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will provide an overview of diverse docking methodologies present that are used in drug design and
development. There will be discussion on several case studies, pertaining to each method, followed by
advantages and disadvantages of the discussed methodology. It will typically aim professionals in the
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The computational strategies permeate all aspects of drug discovery such as virtual screening techniques.
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is recognized and slight or no structural information is available for the receptors. In structure based
drug design, the most widespread method is molecular docking. It is widely accepted that drug activity
is obtained through the molecular binding of one ligand to receptor. In their binding conformations, the
molecules exhibit geometric and chemical complementarity, both of which are essential for successful
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drug activity. The molecular docking approach can be used to model the interaction between a small
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can also provide the information for their bioavailability and bioactivity. In this chapter, the bindings of
natural products (including flavionoids and coumarins) with three enzymes, including pepsin, hyaluronidase
and acetylcholinesterase, were investigated by fluorescence spectroscopy and molecular docking. The
present studies provide direct evidence at a molecular level to understand the mechanism of inhibitory
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Molecular docking of ligands to DNA-targets is of great importance for the design of new anticancer
drugs. Unfortunately, most docking programs were developed for protein-ligand docking which raises a
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question about their applicability for the DNA-ligand docking. In this study, the popular docking programs
AutoDock Vina, AutoDock4 and AutoDock3 were compared for a test set of 50 DNA-ligand complexes
taken from the Nucleic Acid Database. It was shown that the version 3.05 of the AutoDock program
was the most successful in reproducing the structures of intercalation and minor-groove complexes. The
program AutoDock4 was able to re-dock to within 2 A RMSD most of the intercalation complexes of
the test set, but showed poor performance for minor groove binders. While Vina, on the contrary, failed
to construct six intercalation complexes of the test set, but showed satisfactory results for DNA-ligand
minor-groove complexes when small search space was used.
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Currently 30-50% of drug targets are G Protein-Coupled Receptors (GPCRs). However, the clinical useful
drugs for targeting GPCR have been limited by the lack of subtype selectivity or efficacy, leading to
undesirable side effects. To develop subtype-selective GPCR ligands with desired molecular properties,
better understanding is needed of the pharmacophore elements and of the binding mechanism required
for subtype selectivity. To illustrate these issues, we describe here three successful applications to
understand the binding mechanism associated with subtype selectivity: 5-HT2B (5-Hydroxytryptamine,
5-HT) serotonin receptor (HT2BR), H3 histamine receptor (H3HR) and A3 adenosine receptor (A3AR).
The understanding of structure-function relationships among individual types and subtypes of GPCRs
gained from such computational predictions combined with experimental validation and testing is
expected the development of new highly selective and effective ligands to address such diseases while
minimizing side-effects.
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Computational tools and techniques are now most popular and promising to progress the research at rapid
rate. Molecular modelling studies contribute their maximum role in wide variety of disciplines especially
in proteomics and drug discovery strategies. Molecular dynamics and molecular docking algorithms
are now became an essential part in daily research activities of every laboratory throughout the world.
These strategies are now well established and standardised to study any specific protein of interest and
drug molecule. But still there exist considerable drawbacks in a special concern with membrane proteins
as the presently available tools and methods cannot be applied directly to them. Modelling, dynamics
and docking studies of membrane proteins need a special care and attention as several challenges are
to be crossed with an intensive care to produce a reliable result. This chapter is aimed to discuss such
challenges and solutions to handle membrane proteins.
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Sujay Ray, University of Kalyani, India
Arundhati Banerjee, National Institute of Technology, India

Toll-Like Receptor-4 (TLR4) senses life-threatening Ebola virus Glycoprotein (GP) and produces pro-
inflammatory cytokines, resulting in lethal Ebola virus infections. GP2-subunit of Ebola promotes viral
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entry viamembrane fusion. The present study models, optimizes and demonstrates the 3D monomer of the
responsible human protein. The essential residue (studied from wet-laboratory research) was observed to
be functionally conserved from multiple-sequence alignment. Thus, after performing point-mutation, the
mutant protein was satisfactorily re-modelled; keeping its functionality preserved. Comparable residual
participation in GP2 and each of the proteins was examined, individually. Stability of the proteins and
protein-GP2 complexes on mutation; were discerned via energy calculations, solvent-accessibility area
and conformational switching, with supportive statistical significances. Therefore, this probe paves a
pathway to examine the weaker interaction of the stable mutated human protein with Ebola GP2 protein,
thereby defending the Ebola viral entry.
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Allergens are foreign proteins that when come in contact of part(s) of human body stimulate the production
of immunoglobulin types of proteins (antibodies). These allergens react with antibodies (immunoglobulin
type E or IgE) produces allergic reactions, also known as immediate-type hypersensitivity reactions. As
much as 20% of the general population may be affected by grass pollen as a major cause of allergic disease.
EXPB class of proteins are known in the immunological literature as group-1 grass pollen allergens
Molecular docking method can be used to identify the predicated the interaction of pollen allergen EXPB 1
(Zeam 1), a beta-expansin and group-1 pollen allergen from maize with IgE molecules of human. The
World Health Organization recognised allergen immunotherapy, as therapeutics for allergic diseases.
RNA Interference (RNAI1) is a biological process in which RNA molecules e.g. Small Interfering RNAs
(siRNAs) inhibit gene expression, by cleavage and destruction of specific mRNA molecules. Use of Small
Interfering RNA (siRNA) is a novel method in the induction of RNA Interference (RNAi), which is a
potent method for therapeutics of allergic reactions. Due to various effects of STAT 6 proteins during
hypersensitivity reactions caused by pollen allergens, mRNA of STAT6 gene is selected as target gene
for allergy therapeutics via Post-Transcriptional Gene Silencing (PTGS). Using molecular docking study
a specific sense siRNA is identified as anti allergic drug to treat allergic asthma during immediate type
of hypersensitivity reaction, caused by Zea m 1 pollen allergen.
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Most of the developed kinase inhibitor drugs are ATP competitive and suffer from drawbacks such as
off-target kinase activity, development of resistance due to mutation in the ATP binding pocket and
unfavorable intellectual property situations. Besides the ATP binding pocket, protein kinases have
binding sites that are involved in Protein-Protein Interactions (PPIs); these PPIs directly or indirectly
regulate the protein kinase activity. Of recent, small molecule inhibitors of PPIs are emerging as an
alternative to ATP competitive agents. Rational design of inhibitors for kinase PPIs could be carried out
using molecular modeling techniques. In silico tools available for the prediction of hot spot residues and
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Computational tools have extended their reach into different realms of scientific research. Often coupled
with molecular dynamics simulation, docking provides comprehensive insight into molecular mechanisms
of biological processes. Influence of molecular docking is highly experienced in the field of structure
based drug discovery, wherein docking is vital in validating novel lead compounds. The significance
of molecular docking is also understood in several environmental and industrial research, in order to
untangle the interactions among macromolecules of non-medical interest. Various processes such as
bioremediation (REMEDIDOCK), nanomaterial interactions (NANODOCK), nutraceutical interactions
(NUTRADOCK), fatty acid biosynthesis (FADOCK), and antifoulers interactions (FOULDOCK) find the
application of molecular docking. This chapter emphasizes the involvement of computational techniques
in the aforementioned fields to expand our knowledge on macromolecular interacting mechanisms.

Compilation of References ................occooiuiiiiiiiiiiiiieeeet ettt ettt n 307
About the ContriDULOTS ............oocoiiiiii ettt ettt st 360
11 i U SRR 365

EBSCChost - printed on 2/11/2023 5:39 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Xii

Foreword

Here is my stamp of approval for this book. I give it unreservedly.

This book has expertly assembled a diverse set of researchers to cover all aspects of Molecular Dock-
ing. The book will find favour with all comers, starting with those new to the area, but the specifics also
ensure important lessons for all. Part of the secret of the approach is to have significant coverage of both
methodologies as well as application and case studies.

Dastmalchi, who most credibly leads the editors of this book, is with the Medicinal Chemistry Depart-
ment at the School of Pharmacy, at the Tabriz University of Medical Sciences, Tabriz and also has been
Director of the Biotechnology Research Centre at the University. He is co-located with his co-editors
Hamzeh-Mivehroud and Sokouti. The Centre encompasses Biochemistry, Genetics, Molecular Biol-
ogy, Structural Biology and Molecular Design. The Molecular Design remit of the Centre has spawned
an active and well balanced interest in all aspects of pharmaceutical biotechnology and computational
biology including Molecular Docking and bioinformatics, just to mention these specific aspects. Also,
at least some of Dastmalchi and Hamzeh-Mivehroud’s interests have been supported by interludes at
the University of Sydney.

The analogies of the discovery of new drug activities with the approaches taken to searches for valuable
land by the explorers and navigators of the western world of the 17 and 18" Century I attribute to Richard
(Dick) Cramer. Cramer, one of the doyens of the area, started working on the relationship between shape
and biological activity in 1975, on a programme that became Comparative Molecular Field Analysis,
the technique more often going by the name “CoMFA” alone. Mostly the “finds” of the explorers and
navigators of 3 and 4 centuries ago were to be of small islands which had great import, although there
are also some sizeable islands out there. So the mission in drug discovery becomes something akin to
seeking and developing the “islands of activity” in “chemistry space”. Of course land mass is valuable
for different reasons, as there are also different drug activities.

