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Abstract. Aldose reductase is involved in the polyol
pathway, catalyzing the reduction of glucose to sorbitol.
However, due to pronounced binding site adaptations, the
enzyme can operate on a broad palette of structurally di-
verse substrates ranging from small aliphatic and aro-
matic aldehydes up to steroid-type ligands. A compara-
tive analysis of the presently accessible crystal structures
of aldose reductase complexes reveals four binding-com-
petent protein conformations. Additional relevant con-
formers are detected through molecular dynamics simu-
lations. They indicate an equilibrium of several conform-
ers which is shifted towards the binding-competent
geometries upon ligand binding. Such a manifold system
with several alternative binding site conformers requires

some tailored concepts in virtual screening. We followed
two strategies, both successfully suggesting new micro-
molar inhibitors. In a first attempt, we concentrated on
one preferred conformer and performed a virtual screen-
ing, assuming that the binding pocket of aldose reductase
adopts only this conformation. In a second approach, we
followed a ligand superpositioning method. Ligands were
extracted in their bound conformations from three differ-
ent crystal structures, all accommodating the ligands with
different active site conformations. After merging these
ligands into one supermolecule, mutual alignments were
computed, taking candidate ligands from a screening
database. The latter strategy also retrieved several struc-
turally new inhibitors of micromolar potency.

Key words. Drug design; virtual screening; protein-based pharmacophore; ligand-based pharmacophore; docking;

molecular superpositioning; ligand scorting.

Introduction

The enzyme aldose reductase (AR) belongs to the super-
family of aldo-keto reductases. It adopts a triose phosphate
isomerase (TIM)-barrel fold. Using NADPH as cofactor, it
catalyzes the reduction of various aromatic and aliphatic
aldehydes to the corresponding alcohols [1, 2]. As a key
enzyme in the polyol pathway, its physiological role in-
volves the reduction of glucose to sorbitol. Due to its polar
properties, sorbitol does not easily cross the cell mem-
brane, and its further conversion to fructose via sorbitol de-
hydrogenase is the rate-limiting step in the polyol pathway
[3]. Accordingly, in situations of increased glucose flux,
sorbitol can accumulate in cells of insulin-independent
glucose uptake, leading to augmented osmotic pressure in
the cells. In addition, enhanced oxidative stress arises as a
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result of the depletion of NADPH reservoirs. These bio-
chemical phenomena have been related to a variety of dia-
betic complications and, accordingly, AR has received con-
siderable attention as possible target for therapeutic inter-
vention. Inhibiting AR and thus preventing the entry of
glucose into the sorbitol pathway can reduce the damaging
effects of late-onset diabetic disorders [4]. Considerable ef-
fort has been spent in the discovery and optimization of po-
tent AR inhibitors (ARIs), resulting in a large variety of in-
hibitor-compound classes [5]. However, so far only a very
small number of compounds has met the criteria of suffi-
cient potency, oral activity and an acceptable side-effect
profile. Accordingly, the area still requires further efforts,
in particular with respect to the discovery of new leads. The
present status of ARI development has recently been sum-
marized by Suzen and Buyukbingol [6].

Besides its therapeutic potential for the treatment of dia-
betes, AR is particularly challenging for drug design due
to its remarkably broad substrate promiscuity. The ac-
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commodation of structurally diverse substrates and, sim-
ilarly, of a broad range of inhibitors is achieved through
pronounced induced-fit adaptations of the binding pocket
next to the catalytic centre. This intrinsic property of AR
provides special challenge to structure-based inhibitor
design and complicates the prediction of putative binding
modes in docking and virtual screening. On the other
hand, and this renders AR an ideal test case for structure-
based drug design, the highest-resolution crystal struc-
tures hitherto available for an enzyme inhibitor complex
have been obtained for AR [7].

Several successful studies for structure-based inhibitor
design have been reported in case of AR [8—14]. Most of
the presently used strategies for drug design were devel-
oped to handle rather rigid enzymes that do not allow for
pronounced induced-fit adaptations of their binding sites.
In the present review we want to summarize some strate-
gies how to successfully perform virtual screening and
ligand design on a mobile target showing significant flex-
ibility.

