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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
HM, homology modeling; HTD, hig
, Protein Data Bank; PMF, potential
; SDM, site-directed mutagenesis;
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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
h-throughput docking; LSHM, Ligand-steered homology modeling; MD, molecular
of mean force; REMD, replica-exchange molecular dynamics; SAR, structure-activity
VS, virtual screening.
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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
Fig. 1. Structure-based virtual screening workflow. The principal steps to be followed
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),
to perform virtual screening experiments and the available strategies are shown.
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more often small-molecules are modeled as fully flexible
while proteins are kept rigid, or only with a few moving
relevant side-chains. Recently, approaches considering
whole receptor flexibility or multiple receptor conforma-
tions strategies have become more common and feasible
(cf. section “Accounting for protein flexibility in drug dis-
covery”). The treatment of water molecules requires
particular attention when water molecules mediating
protein-ligand interaction are present within the binding
site (see the section “Modeling waters within the active
site”).

iv) The post-screening step: After ranking by docking score,
molecules can be chemically clustered, examined for key
interaction patterns, and visually inspected. Compounds
from this prioritized final hit-list are then purchased or
synthetized, and finally evaluated in biochemical and func-
tional assays.

Accounting for the intrinsic dynamical behavior of the system
would certainly improve the simulations outcome. Proteins un-
dergo different level of conformational adjustments, ranging
from side-chains motions, up to large domain movements.
Screening tools considering these effects should be preferred
with respect to methodologies handling proteins as rigid objects
[19,20] (cf. section “Accounting for protein flexibility in drug
discovery”). The plasticity of proteins and, in particular, of bind-
ing sites is even increased by the possible presence of water
molecules mediating catalytic reactions and/or protein-ligand
recognition processes. In this perspective, algorithms able to
rationalize water contribution, and to simulate multi-part in-
teractions could provide better and more reliable results in a
structure-based drug design scenario [21e23] (cf. section
“Modeling waters within the active site”).

Virtual screening offers a number of benefits with respect to
traditional high-throughput screening approaches [7], such as low
set-up cost, computational speed, and flexibility in changing the
simulation conditions. Virtual procedures are also not affected by
ligand purity, protein stability, or by the different samples and as-
says conditions [24]. However, VS suffers from a number of limi-
tations stemming from the representation of the molecular system,
the potential energy chosen to describe molecular interactions, and
the inherent approximations. These factors may strongly affect
docking poses, and the ranking and selection of the screened li-
brary. In spite of the plethora of techniques and tools currently
available, a magic recipe to select the right structure, the most
promising compound library, the best performing program, and the
optimal post-screening strategies is not available yet [16]. Molec-
ular simulations are everything but simple, and require a proper
balance of the most appropriate tools, the adequate expertise and,
most of all, an appropriate level of knowledge of the system under
investigation.

In this review, we present the conceptual frame, methodological
state-of-the-art, recent developments, and standing challenges of
three critical “structural” issues in structure-based drug lead
discovery:

i. The accurate modeling of the binding site and the use of
homology models in retrospective and prospective SBVS;

ii. The strict necessity of accounting for the dynamics of
intrinsically flexible systems, i.e. proteins when interacting
with equally flexible ligands;

iii. The importance of classifying water molecules and of deci-
phering their possible contribution in ligand identification
and lead optimization campaigns.
2. In silico target models in structure-based virtual screening

Even though the number of structures in the PDB has been
increasing over the last ten years, partially thanks to structural
genomics initiatives aimed to accelerate the characterization of
unknown representative structures [25,26], the gap between an-
notated sequences and 3D protein structures is still very large,
mainly due to the progress in DNA sequencing technology [27]. This
gap is actually even larger when considering the level of redun-
dancy within the PDB, and the underrepresentation of certain
families such as membrane proteins, in spite of the recent
impressive achievements to solve structures for ~30 different G
protein-coupled receptors (GPCRs) [28,29]. It is thus clear that, in
the years to come, a complete coverage of the druggable target
space will not be available for structure-based drug lead discovery
and optimization endeavors. In this scenario, accurate in silico ho-
mologymodeling appears as a reliable alternative to fill the gap and
expand by even two orders of magnitude the number of available
structures [30,31].

The objective of homology modeling is to predict the unknown
structure of a protein (“target”) using the solved 3D structure(s) of
homologous protein(s) (“templates”) [32,33]. Modeling of a target
protein consists of the following sequential steps: 1. selection of
one (or more) known 3D structure(s) from sequence-based related
template(s); 2. pairwise (or multiple) target-template sequence
alignment; 3. construction of an initial model (crude model) based
on the template, where the correspondence between amino acids
in the target and template(s) is extracted from the sequence
alignment; 4. refinement of the crude model incorporating
biochemical and biophysical data whenever available; 5. model
validation. A detailed description of each of these steps is beyond
the scope of this work, and can be found elsewhere (cf.
Refs. [34e37]).

Although as a general rule, the degree of target-template
sequence similarity is considered an early predictor of the model
quality [38], further consideration is needed when using homology
models in docking and high-throughput docking (HTD), since
global sequence identity may mask important discrepancies in the
binding site region. In case of poor sequence identity (either global
or at the binding site), structural conservation should be examined
whenever possible. For example, the average low sequence identity
in GPCRs (around 20%, less than the 30e50% threshold generally
necessary to develop good homology models [39]) is compensated
by the conserved seven-transmembrane fold, which allows the
generation of high-quality models usable in drug design campaigns
[31,40e44]. In cases of low sequence similarity, multiple sequence
alignment might help in improving the quality of the final model
[45e47], though it should be stressed that a correct sequence
alignment is necessary -though hardly sufficient-to develop reli-
able homology models. Regarding the construction of the crude
model, multiple-template approaches have also been used to
model the target “by pieces” [48e52].

Recent studies, including the community-wide GPCR Dock as-
sessments [42,44,53] showed that refining the crude model com-
plexed with a ligand, and accounting for experimental data from
site-directed mutagenesis (SDM) and quantitative SAR (QSAR),
may yield reliable models for further SBVS studies (for a compre-
hensive review on GPCR homology modeling, and its impact on
drug design, the reader may refer to ref. [31]).

2.1. Integral binding-site modeling and refinement

The refinement stage is critical to obtain an accurate binding site
representation due to target-template structural diversity
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stemming from differences in sequence identity, chemical diversity
of target ligands, and structural flexibility associated with ligand
efficiency [54,55]. In the case of GPCRs, for example, it was recently
demonstrated that model performance in docking correlates well
with the local structural quality, the RMSD of the binding site res-
idues, and the number of key ligand-protein interactions [56]. The
ability of proteins to adjust at the binding site level, and interact
with diverse ligands highlights the importance of incorporating
receptor flexibility at the modeling stage within the protein-ligand
complex refinement stage [34,57].