The game changers in computation are now fast becoming algorithms that are termed artificial
intelligence or machine learning. So, an important component is to accumulate the data from which
the algorithms can learn, but the underlying assumption is fast computing. In principle all the required
processing power exists. ..in the last 10 years supercomputers have broken the petaflop (10 to the power
15 floating operations per second) barrier, but now over 80 supercomputers have a performance over
1 petaflop. Biological applications can increasingly take advantage not only of clusters of multi-core
processors, but also GPGPUs (general-purpose graphical processing units) and highly parallel coproces-
sors. Research teams can use local servers, shared high performance computer (HPC) centres, or turn
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to private cloud providers to create their own virtual computing environment. This volume has within it
the clues about the algorithms that will be providing information on drug activity.

In the context of this book, there is no better way to point out recognition of the role of closely related
areas than to point to the award of the 2013 Nobel Prize for Chemistry to Martin Karplus, Michael Levitt,
and Arieh Warshel “for the development of multiscale models for complex chemical systems”. They
have contributed to computational chemistry at many levels for many years, and for those unfamiliar
with all their work, be assured that many of their contributions are captured in much existing software.
By all means seek the individual published works of researchers, but also be reassured that the output
of researchers the calibre of these Nobel Prize winners has undergone much scrutiny. Remember that in
science, there should be no obligation to fully trust any dogma. Helping one’s faith can be important, and
this is often achieved by great communicators and their willingness to communicate. I have crossed paths
with Michael Levitt, none of the times more notable than in 1984, at the start of my career in research,
when he was briefly in-house at the University of Sydney as a guest of the Inorganic Chemistry Depart-
ment. He gave a series of lectures- speaking about Protein Structure and Dynamics - to chemists, albeit
primarily to structural chemists and biochemists and protein chemists. A willingness to communicate
can easily kick off a career, but communication takes the form of both the spoken and written word. The
written word is amply on display and accessible in this volume.

Computational fields have generally blossomed due to the advances in computer architecture, but so
too have areas of endeavour using three-dimensional structure. While I might ask you to assume for the
moment that methods in small molecule structure determination have improved, it is a simple matter to
cite the growth of the protein database, itself a protein structure database, and therefore representing a
significant source of information on target structures of interest... after its establishment in 1972 it hit
114,697 entries at the end of 2015. It is a more simple matter to cite the protein structure numbers as
there is really only the one database for protein structure, and hopefully there is nothing like a simple
statistic to be convincing. Be aware that the depositions can represent structures with a different ligand
or mutant proteins, rather than solely a new protein structure, but they can also merely represent a protein
solved in different conditions. Unsurprisingly over the period of the accrual of these database entries all
methodological aspects of protein structure determination have developed, and as these entries them-
selves are models, this is also an important consideration relevant to achieving a true comprehension of
our biological world.

This book is a “has it all” volume for those wanting entry into the field of Structure-based Drug
Design, with coverage from the theoretical to practical, and also from the here-and-now to the possible
in the near future. The pedigree is right for these editors to produce a volume on Molecular Docking-
Based Drug Design and Discovery. While the techniques discussed in the book are crucial, so too is the
fundamental knowledge of the Drug Discovery field, including the interplay with biology, medicinal
and pharmaceutics. The exquisite requirements we want to design into a therapeutic dictate that multi-
disciplinary approaches are a necessity. Let there be no mistake: let’s have strong computational input
in all the disciplines that feed into our studies, but clearly positive clinical studies are the ultimate- the
clinic is the endpoint which ever way you look at it, but there can and should be a leading role for com-
putational effort and algorithms at every point along the path of discovery.

xiii
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Let me end by ensuring I clearly commend this book to you. The editors are most ably led by my
colleague and friend Siavoush Dastmalchi, and the result is a wonderfully comprehensive achievement.

The principles and learnedness of Siavoush are very worthy- a not so veiled reference to the Siavoush,
another Prince of Persial!

W. Bret Church
University of Sydney, Australia
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Preface

The ultimate goal of medicinal chemistry is designing new drugs effective in alleviating disease states
using most rational approaches. It seems that drug design process without application of computational
techniques is unimaginable, and in silico approaches help developing potent, bioavailable, safe and well
tolerated therapeutic agents. In this regard, molecular docking has been known as a valuable technique
in modern structure-based drug design and become a first line technique in early phase of hit and lead
identification. Location, conformation, and orientation of a molecule at the binding site of a target bio-
macromolecule is predicted through molecular docking techniques. This volume continues to discuss
methodologies and importance of Molecular Docking in drug design, but with more emphasis on dif-
ferent applications of the technique presented in the following chapters aiming to familiarize the reader
with different aspects of the molecular docking technique.

The first chapter, authored by Subhabrata Sen, Rahul Agarwal, and Ashutosh Singh, has overviewed
most of docking methodologies along with some case studies related to the corresponding methods. This
will provide the readers a comprehensive application-based chapter entitled “Role of Molecular Docking
in Computer-Aided Drug Design and Development”.

In Chapter 2 titled “Application of Docking Methodologies in QSAR-Based Studies”, Omar Deeb,
Heidy Martinez-Pachecho, Guillermo Ramirez-Galicia, and Ramon Garduno-Juarez have discussed
the important role of docking methodologies in the QSAR studies in which molecular descriptors are
important properties of the target compounds. Furthermore, the relationships between 3D-QSAR stud-
ies carried out by molecular docking are presented which have also been included by a case study for
providing the readers more comprehensive content.

Although the molecular docking has passed the infancy period and tremendous advances have been
achieved, however, accuracy and speed of docking calculation are still challenging issues. Jahan B.
Ghasemi, Azizeh Abdolmaleki, and Fereshteh Shiri contributed a chapter titled “Molecular Docking
Challenges and Limitations” (Chapter 3). In this chapter, different aspects of molecular docking processes
such as receptor flexibility, ligand conformation and sampling, entropy in biomolecular interaction, and
role of structural water molecules in docking are reviewed. At the end solutions and recommendations
are suggested.

Natural products constitute a significant portion of pharmaceuticals. Moreover, they are in most
cases the main source of lead identification for drug design and discovery. Flavonoids and coumarins
are a group of plant secondary metabolites found in many dietary sources of foods and beverages. These
compounds exhibit broad pharmaceutical activities and wide variety of the enzymes are influenced by
these nutraceuticals. Chapter 4 titled “Application of Molecular Docking in Studies on the Binding
Mechanism of Three Enzymes with Natural Products™ contributed by Hua-jin Zeng, Ran Yang and
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Ling-bo Qu, reveals the inhibitory activity and binding of flavonoids and coumarins to the enzymes like
pepsin, hyaluronidase and acetylcholinesterase using molecular docking and fluorescence spectroscopy.

Nucleic acids can be a suitable target for many therapeutics available in the market. Understanding
the molecular interactions between biologically active compounds and nucleic acid is of great impor-
tance especially in designing anticancer drugs. Kateryna V. Miroshnychenko and Anna V. Shestopalova
applied different docking programs such as Vina, and different versions of AutoDock for the prediction
of the structures of 50 DNA-ligand complexes taken from the Nucleic Acid Database. The results were
analyzed using RMSD and demonstrated in Chapter 5.

G protein-Coupled Receptors (GPCRs) are very important receptors which are widely distributed in
cell surface. These receptors are the target for approximately 30% of marketed drugs. Lack of specificity
observed for GPCR targeted drugs can be a major obstacle leading to undesirable side effect. Chapter
6 titled “Molecular Docking-Based Drug Design and Discovery: Rational Drug Design for the Subtype
Selective GPCR Ligands” authored by Soo-Kyung Kim and William A Goddard III, focuses on the
molecular docking based design of subtype-selective GPCR ligands. The interactions of the ligands with
5-HT2B (5-Hydroxytryptamine, 5-HT) serotonin receptor (HT2BR), H3 histamine receptor (H3HR)
and A3 adenosine receptor (A3AR) at the atomic level using molecular docking studies are discussed
in this chapter. Understanding the mode of interactions between these subtype selective ligands and
GPCR subtypes would be helpful in designing of novel classes of compounds with minimum level of
undesirable side effects.

Chapter 7 with the title of “Molecular Modelling, Dynamics, and Docking of Membrane Proteins:
Still a Challenge” contributed by Nanda Kumar Yellapu addresses the challenging issues regarding mo-
lecular modeling, dynamics and docking of membrane proteins. Since there are difficulties associated
with membrane proteins purification and crystallization, there is a great tendency toward the use of mo-
lecular modeling techniques for determining the three dimensional structures of these proteins required
for docking studies and investigation of the interactions between membrane proteins and related ligands.

