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Binding site comparisons for target centered drug discovery

Abstract

Introduction The success of comparison of binding sites in drug discovery is based on the
recognized fact that many different proteins have similar binding sites. Binding site comparison has
found many uses in drug development, and has the potential to dramatically cut the cost and shorten
the time necessary for the development of new drugs.

Areas covered We review recent methods for comparing protein binding sites and their use in drug
repurposing and polypharmacology. We then examine emerging fields, such as the use of binding
site comparison in precision medicine, prediction of structured waters, search for targets of natural
compounds, for use in development of protein-based drugs by loop modeling and for comparison of
RNA binding sites.

Expert opinion This approach has produced many interesting results in drug development, but
relatively little work has been done on protein-protein interaction sites, which are particularly
relevant in view of the success of biological drugs. Therefore, growth of protein loop modeling for
modulating biological drugs can be anticipated. The fusion of currently distinct methods for
comparison of RNA and protein binding sites into a single comprehensive approach could allow the
search for new selective ribosomal antibiotics and initiate pharmaceutical research into other

nucleoproteins.

Keywords: Binding site comparison, drug repurposing, polypharmacology, precision medicine,

conserved water, natural products, biological drugs, RNA motifs.



Article highlights

* Binding site comparison allows drug repurposing, an approach that is increasingly gaining use in
treatment of rare and neglected diseases, as it allows significantly faster development than
conventional drug development.

* Binding site comparison allows the design of polypharmacological drugs that could improve the
treatment of cancer and neurodegenerative diseases.

* Binding site comparison enables the proteome-wide prediction of binding sites and ligands of
proteins, and allows the determination of the effects of sequence variants on binding of drugs and
development of diseases.

* Binding site comparison permits the identification of targets for natural products.

* Binding site comparison facilitates the prediction of new conserved structured waters that are
important for the activity of kinases.

* Binding site comparison enables protein loop modeling in the development of biological drugs
and allows prediction of RNA functions and the development of selective ribosome-targeting

antibiotics.



1. Introduction

Successful drug development currently often takes longer than a decade and is becoming
increasingly expensive. The cost of development of a single drug is currently well over $1bn. In
order to reduce the cost of developing new drugs, it is important to recognize that although a drug
was developed to bind to only one target, most of the drugs currently in use bind to multiple
proteins. The pharmaceutical industry would benefit immensely from approaches that can predict or
explain such multi-target drug binding. Binding site comparison is such an approach and has been
used successfully in various drug development programs.

For some five decades, drug design has been based on matching a chemical structure with a
specific binding site in a protein. Comparison of binding sites, a relatively new approach to drug
development, inverts this problem and allows searching for binding sites in any protein that match a
given chemical structure. The binding site comparison approach comprises various computer
methods that enable the detection of similarities between proteins irrespective of sequence and fold
similarities [1-12]. These methods are based on the fact that binding sites on proteins are more
evolutionarily conserved than the rest of the protein structure. Common to the methods is that they
compare structures of two binding sites with each other at one time, resulting in a computed degree
of similarity of the two compared binding sites and in their three-dimensional superimposition. Pre-
knowledge of one or both binding sites is not necessary; some methods compare the selected
binding site against the entire protein structure [1,5], and some compare whole proteins against
whole proteins [2,3]. Unlike global comparisons that compare protein backbones, these methods
allow one to find locally-restricted similar interactions and structural patterns in proteins that are
most often present within drug binding sites.

Homology docking is an extension of the binding site comparison approach and is based on
the fact that similar binding sites bind similar ligands [13]. Thus, based on the superposition of their

similar binding sites, ligands can be transferred between proteins [14,15]. Homology docking



enables prediction of the protein's ligands and binding sites, wherein a binding site is defined as the
space around the protein occupied by transferred ligands of a particular type. Binding sites for entire

proteomes have been computed and deposited in various databases [16—19].
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Figure 1. Use of binding site comparison in drug discovery.

