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Aldehyde reductase (ALR1; EC 1.1.1.2) and aldose re-
ductase (ALR2; EC 1.1.1.21), members of the aldo-keto re-
ductase superfamily, are monomeric, primarily NADPH-de-
pendent oxidoreductases that catalyze the reduction of a wide
variety of aldehydes and ketones to their corresponding
alcohols [1].  Despite considerable research, a physiological
role for the enzymes has not yet been identified. However, the
ability of ALR2 to reduce excess glucose to sorbitol in diabe-
tes mellitus has implicated the enzyme in the pathogenesis of
diabetic complications affecting the eyes, kidneys, and ner-
vous system [2].  To date, none of the currently available al-
dose reductase inhibitors (ARIs) has proved clinically effec-
tive and some have had deleterious side effects [3].  Never-
theless, the therapeutic rationale for using inhibitors to delay
the onset and/or progression of diabetic retinopathy and neu-
ropathy is still considered valid [4].  Although there are no
reports of inhibitors that have been developed to specifically
inhibit ALR1, biochemical studies have shown that many ARIs
inhibit ALR1 [5].

Crystallographic analyses of ALR1 [6,7] and ALR2 [8]
have shown that the three-dimensional structures of the en-
zymes are composed of similar α/β  TIM-barrels.  The coen-
zyme NADPH is bound in an extended conformation with the
nicotinamide moiety positioned to allow a hydride transfer

from the C-4 atom to the carbonyl group of the substrate while
a proton is provided by the enzyme [7,8].  The pyrophosphate
bridge of NADPH is tied down by loop B (residues 214-230),
holding NADPH tightly in place, and loop B is fastened by
the interaction of Asp 217 with lysine residues 23 and 263
[7,8].  We have recently reported the structure of ALR1 ho-
loenzyme in complex with the carboxylic acid inhibitor
tolrestat and we have shown that tolrestat binding induces a
conformational change in the non-conserved Arg 312 [9].  In
this study we show that unlike tolrestat, the binding of the
spirohydantoin inhibitor sorbinil to ALR1 is not accompanied
by a conformational change in the enzyme, and indicate rea-
sons why sorbinil inhibits both ALR1 and ALR2 with similar
potencies while tolrestat is a more potent inhibitor of ALR2
than ALR1 [10].  In addition, we show that the non-conserved
Pro 216 (Ser in ALR1) contributes to the tighter binding of
coenzyme to ALR2 [11,12].

METHODS
X-ray crystallography: Hexagonal crystals of the porcine
ALR1 holoenzyme were grown from buffered ammonium
sulfate solutions as described earlier [7] and soaked in syn-
thetic mother liquor containing 1 mM sorbinil, C

11
H

9
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2
O

3
,

for two days.  High resolution data (1.99 Å) were collected
from one flash frozen crystal at -165 °C using the 3,072 x
3,073 pixel CCD electronic area detector [13] at the Argonne
National Laboratory Structural Biology Center at beamline
X8C of the National Synchrotron Light Source, Brookhaven
National Laboratory, Upton, NY. Data frames were collected
for 100 s using a 0.2°phi scans at a crystal to detector distance
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of 297 mm and a wavelength of 1.00615 Å.  The data were
processed using MADNESS [14] to a final set of 21,592 out
of 22,580 possible unique reflections at 1.99 Å resolution with
an overall R

merge
 of 0.03 and I/σ(I)=59.  The crystal form is

hexagonal, space group P6
5
22 with a=b=66.75 Å, c=245.68

Å, α=β=90.0°and γ=120.0°.  The value for V
m
 is 2.24 Å Da-1

for a solvent content of 45%, and one molecule per asymmet-
ric unit.  The sorbinil-binding site and the positions of 336
water molecules were located from a difference electron den-
sity map calculated with phases derived from the model of the
binary complex (Figure 1) using the computer program TOM
(the IRIS version of FRODO [15]) and an SGI Indigo XZ
computer graphics system (Silicon Graphics, Mountain View,
CA).  The structure was refined using the slow cooling proto-
col of X-PLOR [16] and the 19,204 reflections between 6.0 Å
and 2.0 Å resolution with I>2.0σ(I) (98.4% of the observed
unique reflections).  The final refinement produced an R-fac-
tor of 0.18 and a root-mean-square deviation (r.m.s.d.) of bond
lengths and bond angles from ideality of 0.009 and 2.1°, re-
spectively. The PDB entry number is pending for the atomic
coordinates for the porcine ALR1 holoenzyme-sorbinil com-
plex.