Ebola Virus Disease (EVD) is caused by a fatal viral hemorrhagic fever in human, which is recognized
by Toll-Like Receptor-4 (TLR4) in the body. Chapter 8 contributed by Sujay Ray and Arundhati Banerjee,
presents the interactions between Ebola glycoprotein and human TLR4 using molecular docking studies.
The chapter starts with an introduction on Ebola virus and TLR4. Then the homology based modeling
of the TLR4 along with its mutated form is presented. Moreover, the result of docking studies of Ebola
glycoprotein into the modeled TLR4 and mutated form are described.

Allergens can stimulate allergic reactions mediated by different cytokines leading to production of
antibodies. Antiallergic drugs reduce the signs and symptoms of the allergic reactions. The major class
of the allergens belongs to grass pollens. Chapter 9, “Molecular-Docking-Based Antiallergic Drug De-
sign,” contributed by Anamika Basu, Piyali Basak, and Anasua Sarkar, explains the design of antiallergic
agent against the Zea m 1 pollen allergen using molecular docking study. In this chapter, a sense siRNA
is introduced as antiallergen drug against homo sapiens STAT6 mRNA as target.

As Protein-Protein Interactions (PPIs) are the source of many cellular functions and are important in
wide array of signal transduction processes. This makes them a suitable target for intervention in many
pathological conditions such as cancer. Among which protein kinases are important targets for phar-
maceuticals such as kinase inhibitors. In Chapter 10 authored by Sailu Sarvagalla and Mohane Selvaraj
Coumar, an explanation is given to highlight the important proteins involved in PPIs. Then, authors
provide some practical examples related to structure-based drug design of PPI inhibitors using in silico
studies such as molecular docking.

XVi
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Apart from drug design and discovery, molecular docking has been applied in other fields of sci-
ence. Chapter 11 titled “Applications of Molecular Docking: Its Impact and Importance Outside the
Purview of Drug Discovery” contributed by Josephine Anthony, Vijaya Raghavan Rangamaran, Kumar
T Sivashankarasubbiah, Dharani Gopal and Kirubagaran Ramalingam, presents the other application
of the molecular docking. The authors first give a brief explanation about structure based drug design
and peptidomimetic designing, then other applications of molecular docking studies in bioremediation
process, fatty acid biosynthesis, nutraceuticals and nanomaterial interactions are described by providing
case studies.

Taken together, we hope that the chapters in this volume are useful for newcomers as well as those
in the field and provide practice-oriented applications for the molecular docking and provide thought-
provoking ensemble for the readers with recipes for an appropriate application of the algorithms.

Siavoush Dastmalchi
Tabriz University of Medical Sciences, Iran

Maryam Hamzeh-Mivehroud
Tabriz University of Medical Sciences, Iran

Babak Sokouti
Tabriz University of Medical Sciences, Iran
December 30, 2015
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Chapter 1

Role of Molecular Docking
in Computer—Aided Drug
Design and Development

Rahul Agarwal
Shiv Nadar University, India

Ashutosh Singh
Shiv Nadar University, India

Subhabrata Sen
Shiv Nadar University, India

ABSTRACT

Molecular Docking is widely used in CADD (Computer-Aided Drug Designing), SBDD (Structure-Based
Drug Designing) and LBDD (Ligand-Based Drug Designing). It is a method used to predict the binding
orientation of one molecule with the other and used for any kind of molecule based on the interaction
like, small drug molecule with its protein target, protein — protein binding or a DNA — protein binding.
Docking is very much popular technique due to its reliable prediction properties. This book chapter
will provide an overview of diverse docking methodologies present that are used in drug design and
development. There will be discussion on several case studies, pertaining to each method, followed by
advantages and disadvantages of the discussed methodology. It will typically aim professionals in the
field of cheminformatics and bioinformatics, both in academia and in industry and aspiring scientists and
students who want to take up this as a profession in the near future. We will conclude with our opinion
on the effectiveness of this technology in the future of pharmaceutical industry.

1. INTRODUCTION

Computer aided drug designing or CADD, is a strategy that harnesses state of the art technology to expe-
dite the drug development process. Traditionally the drug development /discovery (that includes random
screening, serendipitous discovery and process optimization) takes nearly a decade to complete with an
average expense of ~300 million dollar. CADD tends to curtail this expenditure and timeline by providing
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a holistic view of a drug discovery project and enables a SWOT (strength-weakness-opportunity-threat)
analysis to evaluate the viability of the program.

Molecular docking is one of the fundamental pillars of CADD. It analyzes the binding interaction
between a target protein and small molecules (Lengauer & Rarey, 1996). These small molecules also
referred as ligands are the potential drug candidates that are being developed against the phenotypes
and the therapeutic model for which the protein in the CADD is the target (Sliwoski, Kothiwale, Meiler,
& Lowe, 2014).

2. HISTORY OF CADD

The evolution of CADD began in 1900s when Emiel Fischer (in 1894) and later Paul Ehlrich (in 1909)
propagated the concept of receptors and lock and key mechanism (Fischer, 1894). Lock and key concept
explains the interaction of a drug and its receptor. Just as there are innumerable pairs of lock and key,
where each key inserts into a specific lock to open it, drugs are designed to be tailor made for a particular
receptor. Depending on the perfection of the design, the drugs its binding capacity of the drugs with the
receptor excels. But just as duplicate keys can be made for a single lock, which makes the lock vulner-
able, there is a chance that multiple drugs can work on single receptor thereby giving rise to undue side
effects. Additionally one drug can also interact with multiple receptors again giving rise to undue side
effects. It was Paul Ehlrich, who proposed the concept of “magic bullet” the elusive drug that only bind
to the chosen receptor thereby exhibiting no side effects (Elrich P, 1909,1957).

Nearly 70 years later with the advent of quantitative structure activity relationship (QSAR), CADD
took its next leap towards advancement. At that time only 2-dimentional medchem properties were con-
sidered and it was much later that the 3-dimentional properties came into the picture. Gradually, with
the evolution of the concepts of molecular biology, protein X-ray crystallography (refer Figure 1) and
multidimensional nuclear magnetic resonance spectroscopy (NMR), CADD too evolved into a more
reliable and viable strategy in drug discovery.

Advancements in high performance computing, availability of 3-dimensional structure of important
pharmaceutical targets, has opened new possibilities for computational drug design. An article in Fortune
magazine entitled “Next Industrial Revolution: Designing Drugs by Computer at Merck™ (Sliwoski et
al., 2014; Van Drie, 2007) clearly postulated the beginning of a new era for drug discovery methods
involving a bevy of computational approaches.

3. COMPUTER AIDED DRUG DESIGN (CADD)

Computer Aided Drug Designing (CADD) broadly focuses on two major verticals; 1) Ligand Based
Drug Designing (LBDD) and 2) Structure Based Drug Designing (SBDD). These two methods depend
on the information available about the protein structure and the ligands binding to them. Ligand based
drug designing involved structure activity relationship studies where structure of the receptor (mostly
proteins) is unknown. Ligands were tested for their activity and pharmacophore generation. Ligand based
drug discovery propagates that similar ligands are assumed to bind to similar proteins and thus to have
similar biological activities.
In general LBDD involved four major steps:

2

printed on 2/11/2023 5:39 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Role of Molecular Docking in Computer-Aided Drug Design and Development

Figure 1. Flowsheet of the operations in CADD
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Figure 2. PDB protein structure growth per annum graph that displays the number of searchable protein
structures per year
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1. Prefiltering in virtual screening: it involves Lipinski’s Rule of Five (Lipinski, 2004; Lipinski,
Lombardo, Dominy, & Feeney, 2001) to find out compounds with drug likeliness features
a. A molecular weight of less than 500 g/mol
b. A calculated lipophilicity (log P) of less than 5
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c.  Fewer than five H-bond donors

d.  Fewer than 10 H-bond acceptors

e.  Number of rotable bonds is less than 10 or one of the four rules can be violated.
2. Insilico Absorption, Distribution, Metabolism, Elimination, and Toxicity (ADMET)
Similarity searches: achieved by following the principle of “similar structure- similar property”
4.  Development of pharmacophore model by 3D structure alignment.

et

On the other hand SBDD or Structure based drug design is applied only when the 3D structure of the
target of interest is known, either from X-ray crystallography, NMR spectroscopy or homology model-
ing. Here the known or predicted shape of the binding site is used to optimize the ligand to best fit the
receptor. Existing algorithms for structure-based design can be categorized into two classes: de novo
design methods, which builds ligands tailored to fit the target (Examples of de novo design include Lewis
(Lewis et al., 1992) and Miranker (Miranker & Karplus, 1995) and the program LUDI (Bohm, 1992a,
1992b), and the docking methods, which searches for existing compounds with good complementarity to
the target. In both the methods receptors are usually treated as a rigid body single conformation. There
are two types of de novo design methods 1) outside-in method (Lewis & Leach, 1994), the binding sites
is first analyzed to determine where specific functional groups might bind tightly. These groups were
then connected together to transform into real molecules. 2) inside-out approach where molecules are
allowed to grow inside binding site using appropriate search algorithm evaluating the each suggestion
by energy functions.