The pharmaceutical community accepted binding site comparison mainly due to its use in drug
repurposing [20]. A well-known example concerns the nonsteroidal anti-inflammatory drugs,
celecoxib and valdecoxib, COX-2 inhibitors that were found to act at the nanomolar level as
carbonic anhydrase II inhibitors. Based on findings from binding site comparison, these two drugs
were suggested for the treatment of glaucoma and cancer, and were repurposed for these new
indications [21]. The use of binding site comparisons in the design of polypharmacological drugs,

those with various pharmacological behavior, is also prominent. A successful example of this is the



HIV protease inhibitor nelfinavir that was found to act polypharmacologically as an anticancer
agent by inhibiting multiple kinases [22].

This article reviews the recent methods of binding site comparison and their use in drug
discovery and development (Figure 1). In contrast to previous reviews [20,23], the focus is on new
applications that represent promising new paths for the future development of the field and new

methods of drug discovery.

2. Recent advances in binding site comparison

The first binding site comparison methods were developed over fifteen years ago, giving
researchers insights into previously overlooked structural similarities and differences in protein
binding sites [7]. Unlike the global alignment, comparison of binding sites reveals locally preserved
patterns of amino acid residues, including those in unrelated proteins possessing different sequences
and folds.

Until recently, comparison of binding sites was hindered by the lack of powerful computing
resources, but in the last few years, massively parallel systems, such as the graphics processing
units (GPU), allowing for much faster binding site comparison methods, have appeared on the
scene. Thus, the new SEGA method implemented on the GPU [24] leads to qualitatively better
comparison of binding sites and significantly shorter execution times compared to the earlier
corresponding CPU version of the method. An achieved acceleration of up to 1,500 times opens the
possibility, so far unexplored of rapid proteome-wide binding site comparison.

Comparison of protein-protein binding sites is less frequently used than comparison of
protein-small molecule binding sites. This is likely due to the finding that protein-protein binding
sites are evolutionarily less conserved than binding sites for small molecules [25]. Nevertheless,
methods such as PRISM [14] and ProBiS [15] allow for comparison of protein-protein binding sites
and prediction and modeling of new protein-protein interactions based on the homology docking

approach.



Binding site comparison methods treat proteins as rigid structures, which creates an issue in
homology docking [14,15]. Due to the rigidity of the compared protein structures, the predicted
protein-ligand complexes may be unrealistic due to steric clashes. In order to overcome this issue
the ProBiS-CHARMMing web interface [26] was developed to allow flexible homology docking of
ligands such as proteins, nucleic acids, small molecules and ions. Energy minimization is used to
remove steric clashes between the predicted ligands and proteins, thus correcting the complex
structures.

In any research field, uniform standards for comparing newly developed methods and
independent tests for their evaluation are very important. Standardized test sets have already been
used successfully in molecular docking [27], and have led to more effective development in this
field. On the contrary, a wide and diverse set of tests is used to evaluate binding site comparison
methods, which makes it difficult to draw conclusions concerning the success of different methods.
Recently, ProSPECCTs, a collection of test binding sites [28] was prepared for this purpose. It can
be used to evaluate new algorithms for binding site comparison. In addition, it also helps to answer
the question as to which method to use in any particular case. Indeed, for comparison of very
similar binding sites, such as the kinase binding sites, we need different methods than comparison
of weakly similar binding sites in evolutionarily distant proteins that are considered in drug
repurposing and polypharmacology.

In the subsequent sections we describe the use of different binding site comparison methods

in various pharmaceutical applications.

3. Drug repurposing

The drug repurposing approach is becoming increasingly relevant for the development of drugs to
treat rare and neglected diseases, diseases that only outbreak periodically, as well as for bacterial
diseases. Its use in rare immunological disorders has been reviewed elsewhere [29] and will not be

discussed here. Although rare and neglected diseases together pose a significant health problem,



large pharmaceutical companies tend not to develop new drugs for them, due to the small potential
markets. The main characteristic of the drug repurposing is that it allows the repositioning of drugs
registered and approved by the US Food and Drug Administration (FDA) drugs and drug candidates
to new indications [30]. Since these molecules have already, at least partly, passed costly clinical
trials, the approach promises faster and cheaper development than classical de novo development.
One of the methods in drug repurposing is homology docking based on binding site comparison,

which is illustrated by recent interesting cases in the following Sections.