A starting point: comparative analysis of
crystallographically determined AR inhibitor
complexes

A sample set of 12 AR crystal structures! has been com-
pared [15] using Relibase [16]. As reference the recently
determined ultra-high-resolution structure (0.66 A) with
the bound inhibitor IDD594 has been selected [7, 17]. In
this complex the inhibitor binds with its deprotonated
carboxylate group to the anion binding pocket, suppos-
edly adopting a binding mode similar to that of the nat-
ural aldehyde substrate (fig. 1). One of the carboxylate
oxygens forms a hydrogen bond to Tyr48 OH and N,, of
His110. The carboxylate carbon (or carbonyl carbon of
the substrate) is placed next to C4 of the nicotinamide of
the adjacent cofactor. The second carboxylate oxygen of
IDD594 is involved in a hydrogen bond to N, of Trp111.
The three residues Tyr48, His110 and Trp111 are impor-
tant for catalysis. Together with the nicotinamide moiety
of the cofactor they compose the so-called anion-binding
pocket. The nonpolar portion of IDD594 is accommo-
dated in a second binding pocket outlined by Trp111 and
Leu300 on either side. This specificity pocket is mainly
of hydrophobic nature.

As further entries holoenzyme structures and additional
complexes have been considered [15]. These include the
complexes with citrate, cacodylate and glucose-6-phos-
phate. With respect to inhibitor complexes, the crystal
structures with the carboxylates tolrestat, zopolrestat,

! PDBcodes: lads, 1ah0, 1ah3, lah4, lazl, leko, lel3, liei, 2acq,
2acr, 2acs, 2acu.
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Figure 1. Sketch of the binding mode of IDD594 in the binding
pocket of AR. The so-called anion binding pocket is composed by
Trpl11, His110, Tyr48 and the nicotinamide moiety of the bound
cofactor NADPH/NADP*. A hydrophobic specificit pocket is
opened next to the residues Thr113 and Leu300.

hydrophobic pocket

zenarestat, alrestatin, and IDD384 are available. Out of
the series of spirohydantoins, the complexes with sorbinil
and fidarestat could be determined. All the latter in-
hibitors place their basic group into the same area as the
carboxylate group of IDD594. With respect to the re-
maining ligand portions, rather distinct binding modes
are observed. Despite a good overall rmsd achieved for
the mutual C-fit (0.6—0.7 A) of these complexes, the in-
hibitor IDD594 would for example penetrate into protein
residues when being transferred from its complex struc-
ture to any of the other superimposed binding pockets. In-
terestingly enough, most frequently such mutual overlaps
or clashes are observed with Leu300, while short contacts
to Trp20, His110, Trp111, Thr113 and Phel22 are also
observed, but less pronounced. The structure with bound
zenarestat (liei) resembles the IDD594 complex most
closely in binding site geometry. Compared with the un-
bound state, these latter two inhibitors as well as tolrestat
and zopolrestat open up new hydrophobic pockets. These
cavities are not present in the holoenzyme or with the
bound hydantoin sorbinil.

The composite picture of the various crystal structures
suggests that the AR binding site splits into two parts
with distinct flexibility properties (fig. 2). The part
which is well superimposable across all known struc-
tures and shows virtually no variance is mainly formed
by the residues of the catalytic site (Trp20, Tyr48, Val47,
His110, Trp79 and Trp 111) and the flanking cofactor.
Trpl11 borders the anion binding pocket and exposes its
n-face to the hydrophobic specificit pocket.
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Figure 2. Sketch of the important residues involved in the formation of the AR binding pockets. The residues next to the anion binding
pocket (Trp79, His79, Vald7, Tyr48, Trp20 and NADP") all adopt very similar positions in the presently known crystal structures of pro-
tein-ligand complexes. They also perform minor motions in the MD simulations. The residues flanking the specificity pocket adopt dif-
ferent geometry depending on the actual binding site conformer experienced by AR. Also in the MD simulations these residues exhibit en-

hanced mobility, in particular Leu300, Phe122 and Trp219.

In contrast, the second binding site portion is flexible and
shows frequent, but recurring changes. Most strongly af-
fected is the segment Val297 to Leu300 and the adjacent
region composed by Trp219, Cys303 and Tyr309. To a
minor extent also the residues Thr113, Phel21 and
Phel22 can be involved. However, the most variable
residue among all is Leu300, being the determinant for
the appearance of the occasionally formed hydrophobic
binding pocket.