4. MOLECULAR DOCKING

Molecular Docking is the central part of the structure based drug designing and is widely used for CADD
applications. Fitting a ligand from a 3-D structure database into the binding site of a target protein is
called docking. The docking process involves identification of “true” pose (conformation and orientation)
of ligand inside receptor binding site and assessment of the binding affinity. Docking methods can be
illustrated using a combined approach of search strategy and scoring function. Most docking methods
generated large number of possible structures and hence require a parameter to rank the structure using
scoring functions. The docking problem is linked with the generation and evaluation of structures of
intermolecular complexes. To tackle docking problem, many algorithms has been developed. All the
docking methods can be characterized by number of degree of freedom. An overview of docking pro-
grams is given in Table 1.

Before ligands can be docked against an enzyme or receptor, usually the binding site has to be
discovered first. To minimize the search space on the receptor surface and thus minimize the degrees
of freedom that has to be searched. This information can be obtained from crystal structures of ligand-
bound receptors or can be predicted using binding site detection programs or online servers, e.g. GRID
(Goodford, 1985; Kastenholz, Pastor, Cruciani, Haaksma, & Fox, 2000), POCKET (Levitt & Banaszak,
1992), SurfNet (Laskowski, 1995), PASS (Brady & Stouten, 2000) and MMC (Mezei, 2003). Binding
site information significantly increases the docking efficiency. Generally, the largest cavity on a protein
surface is considered as an active site, but this is not a universal fact.
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Table 1. List of docking programs with web availability, the key references and search algorithms

Method Reference(s) ‘Website Search Algorithm
Autodock 4.0 (Morris et al., 2009; Osterberg, Morris, Sanner, autodock.scripps.edu/ GA
Olson, & Goodsell, 2002)
CDOCKER (Wu, Robertson, Brooks, & Vieth, 2003) N/A MD-SA
CHARMM (Vieth, Hirst, Kolinski, & Brooks, 1998) www.charmm.org/_ GA and MC
CLIX (Lawrence & Davis, 1992) N/A RBD
DARWIN (Taylor & Burnett, 2000) N/A GA
DIVALI (Clark & Ajay, 1995) N/A GA
DOCK 6 (Kang, Shafer, & Kuntz, 2004; Knegtel, Kuntz, & dock.compbio.ucsf.edu/ 1C
Oshiro, 1997; Moustakas et al., 2006; Oshiro, Kuntz,
& Dixon, 1995)
eHiTs (Zsoldos, Reid, Simon, Sadjad, & Peter Johnson, www.simbiosys.ca/ehits/index. RBD of fragments followed by
2006) html_ reconstruction
FITTED (Corbeil, Englebienne, & Moitessier, 2007) www.fitted.ca_ GA
FlexX 2.2 (Rarey, Kramer, Lengauer, & Klebe, 1996) www.biosolveit.de/_ 1C
FlipDock (formerly (Zhao & Sanner, 2007) www.scripps.edu/Byongzhao/ GA
pyDock) FLIPDock/
FRED (McGann, Almond, Nicholls, Grant, & Brown, 2003) www.eyesopen.com/products/ RBD
applications/fred.html_
FTDock (Gabb, Jackson, & Sternberg, 1997) www.bmm.icnet.uk/docking/ RBD
ftdock.html_
Glide 4.0 (Richard A Friesner et al., 2004) www.schrodinger.com/_ Hierarchical filters and MC
ProductDescription.php?
mID Y4 6&sID Y4 6&cID %4 0
GOLD 3.1 (Verdonk et al., 2005) www.ccde.cam.ac.uk/products/ GA
life_sciences/gold/_
HADDOCK (Dominguez, Boelens, & Bonvin, 2003) www.nmr.chem.uu.nl/haddock/_ SA
MacDOCK (Fradera, Kaur, & Mestres, 2004) N/A 1C
MolDock (Thomsen & Christensen, 2006) N/A DE
PatchDOCK (Schneidman-Duhovny, Inbar, Nussinov, & Wolfson, N/A Shape complementarity
2005)
PAS-Dock (Tgndel, Anderssen, & Drablgs, 2006) N/A TS
PhDOCK (Joseph-McCarthy, Thomas, Belmarsh, Moustakas, & | N/A MA
Alvarez, 2003)
PIPER (Kozakov, Brenke, Comeau, & Vajda, 2006) N/A Fast Fourier transform
ProPose (Seifert, 2005) N/A 1C
PSI_DOCK (Pei et al., 2006) N/A GA with TS
RiboDock (Morley & Afshar, 2004) N/A MC
ROSETTALIGAND (Meiler & Baker, 2006) N/A MC
SDOCKER (Wu & Vieth, 2004) N/A Random walk
SLIDE (Schnecke & Kuhn, 2000; Zavodszky & Kuhn, 2005) N/A 1C
SODOCK (Chen, Liu, Huang, Hwang, & Ho, 2007) N/A Swarm Optimisation
SG-DOCK/SP-DOCK (Fradera, Knegtel, & Mestres, 2000) N/A 1C
Surflex 2.1 (Jain, 2003, 2007) N/A IC with MA

Table directly adapted from (Moitessier et al., 2008).

Abbreviation: N/A, not available.

Search Algorithms notations: DE, differential evolution; EA, evolutionary algorithm; GA, genetic algorithm; IC, incremental construction; MA, matching
algorithm; MD, molecular dynamics; RBD, rigid-body docking; SA, simulated annealing; TS, Tabu search.
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5. TYPES OF MOLECULAR DOCKING

Based on conformational flexibility of the ligand, molecular docking can be either rigid, flexible can be
divided into two sub categories rigid and flexible docking.

Rigid Docking is the simplest algorithm that considers both the receptor and ligand as rigid entities. It
explores only six degrees of translational and rotational freedom. Rigid docking approaches were being
used in the initial docking algorithms for docking small molecules into the binding sites of proteins and
DNA. DOCK is an excellent example of rigid docking methods (Kuntz, Blaney, Oatley, Langridge, &
Ferrin, 1982). It works on identifying the small molecules with high degree of shape complementarity
to the receptor binding site. The DOCK algorithm uses a geometric matching algorithm to superimpose
the ligand onto a negative image of the binding pocket. The receptor spheres generated inside the binding
sites of the ligand atoms is viewed in a negative image of the active site, ligand shape can be identified
by looking at the negative image of the active site. Rigid docking involved docking with rigid ligands
and mostly used pre-generated ligand conformers. This reduced the computational burden however was
not the best docking solution provider.

Flexible Docking can be done where either ligand or receptor is flexible or both are flexible. Gener-
ally the active site or the surrounding residues of the receptor active site are made flexible rather than
the whole receptor. This is done because the docking takes place in the active site or nearby active site
residues. Flexible docking strategies do not require any prior knowledge of the conformation of the
ligand. Hence the search space consists of 6+N translational, rotational and conformational variables.
Flexible docking is useful if there is no conformational information about the ligand. Four different
strategies are applied, they are a) Monte Carlo; b) in-site combinatorial search; ¢) Ligand building; d)
site mapping and fragment assembly.

Distance geometry can also be used to perform molecular docking, however incremental construction
of the ligand within binding sites is used by a number of programs.in this method a series of conforma-
tions would be generated by systematically varying dihedral angles between 0° and 360°.This involves the
grid search, where all base fragments were identified within the ligand. Base fragments will be docked
into the binding site and clustered to remove duplicate orientations. Each docked orientation of the base
fragment then represents the starting point for the conformational analysis of the rest of the ligand.

Genetic algorithms, molecular dynamics approaches can also be used to perform molecular docking.
The ideal docking method would allow both ligand and receptor to explore their conformational degrees
of freedom. However such calculations are computation intensive and are more useful for refinement
of docked structures.

6. SCORING FUNCTIONS

The binding of ligand and receptor are quantum mechanical in nature, but due to computational limita-
tions and biological complexities quantum theories becomes impractical and are not always accurate.
The strength of ligand receptor interaction can be measured experimentally and is often reported as the
dissociation constant, K or by the concentration of ligand inhibiting activity by 50% (IC 50). Most of the
methods attempt to estimate binding free energy of the ligand binding to receptor, which can be given by:

AG,,=AG, . —(AG,  +AG

ligand receptor)

)

complex
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The relationship between the binding free energy AG and the experimentally determined K or IC_|
is defined in Equation 2

AG. =-RTInK_=-RTIn K,=-RT In 1/IC50 2)
bind eq d

With Equation (2) it is possible to calculate the binding free energy where K, is defined with respect
to standard state (Atkins, De Paula, & Walters, 2006). The pressure,1 atm, and the activity of the solu-
tions, namely 1M, define standard state.

Molecular docking have played an increasing role in the functional study of proteins and structure-
based drug design with the increase in experimentally determined three-dimensional protein structures.
However, one important problem is the development of scoring function that can heuristically and precisely
describe the protein and ligand interaction. Scoring function plays major role in ascertaining three major
applications. Firstly, defining the binding mode and ligand site on a protein. For a target molecule like
protein, molecular docking generates numerous putative ligand binding orientations/conformations at
the active site around the protein. A scoring function is used to rank these ligand orientations/conforma-
tions by evaluating the binding tightness of each of the putative complexes. Gold standard for scoring is
to rank the experimentally determined binding mode most highly. Another application is linked to first
application and it involves prediction of absolute binding affinity between protein and ligand, which is
very much important for lead optimization. Lead optimization is used to improvise the binding of low-
affinity hits or lead compounds. An idle scoring function can significantly increase the optimization
efficiency and prevent costs of ligand synthesis and experimental testing. Structure-based drug design
is another important application of scoring functions and is used to screen potential drug hits (leads) for
a receptor (protein target) by searching a large ligand database this is also known as virtual screening.
Scoring function is commonly used for ranking known binders most highly according to their binding
scores during virtual screening (Huang, Grinter, & Zou, 2010).