3.1. Diseases that escalate periodically

To identify new drug candidates to treat Ebola, a viral hemorrhagic fever, an integrated
pharmacological pipeline was developed that complemented binding site comparison with
molecular docking and molecular dynamics simulations [31]. From the 1,766 FDA-approved drugs
and 259 drug candidates from DrugBank [32] this pipeline identified molecules that could inhibit
Ebola replication and virulence. The study focused on two main targets, the RNA-directed RNA
polymerase, and the multifunctional secondary matrix protein VP24. The assumed binding site on
VP24 was compared with binding sites in 40,491 biological assemblies from the Protein Data Bank
(PDB) [33], wherein amino acids in the proximity of the co-crystallized ligands were considered as
binding sites. It was found that VP24 and HIV protease share similar binding sites and was
suggested that indinavir, an HIV protease inhibitor, could probably reduce Ebola virulence
effectively. This finding was additionally supported by molecular docking of the FDA-approved
drugs, which ranked indinavir among the top binders of the VP24 protein. Similarly, it was found
that the antifungal agent sinefungin likely inhibits RNA-directed RNA polymerase. Binding site
comparison in this case proved to be very useful for drug repurposing in combination with other

complementary methods.



3.2. Rare and neglected diseases

Binding site comparison in combination with ligand- and structure-based virtual screening has been
used to repurpose drugs to proteins involved in the pathogenesis of rare diseases [23]. Drugs from
the DrugBank [32] were transferred to the proteins from the Orphanet database [34], with the result
that 31,142 protein-drug complexes were associated with 980 orphan diseases, diseases that affect
<200,000 people in the US. It was found that steroidal aromatase inhibitors, a class of drugs used to
treat breast cancer, could also be used for the treatment of a rare inherited metabolic Niemann-Pick
type C disease.

In another study, a target-hopping approach based on binding site comparison was used to
repurpose drugs for the Chagas disease, widespread in Latin America and caused by the
Trypanosoma cruzi parasite [35]. Here, homology docking was used with an additional approach to
measure the degree of similarity between the transferred ligand and the native ligand of the target
protein which increased the likelihood that the predicted ligand will form similar interactions as the
native ligand [36]. The approach was validated with the drugs that are already used to treat the
Chagas disease and then, new putative drugs were predicted. Foscarnet, a known antiviral drug
appeared particularly promising and was predicted to target farnesyl pyrophosphate synthase in T.

cruzi.

3.3. Bacterial diseases

Novel scaffolds open new opportunities to medicinal chemists for the development of inhibitors
with properties different from those already known [37]. Homology docking was used to extend the
scaffold range of inhibitors of pathway II for the biosynthesis of mycobacterial fatty acids, which is
an attractive target for the development of selective antimycobacterial agents [38]. The study
focused on InhA, the key enzyme on this pathway, and an NADH-dependent enzyme enoyl-acyl
carrier protein reductase targeted by isoniazid, the original antimycobacterial drug [39]. Almost 600

ligands were transferred to InhA, and eight were selected for experimental evaluation [38]. Those
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selected originated from proteins with low sequence identities (~30%) to the InhA enzyme and with
different scaffolds than the known InhA inhibitors. Three active compounds were confirmed, 1-(3,4-
dichlorobenzyl)-5,6-dimethyl-1H-benzo[d]imidazole being the most active with an ICs, value of 10
+ 2 pM. The three new InhA inhibitors had new scaffolds previously untested on InhA, and
represented good starting points for further optimization. The advantage of binding site comparison
is that it allows the discovery from related research fields of new compounds, which were

previously not considered as antimycotic agents.

4. Polypharmacology

The fact that most drugs are non-selective is a problem in pharmacology and gives rise to unwanted
off-target events in patients [40]. However, many diseases are the result of complex biological
processes and to overcome the robustness of such complex diseases, it is necessary to disrupt the
functioning of several receptors. Polypharmacology aims to design drugs in such a way that they
bind to multiple targets, whose simultaneous inhibition is synergistic. Polypharmacology shows
potential for the development of new drugs for polygenic diseases, such as neurodegenerative
diseases and cancers, where multi-targeting can reduce the onset of resistance. Binding site

comparison plays a key role in polypharmacology due to its ability to predict new targets [20].