Molecular modeling calculations:  The high resolution
crystal coordinates of human aldose reductase and porcine
aldehyde reductase holoenzymes including crystallographic
waters (Brookhaven Protein Data Bank Entries 1ADS and
1CWN) were used in the present modeling study (crystal co-
ordinates of porcine aldose reductase holoenzyme in complex
with sorbinil were not available during the study).  Hydrogen
atoms, partial charges, atomic potentials, and bond orders were
assigned using the automatic procedures within the Insight II
package (Biosym Technologies Inc., San Diego, CA).  Argin-
ine, lysine, aspartate, and glutamate amino acid residues were
charged while the histidines were uncharged, with hydrogen

atoms fixed at the Nε atoms.  Energy minimizations were per-
formed to relieve steric strain associated with the crystal co-
ordinates using the Discover package (Biosym Technologies
Inc., San Diego, CA) on an O2 (R10000) workstation (Silicon
Graphics, Mountain View, CA).  Calculations were done us-
ing the algorithms steepest descents and conjugate gradients
(down to a maximum atomic root mean square derivative of
10.0 kcal/Å and 0.01 kcal/Å, respectively).  The energy mini-
mized structures were visualized using Insight II and the con-
tribution of each amino acid residue adjacent to the coenzyme
to the binding energy in ALR1 and ALR2 was calculated us-
ing Discover.

Generation of mutant protein:  Mutant human ALR2,
P216S, was generated using the PCR recombinant circle tech-
nique [17].  Proline with the codon CCT was replaced with
the serine codon TCT.  PCR was performed as previously de-
scribed [18] using 70 ng of the human ALR2 DNA as tem-
plate [19].  The reaction sample was denatured for 3 min at 95
°C followed by a 2 min annealing step at 65 °C.  VENT poly-
merase (New England Biolabs, Beverly, MA) was then added
and an initial extension was for 8 min at 70 °C. Amplification
was carried out for 14 cycles (1 min at 95 °C, 30 s at 65 °C
and 8 min at 70 °C) followed by a final extension for 10 min
at 70 °C.  The PCR products were annealed and transfected
into E. coli strain BL21(DE3) cells (Novagen, Madison, WI).
One clone was selected and completely sequenced to verify
that only the intended mutation was present.
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Figure 1. Sorbinil (blue) with superimposed electron density (yel-
low). The density was calculated with sorbinil excluded from the
model using coefficients (F

o
-F

c
) and α

c
.  The average temperature

factor for all sorbinil atoms refined at 2.0 Å resolution is 35. The
density shown at lower right corresponds to a water molecule.

Figure 2. Superimposed coenzyme-binding sites of ALR1 and ALR2.
For clarity only residues Lys 23, Ser 216, Asp 217, Lys 263, and Arg
269 with bound coenzyme are shown for ALR1 (amino acid side
chains in yellow, coenzyme in magenta) and ALR2 (amino acid side
chains in green, coenzyme in black).  Atomic coordinates for the
ALR2 residues were obtained from the Brookhaven Protein Data Bank
(entry 1ADS).



ALR2 wildtype and mutant proteins were generated from
1 L preparations of bacterial cells containing either the wildtype
or mutant ALR2 plasmid using methods previously described
[19].  ALR2 was purified from the bacterial cell supernatant
using a Sephadex G-75 column (Pharmacia, Piscataway, NJ)
followed by separation on a MonoP chromatofocusing col-
umn (Pharmacia).  The eluted ALR2 protein was evaluated by
SDS polyacrylamide gel electrophoresis (Phastsystem,
Pharmacia), and the protein concentration was quantified us-
ing the Bradford method [20].