Large number of poses are generated by docking algorithms, few got rejected because of high-energy
clash with the protein. Scoring functions will be used further to assess the left out poses. Scoring function
is required to rank the ligand molecules (if using database of molecules for screening against a recep-
tor) relative to each other. Moreover, scoring functions are essential to identify the docked orientation
that could be the real representation of ‘true’ structure of the intermolecular complex or docking mode.

Molecular docking is used to predict how a ligand will interact with the receptor binding site. The
ligand is mostly a small molecule but can be a protein also. Likewise, receptor is mostly a protein of
pharmacological significance however it could be a DNA or RNA molecule as well. The next step in
docking is consists of scoring functions which will distinguish among the generated binding modes and
the optimal solution that is fairly matches to actual binding. The most promising predicted protein-ligand
complex is considered to be the biologically relevant one. A large number of different scoring functions
have been developed to model protein-small molecule docking which can be divided into three types or
classes: 1) Force-field based 2) empirical and 3) knowledge-based scoring functions.

Force-field Scoring Functions: Force field (FF) based scoring tries to quantify internal ligand energy
as well as ligand-receptor binding energy. Molecular mechanics force fields based scoring functions are
based on different parameter sets, like AutoDock is based on the AMBER force field (Kitchen, Decornez,
Furr, & Bajorath, 2004).

The ligand-receptor binding interactions can be best described by using van der Waals (VDW), electro-
static energy terms, bond stretching/bending/torsional energies, etc. Intermolecular forces are calculated
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using “6-12” Lennard-Jones potential functions representing van der Waals interactions however the
interactions between atomic charges can be calculated using Coulomb’s equation. Examples of force field
based scoring functions include D-Score, G-Score, GOLD, AUTODOCK, DOCK. Following equations
shows the use of distance-dependent dielectric constant € (rij) force field scoring function in DOCK:

lig rec Ai' Bi' qlq
AGy, =d ) | G ——+—— 3)
i

1
AU

where rij stands for the distance between protein atom i and ligand atom j, Aij and Bij are the VDW
parameters, and gi and gj are the atomic charges. € (rij) is usually set to 4rij, reflecting the screening
effect of water on electrostatic interactions.

Force field scoring functions is widely used but faces some challenges which involves the explanation
of solvent effect and entropy effect.

Empirical Scoring Functions: Emperical scoring functions uses weighted energy terms to estimate
the binding affinity of a complex. Ludi empirical scoring functions conceptualized that binding energies
can be estimated by addition of individual unrelated terms.

These unrelated terms can be obtained from receptor-ligand crystal structure or training the binding
constants of thousands of protein-ligand complexes. In empirical scoring function simple scalable contri-
butions like hydrogen bonds, metal ligations, hydrophobic effect rotable bonds evaluated for estimating
the energetics of ligand- receptor binding.

AG,  =AG’+AG,, Zf(Ar) f(Ala)+AG, Zf(Ar) +AG,, Zf(Ar) +AG, N, 4)
HB

met lipo

Or it can also be given as,

AG =Y Wi .AG, 5)

In Equation 5 (Huang et al., 2010), AG, represents different energy terms such as Van Der Waal
energy, electrostatic energy, hydrogen bond, desolvation, entropy, hydrophobicity, etc. Here, Wi are
determined by fitting the binding affinity data of a training set of protein—ligand complexes with known
three-dimensional structures.

Because of their simple energy terms, empirical scoring functions are much more faster in binding
score calculations compared to force field scoring functions.

LUDI, F-score, Chemscore, Score, x-score are some examples of empirical based scoring function.

Knowledge based scoring functions: Knowledge based scoring functions (also referred to as statis-
tical-potential based scoring functions). Knowledge based scoring functions recruits energy potentials
directly derived from structural information of experimentally determined atomic structures. Knowledge
based scoring functions for protein- ligand complex are modelled using simple atomic interaction-pair
potentials. This scoring functions is based on the potential of mean force, which is defined by the inverse

8
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Boltzmann relation. The GOLD fitness function is a measure of Chemscore or GOLD score, represented
by 6 which is measure of water contribution ¢,
Is loss in the entropy of the water molecule and o is the intrinsic binding affinity of the water.

Fitness = o, ZO(U}) (op+ O’i(UJ)) (6)

Drugscore, ITScore, DFIRE, GOLD/ASP,Kscore, PMF and SMoG, BLEEP, MScore are examples
of knowledge based scoring functions.

Compared to the force field and empirical scoring functions, the knowledge-based scoring functions
provide more balanced option between precision and heuristics. Because the potentials in Equation (6)
are extracted from the structures rather than from attempting to reproduce the known affinities by fit-
ting, and because the training structural database can be large and diverse, the knowledge-based scoring
functions are quite robust and relatively insensitive to the training set (Huang et al., 2010).

7. APPLICATIONS OF MOLECULAR DOCKING

Molecular docking has been one of the most extensively used technique in CADD (Computer Aided
Drug Designing) and is the central dogma of Structure-Based Drug Designing (SBDD). SBDD is applied
when the structure of target macromolecules generally, protein is known. The main aim of the SBDD is
to identify the molecules which favorably interact with the target protein at its binding site. Molecular
docking fulfills this objective by predicting the binding orientation of one molecule with the other in
3D space thereby identifying the lowest free energy complex structures. Another aim of the SB-CADD
is the lead identification in the drug discovery process. In general, lead identification is done by two
methods: High Throughput Screening (HTS) and Virtual High Throughput Screening (vVHTS). HTS is
the traditional technique which is slow and expensive compared to VHTS. In vHTS, a database containing
large number of small molecules are screened against a protein target using molecular docking techniques
and then ranked hits for lead generation. Previously, molecular docking was also used in SBDD pipeline
for screening large compounds database and to identify the binding orientation with the target. With
the advancement of the docking methodologies, presently molecular docking is used for various other
applications viz. identification of differential binding of a ligand to different target biomacromolecules,
de novo design for lead generation, adverse drug reaction prediction in the drug development and in
some cases molecular docking is also used for non drug related projects like identification of putative
pollutants for biodegradative enzymes. This exhibits the diversity of application of molecular docking.

In the following section we will discuss major applications of molecular docking along with case
studies.

7.1 Virtual Screening

Virtual screening is a tool to screen large compound libraries against a drug target that can be a protein
or an enzyme or any other biomacromolecules. It is used to find the compounds from a large library
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which exhibited good binding interaction with the drug target. It is one of the most useful technique in
the drug development process.

Case Study (Virtual Screening): Identification of BCR-ABL Tyrosine
Kinase Hits Using Molecular Operating Environment (MOE) Software

In this case study (Rahul & Ashutosh, unpublished) we discuss how virtual screening is performed using
MOE (Molecular Operating Environment (MOE), 2015). We screened an in-house database of ~2000
compounds against BCR-ABL tyrosine kinase, durg target for chronic myeloid leukemia (CML) treat-
ment. The crystallographic co-ordinates of BCR-ABL is available on Protein Data bank (Berman et al.,
2000) (PDB ID: 30XZ, (Zhou et al., 2011)). The coordinates pdb file was downloaded and prepared
using MOE Strucuture preparation wizard (Molecular Operating Environment (MOE), 2015). During
struture prepration the hydrogens was added to the protein structure (Note: at times the pdb file has some
missing side chains or missing residue which could be fixed by various tools like MOE (Molecular Op-
erating Environment (MOE), 2015) or chimera (Pettersen et al., 2004)). Appropriate charges were added
and water molecules which were more than 4.5 A° apart from the receptor were removed. Finally the
energy was minimized using MMFF94x forcefield (Halgren, 1996) (There are various other force field
are available like Amber (Cornell et al., 1995), OPLS (Jorgensen & Tirado-Rives, 1988), CHARMM
(MacKerell et al., 1998) etc. with different versions here we are using the default).

In order to prepare the ligands the conformations of the 2000 compounds structure database were
generated using MMFF94x forcefield (Halgren, 1996). A limit of 4.5 kcal/mol strain energy was imposed
with a 500 conformation limit for each molecule. Duplicate conformations were removed with a heavy
atom RMSD tolerance of 0.6 A° (0.75 A° for conformations with strain greater than 3.5 kcal/mol). The
fact that a ligand was already bound at the active site of the protein, enabled us to define the active site.
Next step involved generation of possible poses from the various ligand conformations. Diverse place-
ment methods are available viz. Alpha Triangle, Alpha PMI, Flex, GOLD, Proxy Triangle, Template
Forcing, Template Searching, Triangle Matcher. Here we used the default triangle matcher for the place-
ment step. Next rescoring, refinement and again rescoring took place using London DG methods (other
methods such as ASE, Affinity dG, Alpha HB, Electron Density, GBVI/WSA dG are also available).
Further refinement is done using forcefield method and again rescoring was done using GBVI/WSA dG
method. Finally 30 poses were kept and total 46,129 conformations were generated which were docked
into the active site of BCR-ABL tyrosine kinase. MOE (Molecular Operating Environment (MOE), 2015)
gave an output in form of a table having 10 fields which are depicted in Table 2 and the output of top
10 compounds on the basis of final score S was given in Table 3. These 10 compounds having score in
order of (-9.2595) to (-8.8398) were obtained. All the top 10 compounds were docked into active site,
the results are shown in Figure 3. These compounds could be used further for invitro assays.