Information from SDM and SAR studies in terms of the residues
and ligand groups involved in ligand recognition, and protein-
ligand interaction patterns observed in experimental structures of
other related family members could be used to derive pharmaco-
phore/geometrical constraints between the receptor and the
ligand, or among the ligand and receptor themselves. The use of
such constraints at the refinement stage proved to be a critical step
to develop high-quality binding sitemodels. In the so-called ligand-
supported homology modeling method, the use of restraints
derived from manual or rigid-receptor docking was incorporated
within MODELLER [58] as a way to account for ligand information
in the modeling process [59]. This methodology was successfully
applied to identify novel antagonists for the neurokinin-1 receptor
[60].

In the ligand-steered homology modeling (LSHM) method
[43,61], the six ligand rigid coordinates, the conformational
space of the ligand internal degrees of freedom, and the binding
site side-chains are sampled together through flexible ligand-
flexible receptor Monte Carlo-based docking, in order to struc-
turally optimize the binding site. This constitutes an extension to
HM of the protocol originally designed to optimize the binding
site of receptors complexed with non-native ligands [62e67].
The LSHM method was used to model the melanin concentrating
hormone receptor 1 (MCH-R1), an anti-obesity GPCR target. The
obtained conformations were validated and prioritized through
small-scale retrospective docking of known ligands, and then
used to virtually screen ~200,000 small-molecules followed by
functional assays of the top-scoring compounds, where six low-
micromolar novel-chemotype inhibitors were discovered [43].
Later, a benchmarking study for existing GPCRs was published
[41] (see Section 2.2). The ligand steered method was also used
to rationalize structure-activity relationships (SAR) data of ago-
nists and antagonists binding to the cannabinoid CB2 receptor
[49,51,68].

Moro and co-workers exploited the spatial information encoded
in an ensemble of small-molecule poses obtained through rigid-
receptor docking to a crude model, to adjust the orientations of
binding site side-chains. Both side-chains and ligand were then
optimized by local energy minimization and the ligand was finally
re-docked to the lowest energy model [69]. Sherman et al. adopted
the Costanzi's approach, coupling experimental information of
ligand binding, with in silico modeling of induced fit effects [40], to
obtain b2 adrenergic receptor models from bovine rhodopsin
(bRho) [70]. Then, models for dopamine D(2), D(3), and D(4), se-
rotonin 5-HT(1B), 5-HT(2A), 5-HT(2B), and 5-HT(2C), histamine
H(1), and muscarinic M(1) receptors were generated using as
template the structure of the b₂-adrenergic receptor [70] and
assessed in high-throughput docking campaigns [71]. This strategy
was also applied in the blind prediction of the D(3) receptor
structure complexed with the D(2)/D(3) selective antagonist eti-
clopride (GPCR DOCK 2010 challenge [44]), where a successful
prediction was achieved in one out of three submitted models [72].
A detailed description of the modeling of 5-hydroxytryptamine
receptors 1B and 2B in GPCR DOCK 2013 can be found elsewhere
[53].
The use of the induced-fit concept was also fundamental to
model the ligand and key binding-site residues of angiotensin-
converting enzyme 2 (ACE2) from ACE, CDK5 (cyclin-dependent
kinase 5) from CDK2, thymidine phosphorylase from a bacterial
homologue, and dihydrofolate reductase from a recombinant
variant. It was also proved that applying this methodology more
accurate ligand-protein models were obtained, with respect to
docking in already refined models [73]. Recently Thomas et al.
developed homology models for the acetylcholine muscarinic re-
ceptors M₁R-M₅R using the b₂-adrenergic receptor as template, and
highlighted how the optimization of the binding site incorporating
ligand information has a stronger impact on the quality of the final
model than target-template sequence similarity [74]. Several other
works confirmed the importance of accounting for ligand infor-
mation during the modeling process [75e79].

2.2. Retrospective and prospective docking using homology models

When experimentally solved structures are not available, SBVS
is usually carried out using homology models [34]. It should be
stressed that model quality should correlate not only with high
enrichment factors, but also with accurate docking poses. Clearly,
the assessment of the performance of models in docking depends
on many factors which do not belong to the realm of modeling
itself, such as the quality of the docking program, the choice of
ligand and decoy libraries, and the particular target, as it has been
observed when using experimental structures [80]. Ad hoc
scoring functions for docking in homology models have also been
developed, such as eSimDock [81], which is quite insensitive to
binding site deformations and represents a valid approach to
perform large-scale high-throughput docking using homology
models.

A large-scale study of modeling and docking in 38 different
targets using small-molecules extracted from the DUD library [14],
confirmed that docking on comparative models usually outper-
form random selection [82]. Models were also competitive in
virtual screening (assessed using the enrichment factor) when
compared to crystal structures, though in this study experimental
structures usually displayed a better performance. The authors
interestingly reported better results for receptor-ensemble dock-
ing approaches performed by using multiple homology modeled
structures, with respect to single receptor conformation screening
campaigns.

Orozco and co-workers demonstrated that structures derived
from homology modeling are often similar in quality to crystal
structures in high-throughput docking, even in scenarios with
moderate target-template sequence similarity [83]. The use of
multiple structures as a way to account for protein flexibility in
docking was also explored, finding that even in the case of ho-
mology modeling, using an ensemble of structures enhances the
chance of success.

A benchmarking study of the performance of homology models
in HTD was presented for Class A GPCRs [41]. The aforementioned
ligand-steered homology modeling technique was used to cross-
model bRho, b₂-adrenergic, and A2A adenosine receptors, and
then to investigate the performance of both crystal structures and
models in docking. The ligand-steeredmodels, obtained optimizing
binding site-ligand interaction, provided an improved performance
in docking in terms of enrichment factors when compared to crude
homology models prior to refinement, and to random selection.
Models showing low ligand RMSD exhibited a good performance
not only in small-scale docking, but also in terms of selectivity
prediction, with enrichment curves at least comparable to those
generated by crystal structures. This study strongly highlighted the
importance of performing an adequate model refinement, which
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can compensate for poor target-template sequence similarity.
Other studies of ligand-protein docking on homology models [84]
reached very similar conclusions regarding the necessity of accu-
rately modeling binding sites architecture, and the importance of
accounting for receptor flexibility, in agreement with what previ-
ously found for GPCRs [74]. In an interesting study, the performance
of the X-ray active and inactive states of b2-adrenergic receptor was
compared with that provided by historical homology models
developed prior to the experimental structures became available.
Although the models presented a different global packing with
respect to the crystallographic structures, they exhibited a sur-
prisingly good performance in HTD campaigns [56]. These results
suggest that models with an accurate representation of the binding
site could be even better suited for HTD than experimental
structures.