4.1. Kinases as polypharmacological targets

Following the approval in 2001 of the first kinase inhibitor, imatinib (Gleevec), more than 44 kinase
inhibitors were approved between 2001 and 2018 by the FDA [41]. Kinases are currently intensely
studied due to the success of kinase inhibitors as anticancer agents; however, their lack of
selectivity due to the similarities of different kinase binding sites remains a challenge. In order to
facilitate the development of new kinase inhibitors, known binding sites on kinases were compared
[42]. A total of 2,383 binding sites from 208 different kinase structures in the PDB were compared

and the structural discriminants of the binding specificity and promiscuity of kinase ligands were
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sought. Eight different inhibitor-binding regions in kinase binding sites were identified. The first
four of these comprise the so-called "selectivity pocket”, which depends on the type of kinase,
while the remaining four are in the ATP binding site and contain highly conserved amino acids
around the adenosine part of the ATP ligand. Although less specific, the ATP binding site
nevertheless contains the so-called "selectivity entrance", which is different in different kinases, and
allows the selectivity to be achieved also for the ATP-competitive inhibitors. It was concluded that,
to achieve selectivity, new kinase inhibitors must be designed to bind to several regions in the
selectivity pocket, while the ATP binding site excluding the selectivity entrance increases the

promiscuity of these inhibitors.

4.2. Key proteins in disease-related networks

Polypharmacological strategies have emerged as the basis of a new approach to the modulation of
disease networks. A pairwise comparison of 90,000 predicted binding pockets in 3,700 proteins was
performed [40], and it was found that the space for polypharmacological opportunities is very large.
As many as 23,148 protein pairs shared at least one similar binding site that could bind similar
ligands. However, to achieve net effects on disease networks, multi-target drugs must modulate
proteins with multiple functions. It was found that a protein shares a similar binding site with an
average of seven proteins, among which are also those with unrelated structures and functions, and
are therefore suitable as targets of multi-target drugs.

To achieve polypharmacological effects, it is necessary to focus on those sub-networks of
the interactome that are related to a disease, and prioritize those proteins as targets, whose inhibition
or removal highly affects the network stability. Therefore, key proteins with similar binding sites
and different functions, were sought in disease-related networks. The analysis of the thrombotic
network for example, revealed that simultaneous inhibition of known targets FGFR2 and KLK6
would result in a two-fold increase of the inhibitory effect compared to inhibition of a single target

[40]. Furthermore, analysis of networks of cancer proteins revealed that multi-target drugs could
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achieve on average a 2.7-fold increase in effectiveness. In stomach adenocarcinoma, skin cutaneous
melanoma, and head and neck squamous cell carcinoma, the advantage of such multi-targeted drugs
could be up to five-fold, and in ovarian cancer, simultaneous inhibition of CDK2, PPARG and
ATRX proteins would result in a 2.1-fold improvement in comparison to the inhibition of ATRX
alone. The study suggested that multi-target drugs targeting key proteins in protein-protein
interaction networks with similar binding sites could achieve manifold improvements of the

therapeutic effects when compared to single-target drugs.

4.3. Multi-chain proteins

Using the binding site comparison approach, it was found that multi-chain binding sites, those
composed of several homomer protein chains, develop new functions more slowly than binding
sites composed of a single chain only [43]. It was found that antibiotics and antiviral drugs targeting
multi-chain binding sites enjoy a broader spectrum than drugs targeting single-chain binding sites. It
was postulated that microorganisms develop resistance with more difficulty against drugs targeting
multi-chain binding sites. Drug resistance was found to be particularly hindered when it was due to
the accumulation of mutations, as is the case with rapidly evolving retroviruses. Consistent with the
finding that multi-target drugs are more effective than single-target drugs in polygenic diseases such
as cancers and psychiatric disorders [44,45], it was suggested that multi-chain binding sites are
good target candidates for such multi-target therapies [46]. The retroviral protease inhibitor
nelfinavir is a well-known example of a drug that binds in a multi-chain binding site of the HIV
protease. It was suggested that due to this fact, nelfinavir is a potent polypharmacological agent and
it has in fact been repurposed for treatment of cancer [47]. Multi-chain binding sites on homomeric

proteins therefore appear to be promising as targets for multi-target drugs.
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5. Emerging applications of binding site comparison in drug discovery

Some new emerging applications, described below of the binding site comparison approach have

the potential to significantly impact drug development in the future.