Case Study (Virtual Screening): Identification of BRD4(1) Inhibitors
Using Protein-Ligand Docking and Structure-Guided Design.

Bromodomains (BRDs) are recently discovered as a potential new drug targets for cancer, inflammation,
diabetes and cardiovascular therapeutics. BRD-containing proteins choses epigenetics route for binding
against acetylated lysines (KAc) on chromatin structures. Duffy et al., in 2015 employed a virtual screen-
ing & X-ray crystallography along with other cheminformatics techniques to identify several scaffold
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Table 2. Fields with description of MOE output (Molecular Operating Environment (MOE), 2015)

Field(s) Description
Mol An output pose.
receptor The receptor after the refinement stage.
Rseq The receptor sequence number.
Mseq The molecule sequence number.
S The final score, which is the score of the last stage that was not set to None.
Rmsd The root mean square deviation of the pose, in A, from the original ligand. This field is present if the site

definition was identical to the ligand definition.

rmsd_refine

The root mean square deviation between the pose before refinement and the pose after refinement.

The energy of the conformer. If there is a refinement stage, this is the energy calculated at the end of the

E_conf refinement. Note that for Forcefield refinement, by default, this energy is calculated with the solvation
option set to Born.
E_place Score from the placement stage.

E_scorel E_score2

Score from rescoring stages 1 and 2.

E_refine

Score from the refinement stage, calculated to be the sum of the van der Waals electrostatics and solvation
energies, under the Generalized Born solvation model (GB/VI).

Figure 3. 3D view of bound ligands with the BCR-ABL protein. A) Full view of the BCR-ABL protein
with ligand. B) zoomed view of the ligands present into the active site of BCR-ABL protein. Red is the
ligand already present in crystal structure while green are the top 10 compounds which are screened
using docking studies.

clustershits binding to BRD4(1) (Duffy et al., 2015). Database of approx 25 million compounds from
various publicly available sources were filtered on the basis of common drug-like property. Approximately
230,000 filtered compounds were selected through multiple rounds of random selections followed by
diversity confirmation via 2-D atom-pair similarity calculations. These were docked against two X-ray
crystal structures of BRD4(1) with different co-crystallized ligand using Glide (Richard A. Friesner

11

printed on 2/11/2023 5:39 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Role of Molecular Docking in Computer-Aided Drug Design and Development

Table 3. Top 10 compounds docked on the basis of MOE dock final score S (Molecular Operating En-
vironment (MOE), 2015)

rmsd_ E
Mol Rseq | Mseq S refine E_conf | E_place | E_scorel | E_refine score2

O=C(NCC[NH+]

(C)C)clee(eccel)-
cInc(N2CCN(CC2)
c2cc[nH+]cc2)encl 1 1299 | -9.25949 | 2.229406 | 85.04276 | -52.6258 | -12.1489 | -11.9827 | -9.25949

O=C(Nclccc(Ne2nene(c2)-
c2cc3c(ce2)ccec3)ecl)
cleece(N)eel 1 505 -9.15959 1.383814 | -6.63474 | -86.3349 | -12.6617 -21.7742 | -9.15959

O(C(O)(C)O)C(=0)
Nclcee(Ne2nene(c2)-
c2cce(N(C)C)ee2)cel 1 550 -9.13703 1.297704 | -55.6844 | -108.026 | -11.3118 -14.6355 | -9.13703

O=C(Nclccc(Ne2nene(c2)-
c2cc(N(C)C)eec2)ecl)
clece(N)eel 1 510 -9.02742 1.506958 | -27.5484 | -102.505 | -11.7205 -30.7333 | -9.02742

olc2c(ccl-
clnenc(Ne3cecc(NC(=0)
cdcee(N)eed)ee3)el)ecee2 1 507 -8.93877 0.817132 | -22.9512 | -130.471 | -13.7038 -17.7379 | -8.93877

S(C)cleee(ecl)-
cIncne(Ne2eee(NC(=0)
c3cec(N)ee3)ec2)el 1 508 -8.92662 1.648885 | -18.9101 | -88.5567 | -11.9491 | -23.8481 | -8.92662

O=C(Nclccc(Ne2nene(c2)-
c2ccc(NC(=0)C)cc2)ccl)
clece(N)eel 1 515 -8.91988 | 2.205891 | -49.7061 | -64.7249 | -11.8485 | -31.4016 | -8.91988

O=C(Nclcc(cecl)-
cInc(N2CCN(CC2)
c2cc[nH+]cc2)encl)C 1 1294 -8.8837 1.633233 | 105.6261 | -59.2689 | -12.4821 -11.4932 -8.8837

O=C(Nclccc(Ne2nene(c2)-
c2cc3c(cc2)cecc3)ecl)
clcee(N)ceel 1 505 -8.88196 2.717045 | -7.07057 | -77.8603 | -12.1259 -23.2881 | -8.88196

O=C(Nclcc(cecl)-
¢Inc(N2CCN(CC2)CCN(C)

C)encl)C 1 1441 -8.83977 1.08584 150.4833 | -60.5674 | -10.335 -11.6034 | -8.83977

et al., 2004). The binding pose was considered if potential hydrogen bond is present with the Asn140
sidechain amide, that mimics the native histone acetylated lysine binding location. Finally, 153 available
compounds were selected on the basis of hydrogen bond requirements & Glide score. These compounds
represented 82 scaffolds and were purchased from commercial vendors and evaluated in vitro screening.
These 153 compounds were tested by HTRF binding inhibition to BRD4(1) and BRD2(2) at 50 pM
concentrations. Compounds having 50% or more binding to BRD4(1) were submitted for dose-response
testing and IC, calculations, while hits in the 30-49% binding range at 50 pM were grouped by scaf-
fold. The compound showing highest activity was retest for IC50 calculation and also co-crystallized in
BRDA4(1) to identify the actual binding pose. A small series of compounds analogs of the highest active
compound were prepared and tested. The most active compound in this series, shows greater activity.
The molecular docking with other experimental method process allowed to identify BRD4(1) inhibitors
also helps in improving the activity of a compound in BRD4(1) inhibition.
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7.2 ldentifying the Binding Orientation (‘True’
Pose) of Ligand with the Drug Target

Molecular docking can be used as a tool for virtual screening if screening against ligand database or if
single or few ligands are searched for identification of true pose inside receptor binding site. This infor-
mation is extremely advantageous to identify the binding sites or groups which are involved in binding.
This will also help in designing the new potent compounds by knowing the binding pattern of the existing
compounds. There are two steps involved in identifying the binding orientation of ligand withn the drug
target. They are preparation of the protein and the liagnd and then the final docking. Preparation of the
protien involves the searching the protein structure in PDB database for the availability of their crystal
structure. If the protein crystal structure is not available then the protein structrue is modelled using
bioinformatics methods. While the preparation of ligand involves the generation of energy minimized
3D structure of the lignad.
The docking depends on individual cases which is depicted below.

Case Study: True Pose Identification of Acarbose with a-Glucosidase Enzyme

This study which was conducted in our lab (unpublished results), involved the step wise procedure to
identify the binding orientation of Acarbose with a-Glucosidase enzyme. In this example a-Glucosidase
protein model was builtusing I-Tasser (Yanget al., 2015) while docking analysis was done using Autodock
(Morris et al., 2009). a-Glucosidase is a proven drug target for Diabetes. a-Glucosidase inhibitors de-
crease the absorption of carbohydrates from the digestive tract, thereby lowering the aftermeal glucose
levels. Crystal structure of a-Glucosidase enzyme is not available on PDB (Berman et al., 2000). So,
a-Glucosidase protein structure was modelled using bioinformatics methods. Modelling of the protein
structure involved few steps and primarily depends on the identity of sequence similarity with the tem-
plate sequence. Here we had 44% sequence identity with two human maltase-glucoamylase templates
(PDBID: 2QLY and 3L4T) with query coverage 90% each. On this sequence identity we used threading
method to model the protein. I-Tasser (Yang et al., 2015) was applied to model a-Glucosidase protein
structure. The modelled protein structure was validated through ramachandran plot. Since there was no
ligand bound to the protein we identified the active site residues in the protein structure via centroid co-
ordinates of the complex ligands in the crystal structure (PDB ID: 3L4T). Finally docking was performed
using Autodock program (Morris et al., 2009). It is one of the widely used freely available docking tool.
The docking procedure for this molecule is shown in Figure 4.