The dissociation constants, K
d
, for NADPH and NADP+

were determined by measuring the quenching of the intrinsic

protein fluorescence (excitation 295 nm: emission 340 nm)
using an Aminco 500 fluorescence spectrophotometer (SLM
Instruments, Urbana, IL). Nucleotide-free enzyme preparations
were titrated with the sequential addition of cofactor as previ-
ously described [19].  To produce nucleotide-free enzyme,
NaCl was added to the purified enzymes to yield a final con-
centration of 0.5 M.  After 30 min, the samples were then
passed through two consecutive PD10 Sephadex G-25 col-
umns (Pharmacia, Sweden) equilibrated with 5 mM sodium
phosphate buffer, pH 7.0, containing 100 µM DTT.  K

d
 values

were determined as described [18, 19].
Enzyme activity was measured during purification of

ALR2 by monitoring the decrease in NADPH absorbance at
340 nm in a Shimadzu model UV-160 spectrophotometer
(Shimadzu Scientific Instruments, Columbia, MD) as previ-
ously described [18].  Kinetic constants were calculated using
Hypercard software (D.G. Gilbert, Indiana University,
Bloomington, IN).

RESULTS &  DISCUSSION
Coenzyme-binding site:  The coenzyme NADPH bound to
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    TABLE 1. INTERMOLECULAR BINDING ENTHALPIES (KCAL/
MOL) BETWEEN ALR1 AND ALR2 AND NADPH

Protein residuea          ALR1              ALR2

               ∆H (kcal/mol)     ∆H (kcal/mol)

__________________________________________________

Thr 21              -2                 -2

Trp 22              -10                -9

Asp 45              -23                -22

Tyr 50              -6                 -5

His 113             -5                 -4

Trp 114             -1                 -2

Asn 163             -1                 -3

Gln 184             -4                 -7

Tyr 210             -11                -11

Ser 211             -10                -10

Pro 212             -2                 -3

Leu 213             -8                 -8

Ser 215             -7                 -8

Ser 216 (Pro)       -6                 -4

Asp 217             -4                 -20

Leu 229             -3                 -3

Thr 266             -1                 -2

Ala 246             -2                 -2

Ile 261             -4                 -4

Pro 262             -3                 -3

Lys 263             -15                -12

Ser 264             -4                 -4

Val 265             -3                 -4

Arg 269             -13                -16

Gln 272 (Glu)       -1                 -2

Asn 273             -4                 -3

Ile 299 (Val)       -3                 -1

Total protein energy    -170               -189

__________________________________________________

aThe corresponding non-conserved residues in ALR2

are shown in brackets.

Figure 3. Inhibitor-binding site for porcine ALR1. Amino acid resi-
dues that interact with sorbinil are shown in white and labelled with
residue type and number.  Trp 22, Tyr 50, His 113, and Arg 312 form
hydrogen bonds with the sorbinil molecule.  The hydrophobic resi-
dues Ile 49, Trp 82, Trp 114 and Phe 125 are within van der Waals
contacts with the inhibitor.  A long hydrogen bond may exist be-
tween Trp 114 and sorbinil.  The side chains of Arg 312 and Asp 313
engage in a salt link.  Atoms of inhibitor (right) and coenzyme (left)
are color-coded according to type (O is red, C is black, N is blue, P is
pink, S is yellow and F is green). Ribbon drawings were prepared
using MOLSCRIPT [25].



ALR1 and ALR2 (Figure 2) is held in place by three salt bridges
to residues Lys 23, Lys 263 and Arg 269 (the sequence num-
bering of ALR1 [6] is used in the study).  The contribution of
each amino acid residue adjacent to the coenzyme to the bind-
ing energy in ALR1 and ALR2 is shown in Table 1.  In agree-
ment with the crystal structures [7,8], with the exception of
Asp 217, the estimated values of the intermolecular binding
enthalpies in the two binary complexes are similar.  A hydro-
gen bond previously noted in the crystal structures of ALR1
and ALR2 holoenzymes [7,8] between the 2'-hydroxyl of the
nicotinamide ribose and the charged Asp 45 contributes the
greatest to binding.  Additionally, the stacking of Tyr 210
against the nicotinamide ring and the ionic interactions be-
tween Lys 263 and Arg 269 and the 2'-phosphate moiety make
important contributions (>10.0 kcal/mol) to the binding of
NADPH to ALR1 and ALR2.  An important difference that
exists between the coenzyme-binding residues of ALR1 and
ALR2 is the non-conserved Ser 216 (Pro in ALR2).  In ALR1,
the hydroxyl of Ser 216 forms a hydrogen bond with the 3'-
hydroxyl of the adenosine ribose.  In ALR2, however, Pro
216 cannot form a hydrogen bond and instead a hydrogen bond
present between the carboxylate of Asp 217 and the 3'-hy-
droxyl of the adenosine ribose makes an important contribu-
tion to the binding (Table 1).  The rigid side chain of Pro 216
in ALR2 stacks against the adenosine ribose (3.6 Å apart) in-
ducing a shift in the position of the adenosine-2'-phosphate
moiety, which is likely stabilizing the hydrogen bonding in-
teraction between Asp 217 and the coenzyme.