In summary, the analysis of the presently available crys-
tal data on AR suggests the formation of essentially four
distinct binding site conformations. They roughly resem-
ble the bound-free situation, and the IDD594-, tolrestat-,
and zenarestat-bound conformations, respectively. The
ligand-free conformation found for the holoenzyme is
virtually conserved upon binding of sorbinil (1ah0), al-
restatin (lazl), IDD384 (leko, lel3), glucose-6-phos-
phate (2acq), cacodylate (2acr) and citrate (2acs). Bind-
ing of the other inhibitors mainly involves rearrange-
ments of Leu300, operating as a type of gatekeeper
initiating the formation of the size-adaptable hydropho-
bic binding pocket. In addition, the Cys298 to Leu300
backbone plays an important role by modulating the ex-
posed hydrogen-bond donor and acceptor functionalities
towards the ligand binding site. Additional adaptations
involve Cys303, Tyr309, Thr113 and the aromatic por-
tions of Phel15 and Phel22 [15].

Probing flexibility by MD simulations

To further probe potential binding site flexibility and
adaptability of AR towards bound ligands, molecular dy-
namics simulations have been performed [15]. The goal
of this study was to confirm the relevance of the four in-
dicated protein conformers available to accommodate
ARIs and to investigate whether additional stable con-
formers could potentially be experienced by AR giving
rise to other yet unknown ligand binding modes. The
simulations were set up based on the IDD594 complex.
Of particular interest were those simulations where the
ligand was removed from the binding cavity. Detailed
evaluation of the obtained trajectories by clustering the
various frames observed during the different simulations
revealed a fairly consistent picture of the dynamic char-
acteristics of AR. As already indicated by the sample of
static crystal structures, flexibility is clearly exhibited by
a limited number of binding site residues: most of the
mobility is transmitted by about a third of the 15 binding
site amino acids. Among these, Leu300 and the back-
bone stretch from residue number 297 to 300 play the
key role. The side-chain motions of Leu300 amplified by
the backbone movements lead to significant alterations
and are responsible for the major part of conformational
adaptations of the binding pocket. Among the other
residues, mainly Phe122 and Trp219 show the most pro-



786 G. Klebe, O. Kriamer and C. Sotriffer

nounced mobility, both being in spatial proximity to
Leu300. The molecular dynamics simulations support
the dual character of the AR binding site being split into
a dynamically rather rigid catalytic centre and a flexible
area obviously responsible for accommodating the side
chains of different substrates. In this context, it appears
appropriate to think of the observed binding site adapta-
tions not simply as a result of a ligand-induced fit, but of
a preferential selection of protein conformations popu-
lated in an equilibrium [18, 19]. They are stabilized
through the binding and local interactions with parts of a
bound ligand. As a result, the conformational equilib-
rium is shifted towards the binding-competent confor-
mations and the relevant conformational state becomes
predominant and experimentally observable. This con-
sideration also suggests that it appears a reasonable strat-
egy in structure-based drug design to address induced-fit
adaptations by the analysis of a set of pregenerated pro-
tein conformers.

In the present example of AR, would it be sufficient to
consider only the four genuine conformers indicated by
the comparative analysis of known crystal structures?
The molecular dynamics simulations are in agreement
with these experimentally confirmed conformers; how-
ever, there is no reason to believe that no further confor-
mational variations are possible which could be stabilized
upon binding of appropriate substrate or inhibitor mole-
cules [15].

A first attempt: virtual screening focussed on the
most prominent binding site conformation

Given the pronounced conformational flexibility of AR,
the question is which of the latent conformational states
should be used as reference to start a virtual screening
study [20—22]. We decided to select the binding pocket
adopted in the ultra-high-resolution structure of AR with
IDD594 [23]. Besides the extraordinary resolution dis-
closing many structural details, IDD594, similarly to
zopolrestat, binds with high affinity to this conformer.
Obviously, in this conformational state the enzyme pro-
vides a binding pocket suited to accommodate inhibitors
with nanomolar affinity.

A virtual screening strategy established in our laboratory
has up to now successfully predicted submicromolar to
nanomolar inhibitors for four systems [24, 25]. It follows
a series of consecutive hierarchical filters. For the present
search with the IDD594 pocket of AR as reference, we
started with 260,000 compounds possessing a functional
group suited to anchor to the anion binding pocket (s. fig.
1). Furthermore, the molecular weight of possible candi-
dates was limited to 350 D and an upper limit of eight ro-
tatable bonds was set. Along with these size- and com-
plexity-limiting factors, the criteria defined by Lipinski
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et al. [26] were requested. These filters reduced the orig-
inal data sample to 12,545 entries.