5.1. Mapping of sequence variants to protein binding sites

Sequence variants are important due to their roles in various diseases as well as in the individual
response to drugs. Single nucleotide polymorphisms (SNP), defined as replacements of a single
nucleotide in genomes in >1% of the population are examples of sequence variants and SNPs that
occur in protein coding regions result in altered proteins. Sequence variants are also somatic
mutations, which influence cancer development [48]. Since binding sites determine protein function
[49], the following questions were formulated: "Which sequence variants are inside binding sites?"
and "Which sequence variants could disrupt ligand binding?" To answer these questions, homology
docking and sequence-to-structure mapping was implemented in the GenProBiS web server [16],

and provided an insight into the links between genes, binding sites, drugs, and diseases.

5.1.1 Determining effects of sequence variants on inhibitor binding

The enzyme indoleamine 2,3-dioxygenase catabolizes tryptophan and has an immunosuppressive
role in cancer, which makes it an interesting target for the development of anticancer drugs [50].
The GenProBiS web server [16] was used to detect sequence variants that interact with known
inhibitors of this enzyme. Two SNPs, rs764150078 (F163S) and rs774225205 (R231C), and one
somatic mutation, COSM187719 (R231C), identified in the binding site were found to interact with
the homology docked inhibitor N-(1,3-benzodioxol-5-yl)-2-{[5-(4-methylphenyl) [1,3] thiazolo
[2,3-c] [1,2,4] triazol-3-yl] sulfanyl}acetamide [51]. It was shown that the F163S mutation
eliminates the m—m stacking interaction between Phel63 and the imidazothiazole ring of the
inhibitor, and that the R231C mutation vitiates the favorable electrostatic interaction between an

arginine and the inhibitor at the entrance to the binding cavity [16]. The sequence variants that were
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identified therefore probably lead to reduced binding of this inhibitor, and could, if the inhibitor
entered clinical use, reduce its activity in patients containing these sequence variants in their
genomes. It was suggested that routine sequencing of the patients’ genomes could predict such

cases and this approach thus represents a step towards precision medicine [16].

5.1.2 Explaining mechanisms of sequence variants on disease development

A mechanistic explanation for the observed links between sequence variants and diseases is often
absent [52]. Gene TP53 for example, encodes the tumor suppressor protein p53 that plays a key role
in the prevention of cancer as it maintains the stability of the genome. The TP53 is the most mutated
gene (>50%) in human cancers, indicating that a potential cancer cell must bypass its regulation for
the cancer to fully develop. The sequence variant rs121913343 (R273S) in the TP53 gene was
associated with higher invasiveness of glioblastoma multiforme, an aggressive subtype of brain
tumor, but its mode of action was unknown [53].

The variant was found to be in the protein-nucleic acid binding site on p53 identified using
the GenProBiS web server [16] that predicts binding sites on proteins based on binding site
comparisons. This binding site interacts with the response element located at the promoter of the
apoptosis-related bcl-2-associated X protein gene. It was found that the replacement of Arg273 with
serine eliminates the salt bridge between the p53 arginine and a phosphate group of the bound
DNA, thus weakening the interaction between the p53 and the DNA. This sequence variant
therefore acts negatively on apoptosis, since the bcl-2-associated X protein is a potent apoptosis
activator [54]. The result is reduction of the activity of tumor suppression of the p53 protein. The
same sequence variant is also located in an overlapping protein-protein binding site for the tumor
suppressor p53-binding protein 2 (p53BP2) that in complex with p53, increases the binding of p53
to DNA and its transactivation function on pro-apoptotic gene promoters [55]. The mutation of

Arg273 to serine was found to destroy a salt bridge interaction between the p53 arginine and the
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glutamic acid (Glu1094) on the p53BP2, resulting, again, in reduced induction of apoptosis. The

approach thus led to mechanistic insights into glioblastoma development.