Nguyen et al. used Rosetta to model 14 different GPCRs struc-
tures on templates with over 50% target-template sequence iden-
tity, testing their docking performances. The authors found that the
top ranked models, i.e. the ones giving better results in docking
campaigns, showed RMSD within 2.9 Å with respect to the exper-
imental target structures, and that ligand sampling performance
was enhanced by ~100-fold using knowledge-based and energy-
based filters [85]. The use of RosettaLigand [86,87] docking into
homology models was benchmarked using nine protein-ligand
complexes built during CASP8 [88], and other 21 additional com-
plexes in order to expand the chemotype space. RosettaLigand
found an acceptable native-like pose among the top ten scoring
binding modes [89] in 21 out of 30 docking runs. It was also
observed that docking performance depends more on template
selection based on ligand occupancy than on target-template
sequence identity.

A further study on the accuracy of small-molecule docking into
experimentally solved and homology modeled GPCR structures
was recently performed by Beuming and Sherman, using both rigid
receptor and induced-fit approaches [90]. The A2A adenosine, b1-
and b2-adrenergic, D3 dopamine, H1 histamine, M2 and M3
muscarine, S1P1, k-opioid, and CXC chemokine 4 receptors were
modeled using multiple templates, and tested according to their
capability of correctly predicting the binding mode of known li-
gands. In this study, docking results were significantly worse in
homology models with respect to crystal structures, and it was
observed that docking accuracy correlated well with the degree of
target-template sequence similarity. Interestingly, the authors
observed that the best results were obtained by incorporating
additional information, either from experimental (SDM), or
computational (pharmacophore modeling) sources.

On Table 1 we report a list of the latest applications where ho-
mologymodels have been used in prospective structure-based drug
discovery campaigns.
3. Accounting for protein flexibility in drug discovery

As previously highlighted, modeling protein dynamics can
strongly improve docking performances in terms of pose prediction
and ligand specificity. The use of a single static structure and the
performance of a single receptor conformation in docking and
screening are not always reliable, in particular when dealing with
comparative models. As proteins move to perform their functions,
SBVS methodologies need to account for protein flexibility in an
accurate and efficient way, in order to give reliable predictions
[125e129]. Nevertheless, modeling flexibility still represents one of
the most challenging and difficult issues in structure-based drug
discovery and design.
3.1. The ligand binding event: old and new perspectives

The original “lock and key” model according to which proteins
and ligands should be perfectly complementary to generate a
complex is clearly an oversimplification. By that time, the visionary
model proposed by Fisher in 1894 was able to explain enzyme
specificity, but failed to explain the stabilization of the ligand
transition state and, fundamentally, did not consider the possibility
of a mutual conformational adjustment [130]. Enhanced models
were proposed since the pioneering lock and key, including the
induced fit (based on the induced structural changes occurring
upon ligand binding), the conformational ensemble (based on the
presence of a pre-existing ensemble of equilibrated structures)
[131], and the random fluctuation of receptors and ligands
[128,132,133]. In a more complex but, clearly more realistic
perspective, ligand binding can be thought as a combination of a
conformer selection-stage followed by minor adjustments within
the binding pocket modulated by the ligand (induced-fit stage) i.e.,
the structural changes upon ligand binding occur within the
ensemble of pre-existing receptor conformers [134].

The pre-existing or ligand-induced conformations represent the
conformational space in which proteins move, and are the result of
the interaction and collective motion of their constituent atoms.
The accuratemodeling of these collectivemotions is far from trivial.
In spite of the unbelievable advancements experienced in the
current GPU era, there is still need to balance speed and accuracy,
i.e. reasonable computing time vs accurate simulations.

A variety of computational methods have been developed in the
last years combining accuracy, reliability and computational effi-
ciency. In silico methodologies able to deal implicitly or explicitly
with protein flexibility in drug design include soft docking
[135,136], docking with libraries of side-chain rotamers [136], al-
gorithms accounting for induced-fit adjustments [70,137], Monte
Carlo sampling [62,138] and MD simulations [139]. More recently
docking intomultiple conformations coming fromX-ray [140e142],
NMR [143,144], a combination of both [145,146] or computationally
generated by MD simulations [147,148], normal-mode analysis
[63,66,149], Monte Carlo [62,150], or homology models [83] have
been successfully applied.
3.2. Docking with protein flexibility

Flexible ligand-flexible protein methods, simulating both ligand
and protein dynamics, currently represent the first-end choicewith
respect to rigid-body or flexible ligand-rigid protein approaches.

The simplest approaches rely on soft potentials, rotamer li-
braries or local energy minimization used to simulate the move-
ments of residues side chains lining the binding site. These
approaches, usable when protein motions are limited and when
ligands easily fit into a fairly static binding site [151], have been
successfully applied in different scenarios [152,153]. In order to
reduce the computational time a small number of degrees of
freedom is usually considered and the variables driving the protein
conformational changes are optimized along with the ligand
translational, rotational and torsional changes.

Soft docking approaches allow a certain structural overlap be-
tween the protein and the ligand by means of soft core potentials,
i.e. tolerant scoring functions. The main advantage is represented
by the low computational cost, and by the possibility of identifying
conformations or induced fit effects normally not experienced by
more complex and demanding methodologies. Only small adjust-
ments limited to side chains and not involving backbone rear-
rangements can be generally investigated [127,154]. Soft docking



Table 1
Recent applications of homology models in combination with high-throughput docking.

Target protein Template (PDB ID) Computational methods Chemical library Best compound
discovered

Ref.