In a subsequent step, a three-dimensional (3D) search us-
ing Tripos” UNITY search engine was accomplished [27].
This search tries to match each candidate molecule onto
a predefined pharmacophore model. The accuracy and
relevance of this pharmacophore hypothesis is crucial for
this important filter step. Accordingly, we try to extract
the pharmacophore hypothesis directly from the refer-
ence protein structure. The protein binding site environ-
ment thus imposes the requirements to be matched by a
putative ligand. To discover the most favorable areas
likely to accommodate a particular type of ligand func-
tional group, we map the binding pocket in terms of ‘hot
spots’ of binding [28].

A number of alternative methods are available to map
such areas, e.g. the force field-based method GRID [29],
originally developed by Peter Goodford, and the ap-
proaches SuperStar [30] and DrugScore [31]. The latter
ones are both based on crystal data. SuperStar calculates
preferred interaction sites by mapping scatter plots or de-
rived propensity distributions onto active site-exposed
residues. The maps are obtained as composite crystal-
field environments observed in the crystal packing of
small organic molecules. DrugScore is a knowledge-
based approach that uses statistically derived potentials
using the so-called inverse Boltzmann principle. In a
large sample of protein-ligand complexes the protein-to-
ligand interface is analyzed in terms of distance-depen-
dent occurrence frequencies by which a particular ligand
atom type is found in contact with a protein atom type.
For all three methods, a regularly spaced grid is embed-
ded into the binding site. Subsequently, for the different
ligand atom types interaction energies or contact propen-
sities are calculated by systematically placing these probe
atoms to the various grid intersections. As functional
form to describe these interactions, the force field poten-
tial of GRID, the propensity distributions of SuperStar or
the knowledge-based contact preferences of DrugScore
are applied. In a final step, the obtained grid values are
contoured according to a predefined level above the de-
tected global minimum.

In our study of AR, SuperStar and DrugScore were used
to detect favorable sites for an H-bond acceptor group
and a hydrophobic aliphatic or aromatic group [23]. In
figure 3, the crystallographically observed binding mode
of IDD594 is shown together with the predicted acceptor
sites. Acceptor hot spots are indicated in the anion-bind-
ing pocket and in the specificity pocket next to Thrl13,
where IDD594 places its bromine atom.

In a subsequent step the indicated hot spots were trans-
lated into a pharmacophore hypothesis appropriate for a
database search using UNITY. In total, a set of six cen-
tres defining the pharmacophore were assigned, each
centre addressing a particular property (donor, acceptor,
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Figure 3. ‘Hot spot’ analysis of binding of the active site of AR. To facilitate orientation, the binding geometry of IDD594 is also shown
as determined by crystal structure analysis. Using SuperStar, preferred areas to bind either a carbonyl oxygen as hydrogen-bond acceptor
group (left) or a hydrophobic group (methyl probe, right) were mapped.

hydrophobic) and allowing for a limited spatial tolerance
for the actual functional group match in the database
search. On the basis of this query a set of 1261 com-
pounds was retrieved. Among these hits, nearly 97 %
showed a terminal carboxylate group as anchor to be
placed into the anion binding pocket. In a final step, the
remaining 1261 hits were subjected to a docking with
FlexX, taking the coordinates of the AR conformer ac-
commodating IDD594 as reference receptor. The various
binding modes generated by FlexX were initially ranked
using DrugScore. As a knowledge-based scoring func-
tion, DrugScore samples over all contacts formed be-
tween ligand and protein atoms in the various binding
poses. We observed some degree of surface dependence
of DrugScore, ranking larger ligands automatically
higher due to their increasing surface portions. This fact
can easily exaggerate the affinity estimate of docking so-
lutions of candidate molecules with higher molecular
weight. To obtain a less biased ranking, we scaled our
hits by the molecular weight, as recently suggested by
Pan et al. [32]. In addition, we also considered the num-
ber of rotatable bonds in the scoring. Upon binding, lig-
ands are immobilized at the binding site due to a loss of
internal molecular degrees of freedom. This loss in mo-
bility corresponds to a loss in binding entropy. In a recent
study we could demonstrate experimentally that this loss
in molecular motion is an important determinant in de-
scriminating the turnover rate of stereoisomers in chiral
resolution [33]. Since rigid molecules will experience a
smaller conformational space and will accordingly suf-
fer from smaller entropic losses upon immobilization in
a binding pocket, the affinity will scale to some extent
with the number of rotatable bonds. A knowledge-based
scoring function such as DrugScore does not comprise a
particular term considering the conformational flexibil-
ity of candidate ligands. To take the latter two aspects

into account, we applied a ranking that considers the
squared DrugScore score divided by molecular weight
and the number of rotatable bonds.