The interaction of ALR1 and ALR2 with NADPH differs
in certain regions such that the binding of coenzyme to ALR2
is 10-fold tighter compared to ALR1 [11,12].  Pro 216 in ALR2
(Ser in ALR1) was mutated to a serine residue in order to in-
vestigate the effect of the non-conserved Pro 216 on the bind-
ing of coenzyme.  The P216S mutation had little effect on the
K

m
 value of NADPH (1.5x wildtype).  A more direct effect

can be seen by comparing the binding constants of NADPH
with wildtype and P216S enzymes, where there is a 5-fold
increase due to the mutation (Table 2), making the binding of
NADPH with the P216S mutant more similar to that of ALR1.
A similar effect was obtained with the oxidized coenzyme,
NADP+.  Based on the criteria suggested by Tsai and Yan [21],

when a 5-fold perturbation in kinetic parameters is supported
by structural evidence, the mutated residue is considered to
play a functional role provided the conformation of the mu-
tant enzyme is not significantly perturbed relative to wild-type
(in the free form and in complex with substrate).  The dimin-
ished binding of NADPH to the P216S mutant may have re-
sulted from the disruption of the hydrogen bond observed in
the wild-type enzyme between the carboxylate of Asp 217 and
the 3'-hydroxyl of the adenosine ribose nicotinamide.

The effect of the P216S mutation on the catalytic effi-
ciency (k

cat
/K

m
) of the aldehyde substrate DL-glyceraldehyde

(1.3x wildtype) was small, suggesting that the mutation does
not affect the tertiary structure and the ability of the enzyme
to reduce DL-glyceraldehyde.  On the other hand, the increase
in k

cat
 (3.8x) observed for NADPH and glyceraldehyde with

the P216S mutation is an indication that the mutation has al-
tered the active site to an extent that the release of NADP+ and
the product are affected.

Inhibitor-binding site:  Sorbinil binds to the active site of
the ALR1 holoenzyme (Figure 3) making 60 contacts with the
protein and 10 contacts with the coenzyme (<4.0 Å distances).
With the exception of the non-conserved Arg 312 (missing in
ALR2 sequences [6]), the contacts are made by the six apolar
residues: Trp 22, Ile 49, Tyr 50, Trp 82, His 113, and Phe 125.
The corresponding residues in ALR2 (Trp 20, Val 47, Tyr 48,
Trp 79, His 110, and Phe 122) have been reported to make
similar interactions with sorbinil [22].  The ring system of
sorbinil stacks against the side chain of Trp 22, making the
largest number of contacts (28 in ALR1 and 29 in ALR2),
while the non-conserved Arg 312 makes the least number of
contacts with the inhibitor (4 in ALR1).  Similar to ALR2 [22],
the side chains of Tyr 50 and His 113 are within hydrogen
bonding distance with the two carbonyl oxygens of the
spirohydantoin ring of sorbinil and the side chain of Trp 22
forms a hydrogen bond with the fluorine atom of the inhibitor
(Figure 4).  A long hydrogen bond may exist between the Nε1
of Trp 114 and the carbonyl oxygen of sorbinil.  Furthermore,
a non-conserved hydrogen bonding interaction is present be-
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    Table 2. Kinetic constants of wildtype and mutant ALR2

Substrate              Wildtype             P216S     P216S/Wildtype

DL-Glyceraldehyde
Km (mM)              0.053 ± 0.008      0.161 ± 0.027       3.0
kcat (s-1)            1.19 ± 0.12       4.49  ± 0.48        3.8
kcat/Km (s-1 M-1)    22700 ± 3450       29000 ± 8320        1.3

