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The structure of human aldose reductase in complex with the 2S4R stereoisomer of the potent inhibitor
Fidarestat ((2S,4S)-6-fluoro-2′,5′-dioxospiro-[chroman-4,4′-imidazoline]-2-carboxamide) was determined at
15 K and a resolution of 0.78 Å. The structure of the complex provides experimental evidence for the
inhibition mechanism in which Fidarestat is initially bound neutral and then becomes negatively charged by
donating the proton at the 1′-position nitrogen of the cyclic imide ring to the Nε2 atom of the catalytic
His110.

Introduction

Aldose reductase (ALR2; EC 1.1.1.21) is a 36-kDa enzyme
belonging to the aldo-keto reductase superfamily. It is the first
and rate-determining enzyme of the polyol pathway of glucose
metabolism that, in the presence of NADPH, converts glucose
into sorbitol.1,2 Glucose overutilization through the polyol
pathway during hyperglycaemia has been linked to various
tissue-based pathologies associated with diabetes complications,
such as cataract formation, peripheral neuropathy, and diabetes-
linked kidney lesions.3–7 Thus, inhibition of ALR2 offers a
potential treatment for the debilitating pathologies associated
with chronic hyperglycaemia that occurs with diabetes mellitus.
Many ALR2 inhibitors (ARIs) have been reported in the
literature, however, due to lack of efficacy and unacceptable
side effects, most drug candidates were not approved for clinical
use. At present only Epalrestat, which was developed by Ono
and launched into the Japanese market in 1992, is available for
the treatment of diabetes complications. Several new potential
candidates are currently in development, and are waiting for
future approval to enter the drug market, which includes the
promising cyclic imide inhibitor Fidarestat ((2S,4S)-6-flu-
oro-2′,5′-dioxospiro-[chroman-4,4′-imidazoline]-2-carboxamide).8–11

Encouraging results obtained from clinical trials showed that
Fidarestat inhibited structural and functional progressions of
diabetic neuropathy as well as halted the increase in sorbitol
pathway flux in diabetic patients.12,13

While experimental evidence for the neutral state of cyclic
imide inhibitors when initially bound to the enzyme was not
available prior to this study, the 0.92 Å resolution crystal
structure of human aldose reductase holoenzyme in complex
with Fidarestat showed an electrostatic interaction between a
negatively charged 1′-position nitrogen atom of the cyclic imide
ring and the Nε2 of the catalytic His110 (Scheme 1).14 This
finding explained the tight binding of the inhibitor and was
supported by the fact that the translation from in vitro to in

vivo activity for the compound was easily achieved.15–17 In
addition, previous determinations of human aldose reductase
holoenzyme structures in complex with stereoisomers of Fidar-
estat at resolutions up to 1.3 Å suggested that the differences
in the interactions between the cyclic imide rings and the
exocyclic amide groups of the compounds with residues His110,
Trp111, Trp219, and Cys298 account for the differences in their
inhibitory potencies.18

In this study we report the structure of ALR2 holoenzyme
complexed with the 2S4R stereoisomer of Fidarestat (Scheme
2) determined with X-ray diffraction data collected at a
temperature of 15 K and refined at 0.78 Å resolution. The
ultrahigh resolution structure allowed for the determination of
the protonation state of the inhibitor and provided experimental
evidence for the hydrogen present at the 1′-position nitrogen
atom in the cyclic imide ring of the inhibitor. These findings
together with the 0.92 Å crystal structure of the ALR2-Fidarestat
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complex suggest a mechanism of ALR2 inhibition by cyclic
imide compounds in which the Nε2 atom of the catalytic His110
accepts a proton from the 1′-position nitrogen atom of the cyclic
imide ring after the inhibitor is bound resulting in a negatively
charged inhibitor and a positively charged imidazole ring of
His110, contributing to strong inhibitor binding.

Results and Discussion

Structure of the Ternary Complex. The structure of the
holoenzyme in complex with the 2S4R stereoisomer of Fidarestat
was determined at 0.78 Å resolution, with a final Rcryst of
10.06%, and Rfree of 11.00% (Table 1). The asymmetric unit

consisted of 316 amino acids, 1 NADP+ coenzyme, 1 inhibitor,
1 citrate and 684 water molecules. Multiple conformations were
observed for the side-chains of 69 amino acid residues. The
Ramachandran Φ, Ψ plot of main-chain torsion angles placed
90.3% and 9.7% of the ALR2 residues in the most favored and
additional allowed regions, respectively. The statistics for
stereochemistry and geometry of the final model are shown in
Table 1.