Taken together, the achieved empirical ranking and the
quality of the actual correspondence with the originally
defined pharmacophore hypothesis reduced our search to
the 206 most promising hits. Among these, we selected
120 candidates for further consideration. Based on the
UNITY 2D fingerprint descriptors these hits were mutu-
ally clustered to facilitate their final visual inspection. In
this step, the suggested binding conformations, the mu-
tual surface complementarities between ligand and pro-
tein, and the possible occurrence of unfilled voids along
the protein-ligand interface were analyzed. As a result,
9 compounds were selected for acquisition and subse-
quent testing in an enzyme inhibition assay (fig. 4). Out
of these 9 compounds, 6 exhibited micromolar affinity,
whereas 3 turned out to be unexpected false-positive hits.
With the rather low number of tested compounds, it is dif-
ficult to assign a statistically significant hit rate. How-
ever, taking into account our other virtual screening stud-
ies applied to further enzymes that produced even better
success rates, the hierachical filtering approach to virtual
screening may be considered as reliable in retrieving ac-
tive molecules. In the present study only carboxylic acids
were suggested. This clearly matches with the experience
that many of the previously described ARIs exhibit this
functional group to anchor to the anion binding pocket.
One can try to reason why 3 of the 9 compounds appar-
ently correspond to unfavorable decoy structures even
though docking had suggested them to fit into the AR
binding site. Supposedly, insufficiently considered solva-
tion/desolvation contributions or conformational restric-
tions of these suggested hits are responsible for the false-
positive assignment.
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Figure 4. Chemical formulae of the nine virtual screening hits selected for experimental testing together with the measured ICs, values.

Strategies to screen simultaneously against a set of
alternative binding site conformers

The analyses of known ARI crystal structures and the mol-
ecular dynamics (MD) simulations, described above, have
suggested that AR adopts several binding-competent con-
formers, giving access to alternative binding pockets. Our
first virtual screening was focussed on one single binding
site conformation. However, the question is whether a
more sophisticated approach could consider the pro-
nounced adaptability of the AR binding site. One possible
strategy could be to follow a very similar protocol as de-
scribed in the previous section, but to consider all relevant
binding pockets at the same time. This certainly will pro-
vide the chance to screen for a broader range of hits. How-
ever, in several cases, retrieval of the same candidates sug-
gested that binding to the alternative binding site conform-
ers can be expected. Consequently, such a search strategy
is likely to produce a rather fuzzy picture of multiply re-
trieved hits. Mutual ranking of the different solutions ob-
tained from several separate virtual screening runs consti-
tutes a hardly tractable problem. This is particularly due to
the unknown energy contribution imposed by the confor-
mational adaptation of the protein. Accordingly, in order to
avoid overwhelming and unsolvable scoring problems, a
strategy that allows simultaneous consideration of various
binding site conformations in a docking search seems to be
more promising. Here, the ligand can explore at the same
time the best possible orientations with respect to the mul-
tiple binding site conformers.

At present, only a small number of concepts have been
described in the literature to approach the docking prob-
lem by simultaneously addressing multiple sites. One ex-
ample has been presented with AutoDock. It considers

several superimposed grids at the same time, weighting in
various ways the different grid points according to their
accessibility and interaction energies [34]. Starting from
a different concept, the program FlexE enables the simul-
taneous docking of a ligand into an ensemble of alterna-
tive protein conformers [35]. During the incremental
build-up procedure followed in this program to assemble
the entire ligand from a pre-placed base fragment, the
various orientations of the binding site residues are taken
into account and mutually combined. As a result, the most
likely binding mode of a candidate ligand is generated in
one of the possible, mutually exclusive binding site con-
formations. Most crucial in this approach is the reliable
ranking of the different binding modes generated during
the docking procedure. Furthermore, the approach has to
rank the various protein conformations screened during
the docking procedure. This requires finding a reliable
energy criterion during the build-up procedure to select
among the alternative protein conformations. This dual-
scoring problem does not make the problem simpler;
even so, the strategy appears very convincing.

