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AbstractÐThis study reports a molecular modelling investigation of human sorbitol dehydrogenase complexed with the substrate
sorbitol and the inhibitor WAY135 706 based on the structures of human b3 alcohol dehydrogenase, human s alcohol dehy-
drogenase and horse liver alcohol dehydrogenase. The tertiary structure of human b3 alcohol dehydrogenase was used as a template
for the construction of the model. The rms positional deviation between the main-chain atoms of the initial and ®nal models of
sorbitol dehydrogenase is 1.37 AÊ . Similar residue interactions exist between sorbitol dehydrogenase and both sorbitol and inhibitor.
Binding of sorbitol in the substrate-binding site results in interactions with Lys-294, Tyr-50, His-69, Glu-150, and NAD+ while
WAY135 706 interacts with Ser-46, Lys-294 and Phe-59. The enzyme-inhibitor interactions revealed by this study will be useful in
the design of more speci®c inhibitors. # 2000 Elsevier Science Ltd. All rights reserved.

Sorbitol dehydrogenase (SDH) catalyses the conversion
of sorbitol to fructose with NAD+ as the coenzyme.1

Sorbitol dehydrogenase is the second enzyme involved
in the polyol pathway of glucose metabolism. It is
believed that this pathway is involved in the develop-
ment of diabetic complications.2 4-[4-(N,N dimethylsul-
famoyl) piperazino]-2-hydroxymethylpyrimidine (WAY
135 706/SDI) is a compound that inhibits SDH with an
IC50 value of 1 mM.3 Administration of SDI has been
reported to attenuate the onset and severity of polyol-
related complications by increasing blood and tissue
levels of sorbitol.4ÿ6 Sorbitol dehydrogenase is a tetra-
mer, has 356 residues (approximately 37 kDa per sub-
unit) and contains one catalytic zinc atom per subunit.

The homologous alcohol dehydrogenase (ADH)7 has a
conserved zinc ligand motif (two cysteine residues and
one histidine residue) and a hydrophobic substrate-
binding pocket.8 Major functional di�erences between
ADH and SDH include the third zinc ligand in ADH
(Cys) being replaced by a Glu in SDH.9 While the crys-
tal structure of sorbitol dehydrogenase is yet to be
determined, a model of sheep liver sorbitol dehy-
drogenase was constructed using the high-resolution
structure of alcohol dehydrogenase.10 Amino acid
sequence homology between sheep liver SDH and horse
liver ADH revealed about 25% sequence identity.10

Modelling studies have indicated extensive structural
di�erences between the predicted SDH model and ter-
tiary structure of ADH, particularly in the active site
region.10 In recent times crystal structures of many
ADH have been solved.11ÿ13 From these structures and
mutagenesis studies,9 enough information is now avail-
able to construct a more accurate SDH model com-
pared to the earlier model of the sheep liver SDH.10 The
model may be used to aid the design of more speci®c
inhibitors of the enzyme.

Functionally related molecules that exhibit some degree
of sequence homology have been shown to have similar
tertiary structures.14 The human sorbitol dehydrogenase
amino acid sequence was compared with sequences of
long chain alcohol dehydrogenases of known 3-D struc-
tures.11,13,15 Sequence alignments of SDH and the ADH
were carried out using Clustalw1.60 sequence alignment
program,16 introducing as few insertions/deletions as
possible while conserving conformatonal aspects of the
molecules (Fig. 1). The sequence alignment provided the
SDH model with the zinc ligand motif, C44-H69-E150
suggested by site-directed mutagenesis.9 The high-reso-
lution crystal coordinates of human b3 ADH, human s
ADH and horse liver ADH (PDB entries 1htb, 1agn and
1axe) were used to construct a model of human sorbitol
dehydrogenase. The modelling program TURBO-
FRODO version 5.517 was used to replace residues of the
ADH with corresponding residues in the human SDH
sequence, conserving the original secondary structure as