5.2. Identifying targets of natural products

Natural products are the source of more than 32% of drugs in use today [56-58] and secondary
metabolites of these natural products have a wide range of functions. Plants use them as weapons
against predators or as attractants of symbiotic organisms. There is a current need to identify targets
of secondary metabolites to explain their biological activities. Flavonoids for example, have diverse
biological and health-promoting effects in cancer, inflammation and cytoprotectivity, which are
achieved by influencing the activity of different signaling pathways.

Binding site comparison has been used successfully as a stand-alone method [59,60] or in
combination with inverse virtual screening [61] to identify new flavonoid targets. Following the
hypothesis that flavonoids leave biological imprints in the active sites of the biosynthetic enzymes,
in which they are synthesized, a method was proposed to detect these imprints in the binding sites
of potential target proteins [59]. Active sites of five representative flavonoid biosynthetic enzymes
were compared with 8,077 druggable binding sites from the PDB. The flavonoid biosynthetic
enzymes were chalcone isomerase (CHI) and chalcone synthase (CHS), from a flowering plant
Medicago sativa, quercetin 2,3-dioxygenase (2,3QD) from the Aspergillus japonicus fungus, and
dihydroflavonol-4-reductase (DFR) and leucoanthocyanidin reductase 1 (LAR) from the Vitis
vinifera canola grape. These enzymes act on nine different substrates in five different metabolic
pathways of flavonoid metabolism, and thus were assumed to represent the possible modes of
flavonoid recognition. The screening achieved a significant enrichment of already known flavonoid
targets with the Area Under the ROC Curve ranging between 0.68 and 0.78 depending on the
biosynthetic enzyme that was used as the query. The flavonoid biological imprint, which was
incorporated in the CHI enzyme, produced the most relevant hits. The CHI list contained many

known flavonoid targets, including human RAC-a serine/threonine protein kinase [62], human
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mitogen-activated protein kinase 1 [63] and human phosphatidylinositol 4,5-biphosphate 3-kinase
catalytic subunit y isoform [64], as well as many serine/threonine protein kinases. The diversity of
flavonoid targets obtained using various flavonoid biosynthetic enzymes as queries indicated that
the biological imprint obtained during the flavonoid biosynthesis is unique to each biosynthetic
enzyme. It was suggested that it will be possible in the future to detect unknown targets of natural

products that could then be biologically evaluated.

5.3. Identifying conserved structured waters in kinases

Water molecules bound to proteins often are involved in key interactions with drugs. Bosutinib, a
type I kinase inhibitor in clinical use, forms such interactions with water molecules in the active
site. These interactions significantly determine its selectivity towards certain kinases [65].
Consideration of water structurally conserved in active sites is therefore crucial for the development
of new kinase inhibitors [66].

Binding site comparison was used to predict conserved structured water molecules on proto-
oncogenic tyrosine-protein kinase Src bound to bosutinib [67]. In agreement with previous findings
[65], two conserved water molecules W1 and W2 were discovered near the Met314 residue, which
serves as a gatekeeper. Water W1 forms a hydrogen bond with the nitrile group of bosutinib,
whereas water W2 does not interact directly with the inhibitor. Three new, previously unknown
conserved structured water molecules were found, located near the bosutinib binding site. Water W3
binds to the indole group of Trp446 and the hydroxyl group of Tyr463 and could play an important
role in conformational changes that occur when the y-phosphate group of ATP is transferred to the
tyrosine residue of the kinase substrate. The newly found waters, W4 and W5 are near the
catalytically important Asp386 of Src kinase. These waters are bound between two 3 turns formed
by the amino acid residues 384-387 and 405-408. Conserved waters are known to play a stabilizing
role in twisted [ turns [68,69]. It was suggested that the conserved waters at these sites are fully

expected and could participate in the switching between active and inactive Src kinase
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conformations [70]. Binding site comparison therefore provided an important insight into the
structured and conserved water molecules, which should be valuable for the development of

selective kinase inhibitors as well as for the study of kinase activity.

