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a b s t r a c t

Structure-based virtual screening is currently an established tool in drug lead discovery projects.
Although in the last years the field saw an impressive progress in terms of algorithm development,
computational performance, and retrospective and prospective applications in ligand identification,
there are still long-standing challenges where further improvement is needed. In this review, we
consider the conceptual frame, state-of-the-art and recent developments of three critical “structural”
issues in structure-based drug lead discovery: the use of homology modeling to accurately model the
binding site when no experimental structures are available, the necessity of accounting for the dynamics
of intrinsically flexible systems as proteins, and the importance of considering active site water mole-
cules in lead identification and optimization campaigns.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The formation of non-covalent complexes between macro-
molecules and small-molecules is essential for the proper func-
tioning of cellular processes, such as enzyme catalysis and signal
transduction. With the aim of designing chemical modulators of
therapeutic relevant targets, the pharmaceutical industry basi-
cally relied on high-throughput screening, a costly strategy
involving the experimental screening of chemical libraries
against a specific target. Since about 40 years ago, three-
dimensional (3D) structures of protein-ligand complexes have
been used to guide the optimization of drug leads in terms of

potency and selectivity [1], thus incorporating structural knowl-
edge into the drug discovery process. Later on, computational
methods became also available to model protein-ligand interac-
tion, and more recently, to in silico screen large chemical libraries
against a biomolecular target. Structure-based virtual screening
(SBVS) strategies thus became the in silico counterpart of older
high-throughput screening approaches [2e7]. Since then, SBVS
has experienced a continuous improvement in terms of algorithm
development, computational performance, and retrospective and
prospective applications in drug lead identification [8,9]. The
dramatic surge of CPU power, and the advent of GPUs, also
significantly increased the feasibility of computational
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simulations: screening million-compound libraries towards
pharmaceutically relevant receptors is now quite feasible even
with standard computational resources.

There are four main components in an SBVS protocol (Fig. 1):

i) The target structure. A crucial element in any SBVS campaign
is the availability of the 3D structure of the macromolecular
target of interest. The rate of X-ray structures solved and
deposited in the Protein Data Bank (PDB) is constantly
increasing with thousands of proteins being added each year.
At the moment this review is written (August 2015) ~110000
biological macromolecular structures are present in the PDB
[10]. The probability of successfully crystallizing a new target
depends on many factors, such as the sequence length, the
inherent flexibility, the presence of transmembrane helices,
and the net charge, among others [11]. Thus, not all phar-
maceutically relevant targets can be easily crystallized. NMR
also represents a great source of protein structural infor-
mation, even though somehow limited by protein solubility
and molecular weight. The inclusion of water molecules in
the structure should be also decided at this stage (cf. section
“Modeling waters within the active site”). Target structures
should be carefully prepared to ensure structural integrity,
assign the correct residue protonation and tautomer states,
and inspect Asn and Gln flips. When no experimental
structure is available, or easily obtainable, comparative or
homology modeling (HM) can furnish reliable target models

to SBVS (cf. section “In silico target models in structure-based
virtual screening”).

ii) The compound library. Compound libraries to be screened
against the aforementioned target also need to be carefully
prepared, taking into account the most representative tau-
tomers, protomers and stereoisomers at the pH of interest
(usually 7.4) [12]. In cases of retrospective protein-ligand
docking, the availability of ligand activity information for
the considered target, and an un-biased set of inactive mol-
ecules, may also contribute to obtainmeaningful results from
docking-based screening [13,14].

iii) The docking strategy. Each molecule from the chemical li-
brary has to be placed within the target binding site opti-
mizing protein-ligand interactions, and retaining the most
favorable poses; each pose has to be scored by a native or
external scoring function, according to which the library of
screened molecules is ranked. Many docking algorithms
and scoring functions have been developed and imple-
mented along these years, in order to properly estimate the
free energy of binding, or to maximize the separation of
potential ligands and decoys, and thus to place the po-
tential binders at the top of the hit list [15e18]. In the
choice of the docking or virtual screening strategy,
different aspects should be considered. The level of flexi-
bility for both the target and the molecule library has to be
specified. During docking, although both entities could be
considered rigid (as in the original “lock and key” model),

Fig. 1. Structure-based virtual screening workflow. The principal steps to be followed to perform virtual screening experiments and the available strategies are shown.
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