0960-894X/00/$ - see front matter # 2000 Elsevier Science Ltd. All rights reserved.
PI I : S0960-894X(00 )00191-8

Bioorganic & Medicinal Chemistry Letters 10 (2000) 1101±1104

*Corresponding author. Tel.: +61-3-9903-9691; fax: +61-3-9903-
9582; e-mail: ossama.el-kabbani@vcp.monash.edu.au



much as possible. Human b3 ADH was used as the
template because it has the highest sequence homology
(44%) with SDH. The rms positional deviation between
the main-chain atoms of the initial and ®nal SDH
models is equal to 1.37 AÊ .

In the present work, the substrate sorbitol and inhibitor
WAY135 706 were manually docked into the putative
substrate-binding site of SDH. The substrate wasmodelled

into the active site so that the second alcohol group
interacts with the C4 of the nicotinamide ring and is
present within liganding distance to the zinc atom. The
alcohol group of the inhibitor molecule was positioned
in the active site to occupy the same position of the sec-
ond alcohol group of sorbitol. Hydrogen atoms, partial
charges, atomic potentials and bond orders for the com-
plexes were assigned using the automatic procedures
within the InsightII 2.1 package (Biosym Technologies

Figure 1. Amino acid sequence alignment of human sorbitol dehydrogenase (HSDH) with human b3 alcohol dehydrogenase (HBADH), horse liver
alcohol dehydrogenase (HLADH) and human s alcohol dehydrogenase (HSADH). The shaded regions indicate residue identity. Zinc liganding
residues are shown in yellow. Regions of a-helices and b-strands are designated by * and ^ respectively.
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Inc., San Diego, CA). Arginine, lysine, aspartate and
glutamate amino acids were charged while the histidines
were uncharged, with hydrogen atoms ®xed at the Ne.
Energy minimisation was performed to relieve steric
strain associated with the coordinates using the Dis-
cover 2.7 package (Biosym Technologies Inc., San
Diego, CA) on an O2 (R10000) workstation (Silicon
Graphics, Mountain View, CA). The constant valence
force ®eld incorporating the simple harmonic function for
bond stretching and excluding all non-diagonal terms was
used (cut-o� distance of 31 AÊ ). Calculations were done
using the algorithms steepest descents and conjugate gra-
dients (down to a maximum atomic root-mean-square
derivative of 10.0 and 0.01 kcal/AÊ respectively). Mole-
cular dynamics were then performed using leapfrog
algorithms in Discover. Dynamics were equilibrated for
2 ps with time steps of 1 fs and then continued for 4 ps
with time steps of 2 fs at 350 K. The resulting structure
was extracted and energy minimised. This protocol was
found to be an e�ective method for exploring con-
formational space with a protein±ligand complex close
to its lowest energy structure. The calculated binding
energies are listed in Table 1.

Molecular modelling of the substrate and inhibitor into
the active site of sorbitol dehydrogenase revealed the
possible interactions between SDH and both sorbitol
and SDI. Figure 2a illustrates residues present within 4

Table 1. Intermolecular binding enthalpies (kcal/mol) between sor-

bitol dehydrogenase (SDH) residues and (a) sorbitol and (b) inhibitor

(SDI)

SDH residues Sorbitol �H
(kcal/mol)

SDH
residues

SDI �H
(kcal/mol)

Lys-294 ÿ7.64 Phe-59 ÿ8.27
Phe-59 ÿ4.91 Ser-46 ÿ6.90
Ser-46 ÿ4.75 Lys-294 ÿ6.81
Ile-293 ÿ3.55 Phe-117 ÿ5.39
Glu-150 ÿ3.41 Phe-118 ÿ3.87
Tyr-50 ÿ3.13 Tyr-50 ÿ2.78
Phe-117 ÿ2.25 Leu-274 ÿ1.94
Asp-47 ÿ2.18 Ile-293 ÿ1.89
Phe-118 ÿ1.81 Arg-151 ÿ1.57
Tyr-110 ÿ0.99 His-69 ÿ0.91
Leu-274 ÿ0.69 Cys-44 ÿ0.74
Cys-44 ÿ0.66
Total energy (kcal/mol) ÿ14.72 Total energy (kcal/mol) ÿ45.04