5.4. Modeling of the induced-fit effect to enable structure-based drug discovery

The MurA enzyme catalyzes the first step of cytoplasmic bacterial peptidoglycan synthesis and is an
interesting target for the development of new antimicrobials [71]. However, the crystal structure of
MurA from Escherichia coli in the PDB contains only apo binding sites, which proved challenging
for structure-based drug discovery. It is recognized that molecular docking into holo binding sites
gives higher enrichment of active compounds compared to docking into apo binding sites.
Homology docking of ligands and simulation of induced-fit effect was used to prepare the
binding site on MurA enzyme structure [72]. In the process, this binding site became more holo-
like, which permitted the discovery of new inhibitors of this enzyme. The binding site on the MurA
from E. coli was superimposed with a similar binding site from the MurA from E. cloacae, whose
holo form already existed in the PDB. The structure of the inhibitor which was co-crystallized with
this holo protein was then transferred to the E. coli MurA. The comparison enabled superimposition
of the precise apo and holo binding sites, and therefore revealed precisely the initial position of the
transferred ligand in the apo binding site. Subsequently, the induced-fit effect was simulated so that
the structure of the protein and the transferred ligand were energy minimized, eliminating steric
clashes between the protein and the ligand. This generated a holo-like binding site on the E. coli
MurA structure. Molecular docking to this enlarged binding site enabled the discovery of three new
inhibitors of the MurA enzyme with novel scaffolds, the best with ICs, = 1 pM. Homology docking
and induced-fit effect simulation thus enabled the preparation of a previously absent holo-like

structure, which proved to be suitable for further structure-based drug development.
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5.5. Modeling protein loops for biological drug design

Protein loops often have important roles in protein functions, protein-protein interactions, and
protein-small molecule binding. Due to their flexibility, loops are often missing in the determined
protein structures. Therefore, methods were developed [73—75] for loop homology modeling based
on binding site comparisons. These methods search in the PDB for new loops that match the local
query pattern around the missing protein loop. If such a loop is found, it is then used to modify the
query protein, and is attached to the loop-flanking Ca atoms in the original structure. A query
pattern can include the distance between the Ca atoms of the flanking residues or the structure and
amino acid composition of the flanking segments.

Loop homology modeling is an important and evolving field. It was used to design
biological drugs, such as therapeutic antibodies [76] and other therapeutically interesting proteins
such as interleukin 34 [77]. It was also used to search for new antibody epitopes [78] obtained from
polyclonal samples or engineered libraries, and to model missing loops in G-protein coupled
receptors [79], which are targeted by approximately 34% of all modern drugs. Due to the success of
therapeutic proteins, especially immunotherapeutics, we can expect even more diverse use of this

approach in the future.

5.6. Finding common motifs in RNA tertiary structures to develop selective antibacterials

Like proteins, non-coding RNAs achieve their specific biological functions by folding into three-
dimensional structures. RNA structural motifs have many important functions, for example, the
kink-turn motifs on bacterial 23S ribosomal RNA (rRNA) are binding sites for nine proteins [80]
and the universally conserved sarcin-ricin loop on 23S rRNA contains sites that are recognized and
cleaved by ribotoxins [81]. Many methods for comparing RNA motifs exist [82—-85] but comparison
of RNA motifs is not as widely used in drug design as protein binding site comparison. Its use

however may increase as more new disease roles of RNAs are discovered. In addition, there are
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currently more than 7,000 protein-nucleic acid structures in the PDB, and this number is growing
rapidly [33].

With the onset of resistance to ribosomal inhibitors, arguably the most successful
antimicrobial agents, there is a renewed interest in the development of new protein synthesis
inhibitors. Binding site comparison between the pathogenic and the non-pathogenic bacterial
ribosomes revealed differences in the binding sites, which enabled the development of new
erythromycin derivative antibiotics that specifically bind only to ribosomes of pathogenic species
[86,87]. Similarly challenging is the lack of selectivity of tetracyclines. While these drugs act by
inhibiting the 30S ribosomal subunit [88], it was recently discovered that they also influence
translation by binding to the human 80S subunit [89]. Here, the comparison between human and
bacterial rRNA could enable development of more specific tetracycline antibiotics or repurpose
them as anticancer or anti-inflammatory drugs [89]. A methodological challenge is presented by
thiopeptide antibiotics whose binding sites are composed of the rRNA as well as of the protein [90].