We have focussed on another alternative which takes ad-
vantage of the successful superpositioning of ligand mol-
ecules according to their spatial similarity in terms of
physicochemical properties [O. Krdmer, Dissertation,
University of Marburg, 2003] [36, 37]. In previous stud-
ies, we have applied the program SEAL [38] to produce
reasonable ligand alignments as a prerequisite for subse-
quent comparative molecular field analysis (CoMFA)
[39] and comparative molecular similarity indices (CoM-
SIA) [40]. Since reasonable geometries are produced in
agreement with near-native binding modes, we decided to
follow this approach to perform a virtual screening con-
sidering multiple binding modes.
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Molecular superpositioning with SEAL

SEAL (steric and electrostatic alignment), originally de-
veloped by Kearsley and Smith [38] and further improved
by us [36, 37], compares a ligand and a reference molecule
in terms of associated property-based Gaussian functions.
This reference could either be one individual molecule or,
as attempted in our present AR case, a combination of sev-
eral merged ligands (‘supermolecule’) corresponding to
the alternative binding modes observed in the various AR
conformers. Thus, as a major advantage, this strategy re-
flects the multiple orientations of ligands in exclusively
opened binding pockets simultaneously in terms of the
combined supermolecule as reference. The associated
Gaussian functions can be localized either at the atomic
positions in a molecule, or to reduce computational de-
mands, they can be attributed to entire fragments. They
represent the shape of the molecules in space (figs 5, 6).
In addition, they are loaded with a vector describing five
different physicochemical properties (steric, electrostatic,
hydrophobic, hydrogen-bond donor and acceptor fea-
tures). The mutual similarity is measured by spatially su-
perimposing the molecules and computing the scalar
product of the associated property vectors, weighted by
the integral of the overlapping Gaussian functions (fig. 7).
Our extended and modified version of SEAL first per-
forms a superposition of rigid multiple conformers of a
probe ligand molecule onto the reference molecule. The
multiple conformers are generated by MIMUMBA [41],
a knowledge-based approach, to produce well-distributed
conformers in that part of conformational space which is

~

Steric property

Figure 5. The steric properties of the three inhibitors sorbinil (up-
per left), tolrestat (upper middle) and zopolrestat (upper right) were
expressed by associated Gaussian functions contoured at a prede-
fined level. Similarly, the electrostatic, hydrophobic or H-bond
donor and acceptor properties can be expressed (fig. 6). Through
the formation of the arithmetic (lower left) or geometric mean the
averaged properties of a combined supermolecule reference can be
formed. This reference is subsequently used either to define the lig-
and-based pharmacophore shown in figure 8 or to mutually align
with putative candidate molecules from a database search.
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relevant for ligands in protein-bound situations. In a final
step, the best-ranked rigidly superimposed ligand mole-
cules are conformationally relaxed by optimizing the
similarity condition with the reference while keeping
their conformations as close as possible to the local min-
ima obtained from MIMUMBA. Details of the method
have been described elsewhere [36, 37].

Similar to the approach described above based on a pro-
tein-based pharmacophore we developed a ligand-based
pharmacophore [O. Kridmer, Dissertation, University of
Marburg 2003]. A generally applicable procedure to de-
rive a pharmacophore based on several superimposed
ligands (e.g. the supermolecule reference) involves the
following steps. Each of the superimposed molecules is
expressed in terms of a set of atom-based Gaussian
functions associated with a vector describing the steric,
electrostatic, hydrophobic and hydrogen-bonding proper-
ties of each molecule (SEAL approach, fig. 7). All con-
sidered molecules are embedded into a regularly spaced
grid. Subsequently, at each grid point the contributions
of the Gaussians of all molecules are summed, forming

Figure 6. Field-based pharmacophore assigned to the supermole-
cule reference formed by sorbinil, tolrestat and zopolrestat. On the
left, the AND, on the right the OR pharmacophore (fig. 5) is shown.
(a) Electrostatic properties (green, positive; red, negative charge);
(b) hydrophobic properties (yellow, hydrophobic; blue, hydropho-
bic); (c) H-bond donor (red) and acceptor (blue) facilities.
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Figure 7. The ligand and reference molecule (mol1l, mol2) are mathematically expressed by associated Gaussian functions. The functions
are either localized at the atomic position in a molecule, or to reduce computational effort, they are attributed to entire fragments. They ex-
press the shape of the molecules in space. Furthermore, they are loaded with a vector describing five different physicochemical properties
(steric, electrostatic, hydrophobic, hydrogen-bond donor and acceptor features). The mutual similarity (A;) is measured by spatially su-
perimposing the molecules and computing the scalar product of the associated property vectors, weighted by the integral of the overlap-
ping Gaussian functions. To compute the mean, all considered molecules are embedded into a regularly spaced grid. Subsequently, at each
grid point the contributions of the Gaussians of all molecules are summed, either forming the arithmetic or geometric mean. Finally, the
resulting values at the different grid points are translated back into a set of associated Gaussian functions (fig. 5)