Homology Modeling Structure-based
virtual screening

E. tenella CDK-
related kinase 2
(EtCRK2)

CDK2 (PDB 1OIR) MODELLER [58] Autodock [91] ~4 million from commercial
vendors

Ki ¼ 0.17 mM [92]

Matriptase-2 Matriptase (PDB 1EAX) MODELLER [58], MOE,
SwissModel [94]

DOCK [95], FlexX
[96]

15,000 filtered compounds
from ZINC [97]

Ki ¼ 170 nM [98]

Penicillium digitatum
Sterol 14a-
demethylase
(CYP51)

Mycobacterium tuberculosis
CYP51 (PDB 1E9X)

CPHmodels 2.0 Server
(http://www.cbs.dtu.dk/
services/CPHmodels)

Gold [99], FlexX
[96]

79,000 filered from SPEC
(www.specs.com)

Kd ¼ 60 nM [100]

NF-kB inducing
kinase (NIK)

hPAK1 (PDB 1YHW) [101] ESyPred3D [102] GOLD [99] 67,500 filtered compounds
from ZINC [97]

IC50 ¼ 51 mM [103]

a4b2 Neuronal
Nicotinic Receptor

Models from Ref. [104] MODELLER [58] and MD Glide [105],
AutoDock [91]

10,000 from ChemBridge
CNS-Set

IC50 ¼ 6.1 mM [106]

P90 ribosomal S6
kinase 2 (RSK2)

hMSK1 (1VZO
hRSK1 (2Z7R
mRSK2 (3G51)

Discovery Studio (http://
accelrys.com)

Glide [105] 60,000 from MayBridge
Database (www.maybridge.
com)

IC50 ¼ 2.4 mM [107]

Tropomyosin-
related kinase A
(TrkA)

Insulin-like growth
factor 1 receptor (3I81)

MODELLER [58] AutoDock [91] 240,000 extracted from
InterBioScreen Ltd. (www.
ibscreen.com)

Kd ¼ 3 mM [108]

5-HT(2A) b2-adrenergic receptor (3D4S MODELLER [58] and MD [109,110] 1430 compounds extracted
from DrugBank [111] and
ZINC [97]

Kd ¼ 2 mM [79]

Histamine H3

Receptor
Histamine H1 Receptor (3RZE MODELLER [58] and MD Ligand- and

structure-based
using FLAP [112]

156090 compound extracted
from ZINC [97]

Ki ¼ 0.5 mM [113]

GPR34 Based on earlier models of CCK1 [114] Cerius2 v4.8/
LigandFit

1250000 compounds from
their corporate chemical
library

CRE-Luc
C50 ¼ 450 nM

[115]

CXCR7 Primary: CXCR4 receptor (3OE6
Secondary: bRho (1HZX, b2-adrenergic
(2RH1, turkey b1-adrenergic (2VT4,
adenosine A2A receptor (3EML receptors

MOE [93] CONSENSUS-
DOCK [116]

Compounds from Namiki
Shoji Co., Ltd., Kishida
Chemical Co., Ltd., and TPRP

IC50 ¼ 1 mM [117]

Histamine H4

Receptor
Histamine H1 Receptor (3RZE MacroModel [118] Glide [105] 12,905 fragments from in-

house collection
Hit ligand
efficiency 0.31
e0.74

[119]

Dopamine D2

receptor
Dopamine D3 Receptor (3PBL Schrodinger Suite [120] Glide [105] In-house fragment collection Kd ¼ 5.4 nM for

the best linked
compound

[121]

Anopheles gambiae
octopamine
receptor

b2-adrenergic receptor (2RH1 3SN6 I-TASSER online server
[122]

Glide [105] 12 million compounds
extracted from ZINC [97]

IC50 ¼ 1 mM
EC50 ¼ 1 mM

[123]

DUSP16
phosphatase

DUSP9 phosphatase (2HXP MODELLER [58] AutoDock [91] 260,000 extracted from
InterBioScreen Ltd. (www.
ibscreen.com)

IC50 ¼ 1 mM [124]
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techniques are used in Glide for the preliminary placement of li-
gands. Induced fit effects are then modeled by replacing a given set
of residues with alanine, which are then reconstructed after ligand
placement. Ligand side chains are rebuilt, the whole binding site
minimized, and then ligands are re-docked with no soft potentials
[70].

Methods using rotamer libraries can also be applied to proteins
characterized by limited motions at the binding site level, and for
which reliable structural knowledge about the unbound and bound
states is available. Alas, artifact complexes could be obtained and no
information about the backbone adjustment is provided [155,156].
SLIDE [157], for instance, rotates both ligand and receptor side-
chains to remove intermolecular overlaps. The receptor pocket is
analyzed for the identification of hydrophobic and hydrogen-
bonding template points, and all ligand hydrogen bond donor
and acceptor groups are combinatorially matched within the
binding pocket. Ligand fragmentation is performed to obtain frag-
ments bearing triplets of matching points, positioned by a least
square superposition algorithm. Also, water molecules can be
retained in the binding site and their energetic contribution
estimated.

RosettaLigand [158] and GalaxyDock2 [159] use Monte Carlo
sampling and space annealing global energy minimization to
simultaneously optimize both proteins and ligands, respectively. In
particular, GalaxyDock2 is a geometry docking methods based on
the beta-complex, a structure derived from the Voronoi diagram of
receptor atoms, which could enhance both the computational
speed and binding mode prediction accuracy.

When ligands are known to stabilize previously unknown
structures or to select appreciably different conformations with
respect to the experimental ones, the inclusion of pre-generated
multiple states, obtained by means of experimental or computa-
tional techniques, is necessary tohave reliable predictions.Molecular
Dynamics simulations [160] and ad hoc protocols for fit [137,161] are
among the most reliable methods to consider both side-chain and
backbone flexibility. Geometry-based samplingmethods can be also
used to generate ensemble of conformations from a single structure
in a faster and computationally undemanding way [162,163].

http://www.cbs.dtu.dk/services/CPHmodels
http://www.cbs.dtu.dk/services/CPHmodels
http://www.specs.com
http://accelrys.com
http://accelrys.com
http://www.maybridge.com
http://www.maybridge.com
http://www.ibscreen.com
http://www.ibscreen.com
http://www.ibscreen.com
http://www.ibscreen.com
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MD represents one of the most powerful available tools to
describe intrinsic protein flexibility and to investigate protein
motion whether free or complexed with a ligand. MD simulations,
based on Newton's equations of motion [164], can describe the
evolution of the conformational state and energy landscape of a
protein as a function of time. The recent impressive progress in
computer power and algorithm performance have made MD ap-
plications much more feasible than in the past, even if it is still
more computationally demanding compared to the aforemen-
tioned methodologies. MD approaches have been used to generate
ensemble of conformations for virtual screening campaigns
[165,166], to replicate the structural dynamics of proteins in so-
lution [167], or to identify cryptic or druggable allosteric sites,
normally not present in rigid static structures [168,169]. Unfortu-
nately, plain MD simulations are still time-limited and in many
cases the length of simulation is not enough to sample biologically
processes happening in the millisecond to second range. Low-
energy conformations separated by high energy barriers are
seldom crossed, unless the simulation runs for unrealistic time-
scales [170]. Thus, many MD applications in docking and
screening are limited to the post-docking stage [171,172]. To
overcome this limitation, different biased approaches for sampling
the biological space in a reasonable computational time have been
developed.