After successful execution of autodock program docked log file (dlg) was generated in which the
docked conformation co-ordinates of ligand with their binding energy were present. Total 10 docked
conformation were obtained and the best conformation is having -4.45 Kcal/mol binding energy. This
docked acarbose with protein target can be visulized using pymol (The PyMOL Molecular Graphics
System) as shown in Figure 5 and save as complex pdb file. This complex pdb file is used to analyze the
2D and 3D binding orientation of Acarbose with protein using Ligplot as shown in Figure 6 & 7 resp.

The major limitation of this case study is the quality of the alpha-glucosidase protein structure be-
cause the whole docking is depends on the receptor structure. While performing docking studies using
predicted structure one have to ensure that the modelled protein structure quality is upto the mark or not.
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Figure 4. The procedure followed to perform this study
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7.3 Hydrated Docking

Hydrated docking involved docking of protein-ligand in presence of water molecules. Water molecules
play an important role during protein-ligand interaction. Forli & Olson in 2012 developed a force field
with discrete displaceable water and desolvation entropy for studying hydrated ligand docking (Forli &
Olson, 2012). Autodock tool provided a script for implementing hydrated docking.

Case Study: Identification of Noncamptothecin Topoisomerase
| (Top1) Inhibitors Using Hydrated Docking

Taliani et al. in 2013 used hydrated docking to identify the binding orientation of their noncamptothecin
Topoisomerase I (Top1) inhibitors (Taliani et al., 2013). To begin with, the binding pose of HTOP1 (hu-
man topoisomerase 1) with inhibitor Topotecan (inform the readers about Topotecan) was observed from
X-ray diffraction technique and Autodock docking method (Morris et al., 2009) (as shown in Figure 8
below). Here, hydrated docking between HTop1 and Topotecan provided useful information about the
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Figure 5. Full view of the Acarbose docked in the modelled alpha-glucosidase active site. Acarbose are

shown as sticks model while the protein are shown as cartoons.
This image is viewed using Pymol (The PyMOL Molecular Graphics System).

binding pattern of the compound in presence of water molecules. This information was used to design
novel compounds with diverse architectures that resulted in the improvement of Top1 inhibitory activity.

The problem with hydrated docking is the difficulty in comparing the results with the crystal complex
having water interactions which is not able to distiguish whether water is really involved or it is apart
of crystal effect.

7.4 Reverse Docking

Reverse docking is a technique that identified the target proteins of known biological active compounds.
In this method small compounds or ligands are docked into the active sites of multiple drug targets, their
binding orientation were analysed and ranked on the basis of their binding interaction strength. It is very
useful when target information is unknown.

Case Study: Identification of Targets which are binding to Dioscin
Recently Yen et al. described a workflow in which they coupled reverse docking with other bioinformatics
methods to predict drug targets, biological activities, signal pathway and regulating networks of Dioscin

that could be implemented on other available biological active compounds (Yin et al., 2015). Dioscin is
a natural steroidal saponin present in many Chinese medical herbs (like, Dioscorea nipponica Makino,
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Figure 6. 2D interaction of modelled alpha glucosidase with the Acarbose inhibitor. Acarbose is majorilly

interacted with Asp194, Serd35, Asn436, Phe437, Ala467, Gly563, Leu589, Leu590, Ser591.
Image is created by Ligplot (Wallace, Laskowski, & Thornton, 1995).
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Lan=k2

Dioscorea zingiberensis) and known to posses many medical pharmacological properties including anti-
tumor, anti-hyperlipidemic, anti-fungal and antivirus activities. Yen et al. screened the available potential
protein targets from humans (71), rats (7) and mice (8). The reverse docking indicated that most probable
targets of dioscin were cyclin A2, calmodulin, hemoglobin subunit beta, DNA topoisomerase I, DNA
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Figure 7. 3D view of modelled alpha glucosidase with the Acarbose inhibitor. This image shows the 3D

binding pattern of Acarbose with alpha glucosidase enzyme.
The image is created by Pymol (The PyMOL Molecular Graphics System) and Ligplot (Wallace et al., 1995).
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polymerase lambda, nitric oxide synthase and UDP-N-acetylhexosamine pyrophosphorylase, etc. The
workflow used by (Yin et al., 2015) is depictedin Figure 9.

7.5 Adverse Drug Reaction Prediction
Prediction of Adverse drug reactions (ADRs) is essential for a pharmacologically active small molecules

because adverse drug reaction produces effect which could be extremely harmful,unusual and could alter
the biochemical pathways (LaBute et al., 2014). Nearly hundred thousand fatalities are reported in US
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Figure 8. a) X-ray binding pose of Topotecan (1) within the Topl DNA cleavage site (PDB code: 1K4T).
The ligand is shown as magenta sticks. The enzyme and the substrate DNA are represented as green and
cyan cartoons, respectively. Residues important for ligand binding are highlighted as sticks. H-bonds
are depicted as dashed black lines. b) Superimposition of the X-ray binding pose (magenta sticks) of 11
and the docking conformation (orange sticks) as predicted by AD4. The enzyme and the substrate DNA
are represented as green and cyan cartoons, respectively. Crystal and AD4 water molecules bridging

between the ligand and the enzyme are shown as magenta and orange spheres, respectively.
Source: (Taliani et al., 2013).

every year because of ADRs. Prediction of adverse drug reactions (ADRs) by lead compounds is very
useful in drug discovery process.

Case Study: Adverse Drug Reaction Prediction Workflow

In 2014, LaBute et al. developed a computation process that enabled prediction of ADRs using molecular
docking and known ADR information from DrugBank and SIDER. The workflow is shown in Figure 10.

The drug target information were obtained from Uniprot (Consortium, 2015). Nearly four thousand
proteins were identified and extensive search of their crystal structure led to the discovery of 409 of them
in Protein Data Bank (PDB) (Berman et al., 2000). They were used as a virtual panel. All 906 FDA-
approved drugs (till date) were docked in this virtual panel using the VinaLC program (Zhang, Wong,
& Lightstone, 2013). Side effect of 560 compounds were present in SIDER database which were used
for building logistic regression models for ADR prediction.

This type of study immensely helped in drug development process by which the lead ADRs is ac-
cessed at earlier stage of drug discovery and could be dropped or redesigned.

This study depends on the machine learning methods which may provide various false positives and
false negatives.

7.6 De-Novo Drug Design
De novo drug design is generally used to generate new drug-like compounds by linking fragments. De
novo design uses library of building blocks that also contain single atoms, functional groups, and small

molecular fragments. De novo drug design is widely used in the drug development process to generate
new novel and potent compounds by using the drug target active site information.
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Figure 9. The analysis process of the prediction of drug targets, biological activities, signal pathway

and regulating networks
Source:(Yin et al., 2015).
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Case Study: De Nove Design

Xiang et al. used this approach to discover the isozyme-selective inhibitor scaffolds of human carbonic
anhydrases (CAs) (Xiang, Xiang, Fang, Zhang, & Li, 2014). CAs are known drug targets for the treatment
or prevention of disease like altitude sickness, epilepsy, glaucoma, obesity, tumor, acid—base disequilibria,
and other neuromuscular diseases. Experimental procedure included the alignment of available 9 PDB
structures of CAs where one of them was complexed with SBR ((R)-N-(3-indol-1-yl-2-methyl-propyl)-
4-sulfamoyl-benzamide). The ligand (SBR) was docked to all 9 structures using Autodock Vina (Trott
& Olson, 2010). POCKET module of LigBuilder (Yuan, Pei, & Lai, 2011) was used to identify the in-
teraction residues and molecules were constructed for the target protein using GROW module. GROW
module required a seed structure on which fragments were added to generated new hit compounds. Figure
11 depicted the interaction of SBR ligand with different CAs and seed struture with growing site. Total
200 top candidates were selected after Lipinski filter of maximal molecular weight and logP value being
500 and 5, respectively. Further top hits having multiple rings were used for further docking analysis.
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Figure 10. Data integration/analysis workflow scheme
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These four molecules are naphthalenesulfonamide, N-sulfonamide-phthalimide, 3-sulfonamide-acridan,
and fluorenesulfonamide derivatives, these scaffold structures can be the potential isozyme-selective
inhibitors against CA II, IV, and IX.

8. CHALLENGES OF MOLECULAR DOCKING

Identification of binding pattern between proteins and small molecules face substantial challenges. Ma-
jority of the docking programs are sensitive enough to predict known protein bound poses with averaged
accuracies close to about 1.5-2 A and with reported success rates in the range of 70 — 80%. However,
significant improvement beyond this range seems for now unachievable. One of the fundamental chal-
lenges are scoring in which various assumptions are used in order to make calculations computationally
more efficient but by using these assumptions, some very important aspects of molecular recognition like
solvent effect and entropy effect got neglected. Along with this the incorporation of water molecules in
the active site having interaction with ligand and receptor is also a challenge. Molecular docking process
also facing limitations on the availability of the crystallographic structure of the protein. Besides all
these limitations and challenges molecular docking is still a method of choice and widelly used for the
prediction of ligand-receptor pose.
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Figure 11. The poses of SBR in the active sites of carbonic anhydrase (CA) 1, 11, 1V, VI, IX, XII, and
XIII predicted by program AutoDock Vina, named as pl, p2,p3, p4, p5, p6, and p7, respectively. The
hydrophobic half of the active site cleft is shown in yellow, while Zn(1l) in blue and Mg (II) in red. (A)
The superposition of SBR (in magenta) and p2 (in cyan). (B) The seed structure derived from p1-7 with

the hydrogen attached to sulfur as the growing site.
Source: (Xiang et al., 2014).