NADPH
Kd (nM)               7.4  ± 1.4         37.7 ± 6.4         5.1
Km (mM)              13.3  ± 1.8         19.7 ± 5.0         1.5
kcat (s-1)            0.9  ± 0.1         3.4  ± 0.8         3.8
kcat/Km (s-1 M-1)    65200 ± 5200      185000 ± 66200       2.8

NADP+

Kd (nM)                5.8 ± 0.7         31.3 ± 6.1         5.4

Kinetic constants are expressed as mean  ± S.D. for 3 and 4 replicate
experiments for determining Kd, and Km and kcat values, respec-
tively. Km and kcat for NADPH were determined using 10 mM glyc-
eraldehyde as substrate.

Figure 4. Chemical structure of sorbinil and the hydrogen bonding
interactions with ALR1. With the exception of Arg 312 the sorbinil
binding residues are conserved in ALR1 and ALR2. Hydrogen bonds
between ALR1 and sorbinil are shown as dashed lines.



tween the non-conserved Arg 312 of ALR1 and the oxygen of
the ring system of sorbinil.  Thus, most of the interactions
between the sorbinil molecule and the two enzymes are con-
served.

The active site exists in a region with the least conserved
residues [7] and is lined in part by an eight residue insertion
segment (residues 306-313) from the C-terminal loop of ALR1.
The binding of sorbinil to ALR1 does not induce a conforma-
tional change in the side chain of Arg 312, which is held in
place by a salt link to Asp 313.  However, unlike sorbinil, we
have shown earlier that the binding of tolrestat is accompa-
nied by a conformational change in the side chain of Arg 312,
creating space for the inhibitor molecule to bind to the active
site of ALR1 [9].  It is interesting to note that while mutation
of Arg 312 to Ala increases the potency of inhibition by
tolrestat, it has a less marked effect on sorbinil inhibition [23].
Thus Arg 312 is an important residue in the inhibitor binding
site of ALR1 that by changing conformation allows the en-
zyme to bind to different ALR2 inhibitors. Similar to ALR1,
the binding of sorbinil does not induce structural changes in
ALR2.  In the case of tolrestat, however, the side chains of
Phe 122 and Leu 300 (Phe 125 and Pro 301 in ALR1) move
allowing the inhibitor to bind to the active site [22].  A com-
parison of the crystal structures of the binary and ternary com-
plexes of ALR1 and ALR2 indicates that the binding of in-
hibitor to the enzymes does not induce significant structural
changes in the coenzyme-binding site [9,22,24].

The difference in the potency of inhibition by sorbinil
and tolrestat for ALR1 and ALR2 is reflected in the mode of
their interaction with the enzymes.  While sorbinil inhibits
both ALR1 and ALR2 with similar IC

50
 values [10] (5.4 µM

and 2 µM for ALR1 and ALR2, respectively), tolrestat is a
more potent inhibitor of ALR2 than ALR1 [10] (IC

50
 values of

0.72 µM and 0.01 µM for ALR1 and ALR2, respectively).  In
ALR2, the non-conserved C-terminal loop residues Ser 302
and Cys 303 form an extra four hydrogen bonds with the bound
tolrestat while the side chain of Leu 300 (Pro 301 in ALR1)
interacts through van der Waals contacts with the hydropho-
bic domain of the inhibitor [22].  Additionally, in ALR1 there
are likely energy penalties accompanying the rearrangement
in the side chain conformation of Arg 312 due to the loss of
the salt link between Arg 312 and the neighboring Asp 313
that occurs upon tolrestat binding [9].  The participation of
non-conserved residues from the C-terminal loop in the bind-
ing of tolrestat in addition to the differences in the structural
changes required in order for the binding to occur are respon-
sible for the 70 fold difference in the potency of inhibition of
ALR1 and ALR2 [10].  On the other hand, the similar IC

50

values of ALR1 and ALR2 for sorbinil [10] are due to the high
homology in the interactions between the enzymes and in-
hibitor, which also involve the participation of non-conserved
residues from the C-terminal loop but to a smaller extent.
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