Figure 2. Stereoview of the active site of sorbitol dehydrogenase model. (a) Residues within 4 AÊ of sorbitol in the substrate-binding site of human
sorbitol dehydrogenase. (b) The active site residues of SDH within 4 AÊ of the inhibitor. These ®gures were prepared using MOLSCRIPT.18
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AÊ of sorbitol in the active site of the energy minimised
SDH/sorbitol structure. Molecular dynamics calcula-
tions revealed that the C1, C2, C3, C4, C5 and C6
hydroxyl groups of sorbitol are within hydrogen bond-
ing distance with His-69 NE (2.47 AÊ ), Ser-46 OG (2.57
AÊ ), Ile-293 O (2.95 AÊ to O4 and 2.74 AÊ to O3), Lys-294
NZ (2.87 AÊ ), Tyr-50 OH (3.34 AÊ ) and NAD+ nicotin-
amide carbonyl oxygen (3.337 AÊ to O3 and 3.77 AÊ to
O6). The C2 hydroxyl oxygen of sorbitol is coordinated
to the zinc atom (2.44 AÊ ). Sorbitol also makes contacts
with the 5 apolar residues: Phe-59, Phe-117, Phe-118,
His-135 and Leu-274. Additionally the zinc ligand resi-
due Cys-44 is within van der Waals contacts with sor-
bitol. Molecular dynamics calculations also revealed the
possible interactions of the inhibitor WAY135 706 with
sorbitol dehydrogenase. The inhibitor is hydrogen bon-
ded with Ser-46 OG (2.58 AÊ ) and Lys-294 NZ (3.03 AÊ )
and van der Waals contacts are made with the 7 apolar
residues: Tyr-50, Phe-59, His-69, Phe-117, Phe-118,
Leu-274 and Ile-293. Additionally contacts are present
between SDI and Glu-150, Arg-151, and NAD+. The
pyrimidine ring of the inhibitor p- stacks against the
side chain of Phe-59 (Fig. 2b). This stacking is likely to
contribute to the tight binding of SDI. An important
residue of ADH, Ser-46 is hydrogen bonded to the
hydroxyl group of SDI coordinated to catalytic zinc. It
was reported that this hydrogen bond could function in
a proton relay system to facilitate removal of proton
from the alcohol.19 This may prove to be the same for
SDH.

In conclusion the inhibitor was found to have fewer
hydrogen bonds with the holoenzyme (Ser-46 and Lys-
294) when compared to sorbitol (His-69, Ser-46, Ile-293,
Lys-294, Tyr-50 and NAD+). However the stacking of
the pyrimidine ring of the inhibitor against the side
chain of Phe-59 plays an important role in the binding.
Comparisons between the ®rst model11 and this model
indicate similar interactions between SDH and sub-
strate. The important residues in both cases were found
to be Lys-294, Phe-59 and Ser-46. This is supported by
the calculated binding energy values shown in Table 1.
However the zinc ligands are di�erent due to the di�er-
ences in sequence alignments and hence structural mod-
els. The hydrogen bonds between SDH and substrate are
also di�erent. The primary alcohol group of sorbitol is
hydrogen bonded to both Glu-150 and Lys-294 in the
earlier model,11 in this model however, Lys-294 is
hydrogen bonded to the C4 hydroxyl group of the sub-
strate and Glu-150 is present within van der Waals
contacts. While most of the enzyme±ligand interactions
remain the same in the two models, the new model

agrees more favourably with mutagenesis results that
have recently become available in the literature.9
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