9. CONCLUSION

Herein we have provided a complete overview of diverse docking methodologies that are used in drug
design and development. Our discussion typically aimed at professionals in the field of cheminformat-
ics and bioinformatics, both in academia and in industry and aspiring scientists and students who want
to take up this as a profession in the near future. We discussed several case studies, pertaining to each
method. In few cases we provided step wise information to conduct the experiments. This discussion
highlighted various application of molecular docking in drug discovery. We apprehend that in the years
to come molecular docking in conjunction with variety of state of the art techniques viz. molecular biol-
ogy, computer graphics and protein x-ray crystallography will be an indispensable tool in drug discovery.
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ADMET: Absorption, Distribution, Metabolism, Elimination, and Toxicity
ADRs: Adverse Drug Reactions

CADD: Computer Aided Drug Designing

CML: Chronic Myeloid Leukemia

FF: Force Field

HTS: High Throughput Screening

LBDD: Ligand Based Drug Designing

MOE: Molecular Operating Environment

NMR: Nuclear Magnetic Resonance Spectroscopy
SBDD: Structure Based Drug Designing
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QSAR: Quantitative Structure Activity Relationship
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VHTS: Virtual High Throughput Screening
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ABSTRACT

The computational strategies permeate all aspects of drug discovery such as virtual screening tech-
niques. Virtual screening can be classified into ligand based and structure based methods. The ligand
based method such as Quantitative Structure Activity Relationship (QSAR) is used when a set of active
ligand compounds is recognized and slight or no structural information is available for the receptors.
In structure based drug design, the most widespread method is molecular docking. It is widely accepted
that drug activity is obtained through the molecular binding of one ligand to receptor. In their binding
conformations, the molecules exhibit geometric and chemical complementarity, both of which are essen-
tial for successful drug activity. The molecular docking approach can be used to model the interaction
between a small drug molecule and a protein, which allow us to characterize the performance of small
molecules in the binding site of target proteins as well as to clarify fundamental biochemical processes.

INTRODUCTION

The Molecular modeling expression is used to describe the use of computers to build compounds and
carry out a variety of calculations on these compounds in order to predict their chemical characteristics
and behavior. The computational strategies also permeate all aspects of drug discovery such as virtual
screening techniques in comparison to the process of trial and error that was used in the search for novel
drugs.
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The most important challenges that medicinal chemists face today is the design of new drugs with
improved potency and less side-effects for treating human diseases such as AIDS and others. Medicinal
chemists begin the process by taking a lead structure and then finding analogs exhibiting the preferred
biological activities. Next, they use their experience and chemical insight to eventually choose a candidate
analog for further development. This process was not only difficult but also expensive and time consum-
ing. The conventional methods of drug discovery are now being supplemented by shorter approaches
made possible by the accepting of the molecular processes involved in the original disease. In this view,
the preliminary point in drug design is the molecular target, which is a receptor or enzyme in the body
as an option of the existence of the known lead structure.

The effective design of chemical structures with the desirable therapeutic properties is directed to-
wards Computer Aided-Drug Design (CADD) a well-established area of Computer Aided-Molecular
Design (CAMD). The main applications of CAMD are the clarification of the basic requirements for a
compound to obtain a determined activity, the simulation of the binding between a ligand and the receptor,
the discovery of new active compounds and the prediction of activities for non-synthesized analogues.
Two major modeling strategies right now are used in the designing of new drugs. In the first strategy,
the design is based on the comparative analysis of the structural features of known active and inactive
molecules that are interpreted in terms of their complementarily with a supposed receptor site model.
This strategy is called ligand based design and one of its approaches is quantitative structure activity
relationships (QSAR). This discipline was promoted by Hansch and his group (Fujita, 1990). In the
second strategy, the three-dimensional features of a known receptor site are directly considered and this
strategy is called structure based design method. In structure based drug design, the most widespread
method is molecular docking (Mahajan A., Gill N.S & Arora R., 2014; Xuan-Yu Meng, Hong-Xing
Zhang, Mihaly Mezei & Meng Cui, 2011) The molecular docking approach which will be discussed in
details in the coming section can be used to model the interaction between a small drug molecule and a
protein, which allow us to characterize the performance of small molecules in the binding site of target
proteins as well as to clarify fundamental biochemical processes.

This chapter deals with the two strategies that are used in designing new drugs. At first, focus will
be on the ligand based design or QSAR approach. The QSAR section starts with history and the earliest
efforts made in this field, types of descriptors and statistical analysis methods. Moreover, validation of
QSAR models, the internal as well as the external validations. Second, the focus will be on the structure
based design or molecular docking approach. The different types of docking methods will be discussed
including the different software used. At the end, applications or case studies done by the authors and
others will be discussed also. For example, Exploration of human serum albumin binding sites by dock-
ing and molecular dynamics, Docking study related to non-peptide HIV-1 protease inhibitors, Homol-
ogy modeling, molecular dynamics and docking simulations of rat A2A receptor, Exploring the ligand
recognition properties of the human vasopressin V1a receptor using QSAR and molecular modeling
studies and others. These studies will introduce the reader to the field of molecular docking and its use
in structure based drug design. Finally, more attention must be dedicated to the combination of the two
approaches in designing new drugs.
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BACKGROUND

The approach of designing new drugs can be classified into ligand based and structure based methods.
The ligand based method such as quantitative structure activity relationship (QSAR) is used when a
set of active ligand compounds is recognized and slight or no structural information is available for
the receptors. In structure based drug design, the most widespread method is molecular docking. The
molecular docking approach can be used to model the interaction between a small drug molecule and a
protein, which allow us to characterize the performance of small molecules in the binding site of target
proteins as well as to clarify fundamental biochemical processes.

LIGAND BASED DESIGN METHOD
Quantitative Structure Activity Relationships (QSAR)

QSAR is a way of finding and modeling a simple mathematical equation between molecular descriptors
calculated from structures of a set of molecules with their reactivity in order to be able to predict the
reactivity of unknown compounds.

Applications of QSAR can be extended to any molecular design purpose, including prediction of dif-
ferent kinds of biological activities, lead compound optimization and prediction of novel structural leads
in drug discovery. QSAR consists of several steps which hopefully lead to the design of new compounds
with the desired activity profile.

The QSAR approach follows these steps. The first step of building a QSAR model is to select a training
set consisting of compounds with their experimental biological activities. The next step is to optimize
the molecular structure by a proper technique. Afterwards, one should compute descriptors that contain
sufficient relevant information about the biological phenomenon. Once descriptors have been calculated,
it is necessary to pick which should be included in the QSAR model. Therefore, feature selection tech-
niques are used to select the most relevant descriptors from a pool of descriptors. One way is simply to
use the correlation coefficient method to select the descriptor with the highest correlation coefficient.
Next step, a data analysis is needed to calculate the best mathematical expression linking together the
descriptors and biological activities, In the final step, validation and predictions for non-tested compounds
will take place. However, the predictive capability of the model first is verified using an external set of
compounds which are not used in calibration. This is talented by biological testing of some additional
compounds (test set) in the same way as the training set and then comparing the experimental finding
with the values predicted by the QSAR model. If the QSAR predicts within acceptable restrictions, it
may be used for a more extensive prediction of more compounds.

Hansch equation (Hansch, 1969) was developed to correlate physicochemical properties (descriptors)
with biological activities and is given in a general form by the following equation (1):

log%:a(logP)Q+blogP—|—cs+---k (D
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where C is the molar concentration that produces the biological effect; P is the octanol/water partition
coefficient and s is the electronic Hammett constant.

Descriptors

A common question in QSAR is how to describe molecules and their physicochemical properties (de-
scriptors). The nature of the descriptors used and the extent to which they instruct the structural proper-
ties related to the biological activity is a critical step in a QSAR study It has been estimated that over a
thousand of molecular descriptors can now be calculated from a given molecular structure (Devillers &
Balaban, 1999; Karelson, 2000;Todeschini, Consonni & Pavan, 2001). Most of those descriptors can be
calculated by using commercial software packages such as CODESSA (Katritzky, Lobanov & Karelson,
1994), DRAGON (Todeschini, Consonni & Pavan, 2001) and others. The various descriptors in use can be
largely categorized as being constitutional, topological, electrostatic, geometrical, or quantum chemical.

Statistical Methods

Many different statistical methods are available in the literature and the selection of the appropriate
method is critical (Xu & Zhang, 2001). However, we will try to mention some basic techniques, one
linear and one non-linear, which were extensively used in QSAR/QSPR studies.

Multiple Linear Regression (MLR) (Montgomery & Peck, 1992) can be considered as an easy inter-
pretable linear regression method. