentration that reduces enzyme activity by
50%, was determined for ALR1 with respect to fidarestat
(25,4S), the 2R,4S-isomer, and sorbinil. Enzyme activity was
measured at 25 °C and by monitoring the decrease in NADPH
absorbance at 340 nm using DL-glyceraldehyde as substrate
in the presence or absence of the compound of interest. The
substrate concentration giving the maximum activity was held
constant, while that of the inhibitor was varied. The ICsg
values were estimated from nonlinear regression analyses of
percent inhibition versus inhibitor concentration graphs.

X-ray Data Collection and Processing. The holoenzyme
crystallized in the hexagonal P6522 space group, with unit cell
parameters a = b =67.35 A, c =244.74 A, o = f = 90.0°, and
y = 120.0° (at 100 K). There was one monomer per asymmetric
unit, consisting of 324 amino acid residues. The solvent content
was estimated to occupy 45% of the unit cell volume.*® A near-
completion synchrotron data set was collected at the Swiss
Light Source beamline X06SA from one ALR1 ternary complex
crystal and processed using the programs HKIL2000 and
SCALEPACK.*° The exposure time (3 s), oscillation range
(0.3°), and crystal—detector distance (120 mm) were adjusted
to optimize the data set. The crystal proved to be resistant
to radiation damage at 100 K, allowing the measurement of a
65° zone in reciprocal space for a near-complete data set at a
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resolution of 1.85 A. Data collection and processing statistics
are shown in Table 1.

Structure Refinement. The coordinates of the porcine
ALR1 holoenzyme structure® were used to solve the structure
by molecular replacement.’! Crystallographic refinement in-
volved repeated cycles of conjugate gradient energy minimiza-
tion, simulated annealing, and temperature factor refine-
ment.”’ Amino acid side chains were fitted into 2F, — F. and
F, — F. electron density maps. The final F, — F. maps (Figure
1) indicated clear electron density for fidarestat. Water
molecules were fitted into a difference map, and final cycles
of the conjugate gradient refinement were carried out using
the SHELX program package.’? The programs TURBO-
FRODO?? and XtalView/Xfit?* were used for fitting the models
into the electron density. The difference electron density maps
allowed the identification of multiple conformations for several
amino acid residue side chains including Trp220 (Figure 3).
Refinement statistics are presented in Table 1.

Molecular Modeling Calculations. Energy minimization
was carried out on the structures of the ternary complexes of
ALR1 and ALR2 using the Discover 2.7 package (Biosym
Technologies, San Diego, CA) on an 02 (R12000) workstation
(Silicon Graphics, Mountain View, CA) following established
procedures found to be effective in examining conformational
space with a protein—ligand complex.?>% Arginine, lysine,
aspartate, and glutamate amino acids were charged, while the
histidines were uncharged. Consistent with the mechanism
proposed for the binding of fidarestat to ALR2,3¢ where the
inhibitor is initially bound in a neutral state, His113 was
singly protonated at the No1 atom and the inhibitor was
uncharged. The constant valence force field incorporating the
simple harmonic function for bond stretching and excluding
all nondiagonal terms was used (cutoff distance of 31 A).
Calculations were done using the algorithms’ steepest descents
and conjugate gradients (down to a maximum atomic root-
mean-square derivative of 10.0 and 0.01 kcal/A, respectively).
The structures were visualized by using InsightIl, and the
contributions of the inhibitor-binding site residues Tyr50,
His113, Trp114, and Pro301 (Leu300 in ALR2) to the binding
in the ALR1 and ALR2 ternary complexes were calculated by
using Discover (Table 2).

The atomic coordinates will be deposited in the Protein Data
Bank and will be released immediately upon publication.
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