The overall structure of human ALR2 folds into an eight-
stranded R/�-barrel with the active site located at the C-terminal
end of the barrel. The NADP+ binding site is located adjacent
to a hydrophobic active site pocket.19–21 As observed in the
previously determined 1.3 Å resolution crystal structure of ALR2
in complex with the 2S4R isomer,18 the active site is occupied
by a citrate molecule from the crystallization buffer which
anchors the 2S4R molecule from its exocyclic amide group
through a hydrogen bonding interaction (3.18 Å). In addition,
there is a hydrogen bond between the exocyclic amide group
of the 2S4R molecule and Trp20 (2.90 Å). Stereodiagram of
the 2S4R isomer bound to the active site of ALR2 is presented
in Figure 1.

Implications for the Inhibition Mechanism. The structure
of ALR2 in complex with the 2S4R isomer refined at an
ultrahigh resolution of 0.78 Å indicated that the inhibitor was
bound outside the active site in a neutral state based on the
observed experimental electron density corresponding to the
hydrogen of the 1′-position nitrogen atom of the cyclic imide
ring (Figure 2). In the case of the ALR2-Fidarestat complex
the inhibitor was bound negatively charged at the 1′-position
nitrogen atom interacting favorably with the protonated Nε2
atom of the catalytic His110 and the positively charged
nicotinamide ring of the coenzyme (Scheme 1).14 Both carbonyl
groups on the cyclic imide ring were present within hydrogen
bonding distances from the Nε1 of Trp111 and the OH of Tyr48
(2.79 and 2.63 Å, respectively) while the exocyclic amide group
formed a hydrogen bond with main-chain nitrogen atom of
Leu300 (2.95 Å). On the other hand, the neutral cyclic imide
ring of the bound 2S4R isomer acts as a hydrogen bond donor
through its protonated 1′-position nitrogen atom to a water
molecule (2.67 Å) which in turn acts as a hydrogen bond donor
to the main-chain carbonyl oxygen atom of Lys21 (2.40 Å) and
the side-chain carboxylate of the Glu193 (2.61 Å) from a
symmetry related molecule in the crystal structure (Figure 2).

The binding of Fidarestat and its 2S4R isomer to ALR2 in
two different protonation states, with the catalytic His110
protonated at the Nε2 position in the case of Fidarestat,
suggested an inhibition mechanism by cyclic imide inhibitors.
As observed in the case of the bound 2S4R isomer, initially the
inhibitor crosses the biological membrane as a neutral com-
pound. Once bound to the enzyme’s active site the inhibitor
becomes negatively charged by donating a proton, making the
catalytic His110 positively charged and the resulting favorable
electrostatic interaction contributes to the tight inhibitor binding.
It should be noted that molecular modeling calculations on the
binding of substrates to ALR2 predicted the protonation of the
Nε2 atom of the catalytic His110 and hence the important role
for this residue in drug design studies.22

Experimental Section

Expression and Purification of Human ALR2. The open
reading frame of the human ALR2 gene (Accession Gene Bank/
EMBL Data Bank Number J05017) was amplified by PCR from
cDNA23 and cloned into T7 RNA polymerase-based vector pET15b
(Novagen). Expression of hexahistidine tagged protein in Escheri-
chia coli strain BL21 (DE3; Novagen) was induced by IPTG

Table 1. Data Collection and Refinement Statistics

Data Collection and Processing

No. of crystals used 1
wavelength (Å) 0.9000
space group P21

unit cell parameters
a, b, c (Å) 49.20, 66.64, 47.28
R, �, γ (°) 90.00, 91.67, 90.00

Diffraction Data

resolution range (Å) 99–0.78
unique reflections 336314
R(I)merg (overall) 2.7%
R(I)merg

a 12.3%
completeness (overall) 97.3%
completenessa 93.3%
redundancy (overall) 2.1
redundancya 2.0
I/σ(I) (overall) 16.69
I/σ(I)a 10.27

Refinement

resolution range (Å) 10–0.78
reflections used in refinement (work/test) 319354/16809
R values for all reflections (work/test)
isotropic refinement
Rcryst/Rfree without H (%) 19.66/20.76
anisotropic refinement
Rcryst/Rfree with H (%) 10.54/11.50
Rcryst/Rfree without H (%) 12.54/13.08
reflections with F > 4σF (work/test) 303890/15972
R values based on F > 4σF

isotropic refinement
Rcryst/Rfree without H (%) 19.03/20.25
anisotropic refinement
Rcryst/Rfree with H (%) 10.06/11.00
Rcryst/Rfree without H (%) 12.01/12.56
protein residues 316
coenzyme 1
inhibitor 1
citrate 1
water molecules 684

RMSDs

bonds (Å) 0.018
angles (°) 2.3
dihedrals (°) 11.5

Ramachandran Plot

residues in most favored regions 90.3%
residues in additional allowed regions 9.7%