either the arithmetic or the geometric mean. Finally, the
resulting values at the different grid points are translated
back into a set of associated Gaussian functions (figs 5,
6). Accordingly, the derived field-based pharmacophore
reflects the properties of superimposed ligands in terms
of associated Gaussian functions. The two alternatives for
calculating the mean (fig. 7) represent either the proper-
ties that all molecules allot similarly in the same spatial
area (AND-pharmacophore, geometric mean), or the
properties that are represented in a particular region in
space by at least one molecule of the superimposed set
(OR-pharmacophore, arithmetic mean). Figs 5 and 6 il-
lustrate this averaging for the three potent hAR inhibitors
sorbinil, tolrestat, and zopolrestat. The ligands were used
in the binding site conformation as found in the corre-
sponding protein structures. They were mutually super-
imposed based on a rmsd fit considering the C-atoms of
the protein backbone. To assess the scope and reliability
of this superpositioning procedure, the three ligands used
to define the supermolecule reference, as well as
IDD594, fidarestat, zenarestat and zopolrestat were se-
lected to test the predictive power with respect to the
binding modes. Each test molecule was pairwise aligned
with the OR field-based pharmacophore (supermolecule
reference). The obtained RMS deviations between the

best-scored SEAL solution and the crystallographically
known binding mode are found in a range between 0.5
and 1.6 A. These small deviations demonstrate the valid-
ity of our approach as a strategy to perform a VS for the
multiple conformers in AR. In addition, we also tried to
superimpose 1DD384 with the reference ligand-based
pharmacophore. In the complex with AR, IDD384 adopts
a different binding mode not explored by any of the three
reference molecules considered in the ligand-based phar-
macophore. Not surprisingly, the approach is not able to
reproduce this binding mode in agreement with experi-
ment. This definitely exceeds the scope of this concept,
which ‘only’ maps similarities of ligands in space.

Keeping this inherent limitation in mind, we used in the
following the OR field-based pharmacophore to generate
structural alignments with candidate molecules in a vir-
tual screening run. As reference sample we selected the
Maybridge database composed of 60,000 entries [42].
Prior to the actual superpositioning step using SEAL, we
preselected molecules comprising a suitable anchoring
group to bind to the anion binding pocket. Accordingly,
we demanded that all candidate molecules possess either
a carboxylate, acid amide or hydantoin moiety. This con-
nectivity criterion limited the database entries to 3800
candidate molecules. Furthermore, we applied a filter
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considering the criteria introduced by Lipinski et al. [26],
and we concentrated on compounds with a molecular
weight <350 D and possessing less than five rotatable
bonds. This reduced our list of putative candidates to
about 2700 entries.

Subsequent to these 2D connectivity searches, per-
formed with UNITY, we conducted a 3D search with the
same program based on the predefined field-based phar-
macophore hypothesis (based on zopolrestat, tolrestat
and sorbinil), which was translated into a flexible 3D
search query in UNITY (fig. 8). The centres 1 to 4 to be
matched were assigned according to the AND field-
based pharmacophore. The additional centres 5 and 6
correspond to areas only indicated by the OR field-based
pharmacophore. The latter centers reflect the occupancy
of the alternative binding pockets. To regard this optional
placement, the ‘partial match’ command in UNITY was
used. To avoid clashes with the protein, a series of ex-
cluded volumes was defined in the UNITY search query.
These areas were assigned in a way to roughly approxi-
mate the accessible surface of the protein in the rigid an-
ion binding pocket (fig. 2). After applying these addi-

Tyr48/O/

His110

Figure 8. Ligand-based pharmacophore hypothesis extracted from
the properties of the merged supermolecule reference. In figure 5
the averaging in terms of the OR and AND pharmacophores with
repect to the steric properties is shown. Similarly produced maps in-
dicate the electrostatic, hydrophobic and H-bonding properties. In
area | a donor facility is required; 2 requests an acceptor. Area 3 re-
quires a C, N, P, O or S atom, whereas 4—6 are assigned to hy-
drophobic groups. Areas 5 and 6 can be matched optionally.
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tional filter criteria, 150 entries remained for further
analysis.