In accelerated MD the Hamiltonian of the system is modified
to smooth the potential energy surface maintaining the relative
positions of local minima. Since barriers separating low-energy
states become lower, those states are more frequently visited
by the system [173,174]. In metadynamics, the potential energy
surface is described in a coarse-grain way using a few collective
variables and a history-dependent potential defined by adding
Gaussian contributions to the potential energy along the trajec-
tory of the collective variables, thus forcing the system to avoid
already sampled regions [175,176]. Despite the successful results
recently reported, the outcome of metadynamics simulations
heavily depends on the choice of the collective variables, what
could be not trivial in cases where no knowledge about the final
state conformation is available [177,178]. Replica-exchange mo-
lecular dynamics (REMD) simulations were also extensively used
to enhance conformational sampling in biomolecular systems by
increasing the system temperature [179,180]. Initially conceived
to model protein folding, this methodology was successfully
applied to the drug design field [181,182]. Extensions of the REMD
include multidimensional replica-exchange methods (REM)
[183], also referred as Hamiltonian REM [184], and replica-
exchange umbrella sampling, which combines the conventional
umbrella sampling methodology [185] with REM, and revealed to
be particularly appropriate for free-energy calculations [183].
Umbrella sampling techniques are capable of sampling the
conformational space also in high energy regions and, conse-
quently, of giving reliable estimations of the free energy differ-
ence [186,187]. These methods often use harmonic biasing
potentials in a series of windows along the reaction coordinate,
or a single window in combination with an adaptive biasing
potential aimed to match the whole free energy profile. In each
window the sampling is performed through conventional MD or
Hamiltonian RE. Again, the choice of the reaction coordinate is
crucial for having predictive results [188]. Aside from plain MD
and enhanced MD, other methodologies recently emerged for
generating ensembles of protein conformations as the ligand-
model concept proposed by Xu et al., developed for sampling
the most suitable protein conformations able to bind structurally
diverse sets of ligands [189].
3.3. Choosing the right receptor conformation in virtual screening

Docking and screening to flexible proteins generally improve
the overall results. Therrien et al. reported that when screened
compounds are similar one to each other, and they bind the same
active site form, adopting a multiple receptor conformation (MRC)
approach ameliorates the ranking of decoys. A much more signifi-
cant improvement can be achieved when ligands are structurally
different and/or are accommodated by diverse binding site con-
formations (Fig. 2) [24]. This is in line with what had been shown
several years ago in protein kinases, where crystal structures and
modeled receptoreligand complexes were selected for MRC dock-
ing based on the chemical diversity of their bound ligands
[62,63,66]. Thus, if a single receptor conformation approach could
be suitable for lead optimization, in SBVS campaigns aimed at
identifying new scaffolds, multiple receptor conformation docking,
using either experimental or computationally generated structures,
may represent a better choice.

The selection of the right protein conformation to be used in
structure-based virtual screening is more crucial than initially
thought. The “right” conformations should be able to provide the
best results in terms of quantity and quality, where quantity cor-
responds to the percentage of active molecules identified in the
early screening stage, and quality to the chemical diversity of these
first ranked molecules. Both single- and multiple receptor confor-
mation approaches [24] are significantly affected by the chosen
binding site architecture, so that the key point is often represented
by the capability of the conformational sampling to select the most
representative states [145,190]. Some strategies were recently
proposed to guide this conformational sampling. One of the first
“recipes” to select the best performing conformations was pro-
posed by Rueda et al. who analyzed 1086 X-ray conformations for
99 different therapeutically relevant protein targets, and compared
the performances of the single and ensemble-conformation dock-
ing [142]. The authors proved that, when activity information is
available, a ligand-guided approach represents the best strategy to
identify the conformations better able to discriminate between
binders and non-binders. They also observed that the use of
conformational ensembles does not systematically outperform a
single well-performing structure, and that it is generally not
possible to outperform the best single conformation evenwhen the
others are handpicked according to their AUCs [140,191]. Significant
improvements by using multiple structures can be reached when
poor performing structures or no-experimental structures are
available, as in the case of homology models.

Unfortunately, ligand information is generally available only for
well-known pharmaceutical targets, which is not the case of newly
discovered proteins possibly involved in untreated or neglected
diseases. As suggested by Verdonk and co-workers, when no ligand
information is available, an ensemble of randomly chosen 3e5
conformations seems to provide better results with respect to a
single static structure. The score-based uncertainties related to a
single receptor state can be, in fact, reduced and more consistent
scores for ligand profiling generated [192].

The performances of single and multiple receptor conformation
approaches were also compared by Bottegoni et al. carrying out a
retrospective study on 36 X-ray targets [193] and proving, again,
that the use of multiple vs single receptor conformations signifi-
cantly increases the diversity of discovered chemical scaffolds.
Further improvements could be achieved introducing more diverse
and ligand-unbiased states coming, for instance, from MD simula-
tions. Again, the authors underline that the conformational selec-
tion in absence of any ligand activity information still represents a



Fig. 2. Exploiting protein flexibility. a. Superposition of six different Cyclin-dependent kinase 2 structures (PDB codes 4EK3, orange; 3PXY, green; 4EZ3, slate; 3R7V, magenta; 3S2P,
yellow; 3TIL, cyan). The overall superimposition highlights the conformational adjustment experienced by the P-loop covering the binding site. The following insets show how
different binding site conformations can host different ligand chemotypes. b. 4EK3 (apo form). c. 3PXY. d. 4EZ3. e. 3R7V. f. 3S2P. g. 3TIL. Ligands and interacting residues are
represented as capped sticks, hydrogen bonds as black dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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challenging andmajor issue, which can greatly affect the VS results.
Predicting a priori which conformer can provide the best results
remains an unsolved issue.

The same conclusions were basically drawn by Korb et al.
when investigating the performance of ensemble docking in
virtual screening [194]. Ensemble docking always outperformed
the use of the worst single structure and, in some cases, provided
even better results with respect to the best single protein
conformation. Since, as previously stated, it is not possible to
foresee a priori the performances of single conformations, MRC
approaches should at least minimize the risk of bad or worst
performances in virtual screening. Good results were also ob-
tained in terms of chemotype diversity. The strong dependence of
docking results on scoring functions and sampling accuracy was
highlighted, since different performances were observed for the
same set of structure when using different scoring functions. The
pressing need of developing ensemble selection protocols for
choosing the best conformations given a target and a scoring
function was again underlined.