Currently there is no known method that would allow comparison of such composite binding sites.

6. Conclusion

It is important to recognize that most small molecule drugs bind to multiple proteins. A binding site
comparison approach can predict and explain this multi-target drug binding. Such an approach
involves a variety of computer methods that enable the detection of similarities between proteins
independently of their sequences or folds. The pharmaceutical community has accepted this
approach due to its applicability to drug repurposing and polypharmacology. However, new uses are
emerging. In precision medicine, binding site comparison promises to explain the role of genetic
variability on the development of diseases and effectiveness of drugs. In natural products, it enables
finding unknown targets that could explain observed biological activities. It has enabled the
discovery of conserved structured waters and simulations of induced-fit effects to facilitate

structure-based drug discovery. In protein loop homology modeling, it has been applied to the
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design of protein therapeutics and in RNA motif comparisons, an extension of this methodology to

nucleoproteins could enable the design of more selective antibiotics.

7. [Expert opinion

Binding site comparison plays an important role in drug development, in particular in the
repurposing of drugs for new indications and in the related field of polypharmacology. The
importance of the structural comparison of binding sites will only increase in the future due to the
advancement of experimental methods for determination of protein structures, such as the electron
microscopy, and the increasing accuracy of protein structure modeling [91].

The paradigm, “one drug, one target” is no longer valid. A drug can bind to several different
proteins, which may have similar binding sites. On the one hand, this is an issue due to the side
effects, and on the other, it is an opportunity for drug repurposing and to achieve synergistic effects
with multi-target drugs. Drug repurposing will assist the discovery of drugs for rare and neglected
diseases, and antibacterials, where de novo development is not economically viable.
Polypharmacological drugs however, could significantly improve the treatment of complex diseases
such as cancers and neurodegenerative disorders. Here, the binding site comparison approach is
most powerful when it is used in combination with other virtual screening methods.

Binding site comparison enables proteome-wide prediction of binding sites and protein
ligands. Together with the mapping of genes to binding sites, it provides mechanistic explanations
of the biological effects of sequence variants. This could clarify the influence of sequence variants
on disease development, and open the possibility of developing precision therapies.

Binding site comparison is showing promising results in the search for targets of drugs from
natural products. The approach can be used independently as illustrated in the case of biological
imprints, or in combination with other virtual screening methods. Natural products are the source of
about 32% of all drugs in current use. They are abundant and their total synthesis is becoming

increasingly feasible. With the use of innovative binding site comparison approaches, it is very
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likely that this field will expand and perhaps produce some new drugs or new uses for existing
drugs.

Binding site comparison also allows the identification of structured waters on proteins that
play important roles in enzyme activity and drug discovery. Due to the precise local
superimposition of protein structures, conserved water molecules outside the binding sites can now
also be detected.

In combination with methods of molecular mechanics, binding site comparison allows the
simulation of induced-fit effects, the adaptation of binding site structures caused by ligand binding,
which enables structure-based drug discovery involving apo proteins.

Binding site comparison approach has been used to develop therapeutic proteins. It enables
loop homology modeling, which is used in the development of biological drugs based on antibodies
and other proteins. Due to the recent success of immunotherapeutics in cancer treatment, an ever-
increasing and increasingly diverse use of this approach can be expected in the future.

Binding site comparison is currently limited to proteins, although many proteins also include
nucleic acids as their integral parts. Some 5% of all structures in the PDB are complexes between
proteins and nucleic acids that cannot be handled using current binding site comparison methods.
The challenge is thus to extend the methodology to allow comparison of such composite binding
sites. Such methods could, at the least, open up new opportunities for the development of new
selective antibiotics.

In summary, comparison of binding sites is an established approach that grows as new
experimental findings and techniques emerge. New applications presented in this review will be the

basis for drug discovery and development in the future.
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