Estimated Coordinated Error

Luzzati mean error (Å) 0.031

Mean B Factor (Å2)

protein 10.00
NADP+ 4.11
inhibitor 4.26
citrate 6.40
a Data in the highest resolution shell (0.81–0.78 Å).
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(Euromedex) during a 3-h period at 37 °C. The pellet from a 4-L
culture was disrupted by sonication and centrifuged. The supernatant
was loaded onto a Talon metal-affinity column (Clonetech). After
thrombin cleavage of the hexahistidine extension, the detagged
protein was loaded onto a DEAE Sephadex A-50 column (Phar-
macia) and eluted with a NaCl gradient.23

Crystallization. Before crystallization, human ALR2 at 16 mg/
mL in 50 mM ammonium citrate buffer (pH 5) was mixed with
NADP+ and inhibitor (molar ratio of ALR2:NADP+:inhibitor was
1:2:2.5). The ternary complex was crystallized using the vapor-
diffusion method. The ALR2/NADP+/inhibitor solution was mixed
with an equal volume of 15% (w/v) polyethylene glycol (PEG)
6000 in 50 mM ammonium citrate buffer (pH 5) and 10 µL hanging
droplets were placed above a well solution (1 mL) containing 20%
PEG 6000 and 120 mM ammonium citrate. Crystals were grown
at 277 K, transferred into a stabilization solution (25% PEG 6000),
then into a cryoprotecting solution (40% PEG 6000) and dipped
into liquid nitrogen. The crystallization pH for the ALR2-2S4R

complex was same one used in the crystallization of the
ALR2-Fidarestat complex.14

X-Ray Data Collection and Processing. The ternary complex
with the bound 2S4R isomer crystallized in the monoclinic P21
space group, with unit cell parameters a ) 49.20 Å, b ) 66.64 Å,
c ) 47.28 Å, and � ) 91.67°. There was one monomer per
asymmetric unit, consisting of 316 amino acid residues. The solvent
content was estimated to occupy 32.1% of the unit cell volume.24

Almost complete synchrotron data set was collected at a temperature
of 15 K (helium gas cryostat) at the APS beamline 19-ID from a
2S4R isomer complexed ALR2 flash-cooled crystal and processed
using the programs HKL2000 and SCALEPACK.25 The exposure
time (1–15 s), oscillation range (0.2–1°) and crystal-detector
distance (115 mm) were adjusted to optimize the data set. The
crystal proved resistance to radiation damage at 15 K, allowing
the measurements of 2 × 180° zones in reciprocal space for a near
complete data set between low- and high-resolution ranges. Data
collection and processing statistics are shown in Table 1.

Structural Refinement. The atomic coordinates of the human
ALR2-Fidarestat complex (PDB entry code 1PWM), which
crystallized in the same space group with similar unit cell
parameters, were used to solve the structure of the ternary complex
with the bound 2S4R isomer. Crystallographic refinement involved
repeated cycles of conjugate gradient energy minimization and
temperature factor refinement.26 Amino acid side-chains were fitted
into 2Fo - Fc and Fo - Fc electron density maps. The final Fo -
Fc map indicated clear electron density for the 2S4R isomer, where
the citrate molecule was located bound into the active site. Water
molecules were fitted into difference maps, anisotropic conjugate
gradient refinement was conducted using the SHELX program
package,27 and in the final cycles riding H-atoms were introduced.
The programs XtalView/Xfit28 and Coot29 were used for fitting the
models into the electron density. The difference electron density
maps allowed the identification of the H-atom on the 1′-position
nitrogen of the inhibitor’s cyclic imide ring together with multiple
conformations for several amino acid residue side-chains. Low
B-factors of bound inhibitors, partly due to helium cooling, recently
have been associated with the visualization of their hydrogen
atoms.30 Refinement statistics are presented in Table 1.

The atomic coordinates have been deposited in the Protein Data
Bank (ID code 3BCJ) and will be released immediately upon
publication.
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Figure 1. Stereodiagram showing 2S4R stereoisomer of Fidarestat (black) and citrate (green) bound to ALR2. Residues within 4 Å and hydrogen
bonds as dashed lines with distances given in Å are shown. Figures were prepared using MOLSCRIPT.31

Figure 2. Model of the bound 2S4R isomer superimposed with 2Fo -
Fc (blue) and Fo - Fc omit-H (magenta) σA-weighted electron density
maps contoured at 2.0 σ cut-offs showing the position of the hydrogen
atom on the inhibitor. Hydrogen bonding interactions between the water
molecule, inhibitor, Lys21 and Glu193 are shown as dashed lines with
distances given in Å. The electron density maps were calculated using
diffraction data up to 0.78 Å resolution and contoured using Xtalview.28
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