More recently Spyrakis et al. outlined an innovative pipeline to
extract the best performing conformations from MD simulations
when ligand information is available [165]. The authors applied an
integrated MD-FLAP approach including MD simulations, and
Clustering and Linear Discriminant Analysis for enhancing the ac-
curacy and efficiency in VS campaigns. They first extracted a limited
number of representative structures from tens of nanoseconds of
MD trajectories by means of the k-medoids clustering algorithm.
Then, instead of applying arbitrary selection criteria, they let the
linear discriminant analysis implemented in FLAP (Fingerprint for
Ligand and Proteins) [112] to automatically choose the best per-
forming conformational states among medoids and X-ray struc-
tures. Retrospective virtual screenings confirmed that ensemble
receptor protocols outperform single rigid receptor approaches,
proved that computationally generated conformations comprise
the same quantity/quality of information included in X-ray struc-
tures, and identified the MD-FLAP approach as a valuable tool for
improving VS performances.

4. Modeling waters within the active site

Protein mobility is possibly enhanced by the presence of moving
and displaceable water molecules inside and outside the protein
matrix and, in particular, within the binding site. The cases of li-
gands properly designed to fit hydrated binding sites, or to displace
structural waters are known and well documented in the literature
[195,196]. Water molecules are, in fact, critical actors in biomole-
cular recognition, and their role has been extensively investigated
[197e205]. They are responsible for hydrophobic effects [206,207],
discrete hydrogen bonded water networks [208], and they are also
involved in the stabilization of protein-ligand complexes [209,210].
Water-mediated effects are many, though far from being clearly
understood, and modeling their behavior still remains extremely
challenging. Many different approaches, starting from continuum
solvent models [211e214] up to methods considering waters as
explicit components [215e218], or at a quantum level [219,220]
have been developed to predict water effects and energetics in
biological systems.

Waters in proteins have been classified into different categories,
i) water molecules in active sites, ii) water molecules deeply
inserted within cavities, iii) buried water molecules, iv) first shell
external water molecules, and v) second shell external water
molecules [198]. From a drug design perspective, water molecules
mediating protein-ligand interactions within active sites deserve
special attention. When a ligand enters its target binding site, in



Fig. 3. Example of successful water displacement. a. HIV1 protease complexed with
the pseudosymmetric inhibitor CGP53820 (PDB code 1HIH). Wat301 mediating the
interaction between the protein and ligand is labeled and represented as a sphere. Two
other water molecules stabilizing the interaction at a less extent are highlighted. Key
residues are labeled, i.e. the catalytic aspartates and the isoleucines interacting with
wat301. b. HIV1 protease complexed with the cyclic urea inhibitor XK216 (PDB code
1HWR). No water molecule is retained within the binding site. In particular wat301 is
displaced by the ureic carbonyl group. Key residues are labeled. Ligands and interacting
residues are represented in capped stick, hydrogen bonds as black dashed lines. The
protein is shown in surface representation.
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fact, the surrounding waters, and those filling the cavity need to
rearrange. Most of them will be displaced or removed, likely
increasing the entropic contribution to the free energy of binding
[221e223]. The disruption of water networks, in particular those
surrounding the ligand hydrophobic moieties, increases the solvent
disorder and stabilizes protein-ligand association [224]. As well,
waters filling hydrophobic clefts in the protein will be also favor-
ably released to the solvent, resulting in a positive entropic and
enthalpic gain stemming from the additional interactions of the
ligand with the residues lining up the binding site [223]. In ligand
design, conserved waters in binding sites can be considered either
part of the site to be targeted, or displaceable by ligand functional
groups, thus providing an additional entropic gain [225,226]. The
case of cyclic urea-based HIV-1 inhibitors designed to displace the
well-known water301 is remarkable (Fig. 3). In this system water
removal positively amplified the hydrophobic interactions and
increased the ligand rigidity leading to a smaller loss in ligand
entropy upon binding to the receptor [196]. Another known
example of successful water displacement is given by the p38a
MAPK, where the displacement of a water molecule by a ligand
cyano group yielded a 60-fold improvement in the inhibition
constant [227]. As well, the replacement of water by a cyano group
resulted in an improvement in ligand binding to scyatolone dehy-
dratase [228].

Other examples of the advantage given by water inclusion in
pharmacophore [229], docking [230], de novo design [225,226], and
many others computational approaches were given and are re-
ported in the literature [21,23,197e199,231e243]. Unfortunately,
there is no general rule to predict whether a water molecule will be
retained upon protein-complex formation, or will be removed [22].
Trying to replace bridging waters led, also, to some unfavorable
consequences in binding [244,245], highlighting how challenging is
binding energy prediction, and the identification of the different
contributions whenwatermolecules are present. Removing awater
from a binding site and transferring it to the bulk implies an
entropic gain as well as an enthalpic variation depending on the
number and strength of contacts made, first, by water with the
protein residues and, then, with the surrounding bulk water. Even if
the net free energy of water interaction was estimated in the
0e2 kcal/mol range, the individual contribution is highly affected
by the specific protein environment, and its calculation is not an
easy task [246]. Attention should be also paid to waters tightly
bound in crevices on the protein surface or inside the active site. In
this case, the entropic gain for displacing them is unfavorably
outweighed by the breaking of hydrogen bonds made with the
surrounding residues, and by the related enthalpic loss [247]. The
displacement of these waters could be not only difficult, but also
energetically unfavorable for protein-ligand association [221,248],
and their energetic contribution should be carefully considered.
The thermodynamics of these phenomena is anything but simple
and, up to now, accurate calculations of solvation/desolvation ef-
fects are still elusive.

4.1. Wet or dry binding sites?

It has been recently reported that compounds interacting with
tightly bound bridging waters are as potent as those interacting
only with binding site residues [22]. Ligands not stabilized by
waters are generally bulkier, more hydrophobic, more complex,
and have larger steric effects than those making interactions with
structurally conserved water molecules within the target binding
site. They also show a higher number of aromatic rings, which
decrease their plasticity, their solubility and also cause frequent
problems in the subsequent development stages. On the contrary,
water-mediated ligands are often smaller, less hydrophobic, less
flat, more flexible, and have a better ligand efficiency [249]. More
hydrophilic molecules exhibit also better pharmacokinetic prop-
erties, are more specific and less promiscuous than more lipophilic
compounds [250,251], which might also suffer of molecular
obesity [252]. This further demonstrates that tightly bound waters
can stabilize a protein-ligand complex acting as a glue or a third
partner, and might contribute to improve the specificity of inter-
action and the ligand pharmacodynamic properties [253,254].
Trying to displace these waters to increase the binding entropy
does not a priori represent the most promising strategy, although
it has occasionally led to positive results [196]. Water displace-
ment might, in fact, have unpredictable consequences on ligand
binding affinity, as well as on ligand physicochemical properties,