With the 150 entries thus retrieved, a mutual flexible su-
perposition onto the OR-based pharmacophore was per-
formed with the combined MIMUMBA/SEAL approach.
The entries were ranked according to their SEAL score,
and the 75 best-ranked solutions were visually inspected.
After careful analysis of the best-predicted compounds
with respect to the geometry of the three alternative AR
binding site conformers adopted in the complexes with
sorbinil, tolrestat and zopolrestat, we acquired four mol-
ecules and subjected them to enzyme inhibition testing.
All selected compounds possess a carboxylate group to
anchor the anion binding pocket. Figure 9 gives the ob-
tained ICj, (concentration of the inhibitor that produced
half-maximal effect) values of the selected hits, which are
in the micromolar inhibition range. Most remarkable is
the fact that this virtual screening search retrieves a set of
new molecular skeletons, distinct from the hits obtained
by the above-described docking approach using the pro-
tein-based pharmacophore extracted from the IDD594
binding pocket. Furthermore, this search suggests inter-
esting compound classes, e.g. the benzothiazepines, not
yet described as possible lead structure for AR inhibition.
The latter ligand-based pharmacophore search also has
limitations. Apparently, the similarity score used to rank
and discriminate the generated solutions is only of lim-
ited scope. Accordingly, the final visual inspection of the
solutions generated becomes even more important com-

OH OH
(o]
o e
N N
s
CF3’
18.0+2.5uM 45+ 6 uM

oH OH
N
NT O \
0
W/

88.3 £ 8.5 uM F 0.2mM

Figure 9. Chemical formulae of the four virtual screening hits ob-
tained from the second ligand-based search which were selected for
experimental testing. The measured I1Cs, values are given.
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pared with the docking approach with the protein-based
pharmacophore. In this step, the bound conformations
produced and the complementarity with the different
binding site conformers have to be analyzed carefully.
This step requires some experience and — most important
— can only be applied to a limited set of putative hits.
Thus, this second screening was performed only on a
rather limited database holding about 60,000 initial en-
tries. Nevertheless, the results obtained demonstrate the
relevance and feasibility of this concept.

Conclusions

AR is an enzyme of pronounced conformational adapt-
ability that accepts various substrate and inhibitor skele-
tons. The detailed analysis of the presently available crys-
tallographic information together with the frames ob-
tained from MD trajectories suggests a composite picture
of various protein conformers competent to accommo-
date a broad range of ligand skeletons with different bind-
ing site geometries. This fact provides additional chal-
lenge to virtual screening for inhibitors of AR and makes
comparative scoring of the ligand binding modes pro-
duced extremely difficult. Besides the scoring of the ac-
tual protein-to-ligand interaction contacts, the energetic
differences of various protein conformers would have to
be regarded. We have followed two different concepts to
retrieve active molecules from virtual screening. Both ap-
proaches were successful, leading to the discovery of mi-
cromolar inhibitors. The first approach arbitrarily consid-
ers the enzyme to be rigid and used one conformer likely
to accommodate strong-binding AR inhibitors. A protein-
based pharmacophore hypothesis is used to select candi-
date molecules in a hierachical filtering process and to
dock them to the protein. In a second alternative approach
simultaneous consideration of the multiple protein con-
formers is attempted. However, the various binding pock-
ets are not considered as reference, but a set of different
ligand molecules is merged to describe the multiplicity of
putative ligand binding modes. As a search criterion to be
matched, the spatial similarity of ligands merged into a
supermolecule reference is used. The advantage of this
approach is that it circumvents several of the above-men-
tioned scoring aspects and uses only the similarity with
the supermolecule reference as criterion. Upon flexible
superpositioning, the candidate molecule to be tested de-
cides which of the considered binding modes is most ap-
propriate for its placement. This advantage of simplifying
the problem is to some degree compromised by the re-
duced discriminating power of the similarity measure
used for scoring the subsequently suggested binding
modes. Due to this limitation elaborate visual inspection
of the considered hits has to be performed. Both ap-
proaches are tractable concepts for virtual screening us-

Designing inhibitors of aldose reductase

ing targets with pronounced conformational adaptability.
The successful retrieval of several new molecular skele-
tons suggests this conclusion. However, the described
concepts are only two possibilities. The field still requires
the development of other strategies and ideas to come up
with a general and reliable concept for the application of
virtual screening to flexible protein targets.
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