F. Spyrakis, C.N. Cavasotto / Archives of Biochemistry and Biophysics 583 (2015) 105e119114
pharmacokinetics, specificity and safety [255]. In many cases, as
previously reported, replacing tightly bound bridging waters only
resulted in a slight improvement in the binding energy
[244,256e258], or even in a loss of binding affinity [259]. Overall,
promoting enthalpic with respect to pre-supposed entropic gain
could represent the winning strategy. In this perspective,
designing or removing a bridging water should be done only if the
subsequent ligand modifications would also improve ligand effi-
ciency, enthalpy, entropy, specificity and pharmacokinetic prop-
erties, which will at least have benefits on ligand optimization and
development [22].
4.2. How to simulate water in docking and virtual screening

Several attempts to predict the importance of water in
structure-based drug design approaches and to evaluate its en-
ergetic contributions have been made through the last years.
Huang and Shoichet demonstrated that crystallographic waters
were able to improve VS enrichment for at least half of the DUD
dataset targets [260]. As well, Fukunishi and Nakamura
confirmed that including the free energy contribution of bridging
water molecules significantly improved the scoring performances
[261]. On the contrary, Therrien et al. showed that the impact of
waters on virtual screening accuracy was not important as ex-
pected, pointing out the need of improving the scoring of key
water molecules. The authors applied the FITTED algorithm to
investigate a set of 171 proteins representing 40 unique enzymes
and demonstrated that, overall, including crystallographic waters,
and accounting for protein flexibility improved the enrichment in
active compounds, with flexibility effects being more important
than water inclusion [24]. They interestingly highlighted that the
choice of the contributions to be considered cannot be easily
standardized, as it is strongly protein- and system-dependent.
Thus, even if the presence of waters and the inclusion of pro-
tein flexibility generally improve screening performances, this is
not always true. For instance, lead optimization analyses might
take advantage of using a rigid structure, while large virtual
screening campaigns looking for new different scaffolds should
Table 2
Available software for predicting water displacement and energetic contribution in dock

Method Strategy

Consolv 1.0 Hybrid k-nearest-neighbors classifier/genetic algorithm
WaterScore Multivariate logistic regression analysis
HINT HINT (Hydropathic Interactions) score and geometric

Rank descriptor
Water free

energy calculation
Double decoupling method, with replica exchange
thermodynamic integration in Monte Carlo simulations

Superstar Propensity maps
Just Add Water

Molecules (JAWM)
Statistical thermodynamic analysis based on Monte
Carlo simulations

WaterMap Statistical thermodynamic analysis of water molecules
from explicit solvent MD simulation

Water PMF Potential of Mean Forces
WaterFLAP GRID Molecular Interaction Fields [265]
GOLD Estimation of the free-energy change associated with

transferring a water molecule from the bulk solvent to its
binding site in a protein-ligand complex

DOCK Flexible-receptor docking method considering displaced
water and retained water states with variable water position

FlexX Particle concept
AutoDock Hydration force field accounting for the entropic and enthalp

contributions of discrete waters to ligand binding
SLIDE Consolv
FITTED Potential energy function to estimate water displacement
Glide Statistics about the number of hydrogen bonds formed

by polar and apolar groups
account for protein dynamics. Santos et al. showed that including
water molecules in the case of CYP2D6 did not yield significant
improvements over docking without retaining any water, and
concluded that the effect of water presence strongly depends on
the protein conformation and on the ligand identity [262].
Similar conclusions were also drawn by Hritz et al. [144]. The
only solution still relies in a deep knowledge of the dataset to be
screened, and of the target or of related known proteins, and in
an improvement of the currently available scoring functions
[21,263,264].

Different programs able to compute the free energy of binding of
water molecules and predict their presence in apo (uncomplexed)
and holo (complexed with small ligands) protein binding site have
been developed and are reported in Table 2.

In 1985 Goodford developed the well-known GRID, to identify
favorable interaction sites for probe molecules, being water one of
the possible probes [265]. GRID energy was simply calculated by
summing Lennard-Jones, electrostatic and hydrogen bonding in-
teractions. Subsequently, in 1996 Raymer and co-workers devel-
oped Consolv and demonstrated its capability of predicting the
conservation of active site water molecules upon ligand binding
with 75% accuracy. The algorithm only used the crystallographic
temperature factor, the number of hydrogen bonds formedwith the
protein, the density and the hydrophilicity of neighboring protein
atoms [266]. Similar structural properties were implemented by
Garcia-Sosa et al. in WaterScore. The authors performed a multi-
variate logistic regression analysis to identify a statistical correla-
tion between the structural properties of water molecules in the
binding site of apo proteins, with the probability of finding them
again in the corresponding holo forms [209]. The validation of
WaterScore yielded a 67% accuracy.

Kellogg and co-workers combined in a statistically robust
method the HINT score and the geometric descriptor Rank, to
identify relevant water molecules to be possibly considered in
protein-ligand docking and structure-based drug discovery ap-
proaches [267]. No other information or parameter was adopted to
predict water relevance. The authors showed that conservedwaters
made at least two hydrogen bonds with the surrounding residues
ing and screening.

Website Ref.

http://www.kuhnlab.bmb.msu.edu/software/consolv/ [266]
http://www.cus.cam.ac.uk/ [209]
http://www.edusoft-lc.com/hint/ [198]

[268]

https://www.ccdc.cam.ac.uk/ [279]
[269]

http://www.schrodinger.com/WaterMap.php [280]

[271]
http://www.moldiscovery.com/software/flap/ [112]
http://www.ccdc.cam.ac.uk/Solutions/GoldSuite/Pages/GOLD.aspx [241]

http://dock.compbio.ucsf.edu/ [260]

http://www.biosolveit.de/FlexX/ [23]
ic http://autodock.scripps.edu/ [233]

http://www.kuhnlab.bmb.msu.edu/software/slide/ [281]
http://www.fitted.ca/ [282]
http://www.schrodinger.com/Glide/ [278]

http://www.kuhnlab.bmb.msu.edu/software/consolv/
http://www.cus.cam.ac.uk/
http://www.edusoft-lc.com/hint/
https://www.ccdc.cam.ac.uk/
http://www.schrodinger.com/WaterMap.php
http://www.moldiscovery.com/software/flap/
http://www.ccdc.cam.ac.uk/Solutions/GoldSuite/Pages/GOLD.aspx
http://dock.compbio.ucsf.edu/
http://www.biosolveit.de/FlexX/
http://autodock.scripps.edu/
http://www.kuhnlab.bmb.msu.edu/software/slide/
http://www.fitted.ca/
http://www.schrodinger.com/Glide/


F. Spyrakis, C.N. Cavasotto / Archives of Biochemistry and Biophysics 583 (2015) 105e119 115
and gain 0.6e2.0 kcal/mol binding energy than non-conserved
waters [198,199].

Thermodynamic integration and Bayesian statistics were
applied by Barillari et al. to calculate the propensity of a water
molecule to be displaced. Two classes of waters were identified:
those conserved and not displaced by any of the ligands, and those
removed upon some ligand entrance, observing that conserved
waters are generally more tightly bound than displaced ones. The
proposed approach allowed the quantitative identification of wa-
ters to be considered and possibly displaced in rational drug design
strategies [268].

Michel et al. developed the Just Add Water Molecules (JAWM)
procedure, using a double decoupling approach to compare the
energetic cost of removing a water molecule from the bulk and
from a binding site. The energetic cost is calculated using a
scaling parameter Q, which represents a degree of freedom
during Monte Carlo simulation of the solvated protein-ligand
complex and modulates intermolecular interactions for a given
water molecule [269].

MD-based approaches were exploited to develop WaterMap,
based on explicit solvent MD simulations followed by statistical
thermodynamic analyses of water clusters based on inhomoge-
neous solvation theory [270]. Abel et al. demonstrated that water
displacement can significantly affect ligand potency and calculated
the related binding free energy by combining a water displacement
term with complementary terms derived from implicit solvent
molecular mechanics calculations [263,270].

Recently Zheng et al. developed the Water PMF (wPMF)
approach, using the potential of mean force on 3946 non-
redundant high resolution crystal structures. Water PMF was
applied to predict the potential hydration sites in protein struc-
tures, showing an accuracy of ~80%. Also the algorithm was able to
assess whether or not a given water molecule should be targeted
for displacement in ligand design. When compared to 3D-RISM,
wPMF gave comparable performances with much less computa-
tional cost [271].

As the aforementioned methodologies aim to predict a priori
which water molecules have to be retained in subsequent VS and
docking simulations, different softwares also allow an “on the fly”
displacement of waters during docking. FLAP (Fingerprint or Li-
gands and Proteins), based on the GRIDMolecular Interaction Fields
[112,272,273], allows the user to perform docking simulations
automatically calculating the probability of crystallographic or
predicted water molecules to be retained upon ligand binding to
the protein target [274]. The possibility of including or removing
waters during docking was also implemented in DOCK 3.5.54 [260]
and in GOLD [241], where a 2 kJ/mol penalty is associated to each
water displaced from the binding site. Autodock combines different
protein structures, thus considering both flexibility and water
contribution at a time, into a single grid where, for each point of the
grid, a weighed average potential is calculated. This approach offers
the advantage of avoiding steric clashes and allows docking of li-
gands into cavities occupied by waters without causing any steric
clash [233,275]. Consolv has been implemented in SLIDE in order to
predict which waters have to be retained during docking simula-
tions. Similarly to Autodock, to each displaced water molecule an
energy penalty is associated and deducted from the corresponding
ligand score [157]. FlexX applies a particle concept defining a priori
the possible hydration sites by placing water particles in the pocket.
During the fragment-based docking, whenever the fragment
clashes with any possible water, that water is removed and the
building process continues. Otherwise the water is retained until
the next iteration [23]. FITTED predicts the retaining or displace-
ment of waters switching them on and off during the docking
process. The choice is guided by scaling factors ranging from 0 to 1
according to the distance between the ligand and the waters. The
authors observed a slight improvement in docking performances
when waters were retained with respect of using completely
unhydrated binding sites [276,277]. Differently, Glide places waters
into the binding site after ligands have been docked, filling the
holes left between the residues lining the cavity and the ligands.
The position of water molecules is predicted by using statistics
about the number of hydrogen bonds formed by polar and apolar
groups [278].

Even if many different methodologies have been developed
and a number of investigations performed, understanding and
quantifying water behavior, and the associated energy contribu-
tions still remain elusive. From a drug design perspective, there
are still two main issues to be solved, i) if waters have to be
retained in lead discovery, i.e. docking-based virtual screening, ii)
if the displacement of protein-ligand bridging waters in lead
optimization could improve binding affinity [243]. Actually, when
there is no previous knowledge about the conservation of water
molecules within the protein binding site upon ligand binding,
waters are normally disregarded in modeling simulations. We also
have to consider that retaining waters in a binding site changes
the size and the chemical properties of the pocket, thus reducing
the chemical diversity of the possible scaffolds. As also suggested
by Wong and Lightstone [243], docking simulations could include
water contribution by explicitly modeling them or by using im-
plicit models, or a combination of explicit water molecules with
implicit solvent rescoring. Lead optimization requires, instead, a
more accurate evaluation of the energetic contribution for dis-
placing or retaining waters upon ligand optimization, since
displacement of bridging waters does not guarantee stronger
binding. Unfortunately, no a priori indication is reliable, and only
an accurate analysis of the literature and of the system itself can
help in making a successful choice.

5. Conclusions

Many steps forward have been made in structure-based drug
discovery since the first simulations were performed and reported.
A number of algorithms, computer programs and developments
have been and are currently developed with the aim of repre-
senting biological interactions in the most realistic way. We are
perfectly aware that such an objective will probably never be
reached. Nevertheless, experimental difficulties, energetic barriers
and hardware limits are overcome again and again and, by now,
computational simulations accompany almost any experimental
research.

In this review we focused on three “structural” critical issues to
structure-based virtual screening, demonstrating how in silico ap-
proaches can help in the accurate representation of biological
systems whenever experimental data are missing. First we dis-
cussed homology modeling of the binding site, able to provide
essential information when experimental structures of the system
of interest are missing. In the future, the development of more
accurate modeling methods incorporating the wealth of experi-
mental knowledge from biochemical and biophysical data should
translate into the discovery of an increasing number of potent,
selective and efficient drug leads with high therapeutic value.
Either using experimental or modeled structures, a correct repre-
sentation of the protein dynamics is fundamental to provide reli-
able results in drug design. We reported the significant
improvements made during the last years in considering and pre-
dicting target flexibility in computational simulations. As well, a
great effort has been poured to consider and predict the role of
water molecules within the binding site, as waters considerably
increase protein flexibility and versatility. We thus centered on



F. Spyrakis, C.N. Cavasotto / Archives of Biochemistry and Biophysics 583 (2015) 105e119116
solvent effects and on the importance of estimating water contri-
bution in lead identification and development to give, again, a
proper representation of all the actors playing in biological
interactions.

Future developments in these areas, coupled with an enhanced
description of the physics underlying macromolecular interaction
[232,283e296], will be key for more predictive computational tools
in structure-based drug discovery and design. Building the most
reliable models is still based, and will probably always be, on the
deep knowledge of the system or event under study. We are still far
from the final goal: as of today, not any structure can be modeled,
and not all binding events can be simulated or energetically
quantified. Nevertheless we do believe that there is plenty of space
for further improvements and progresses.
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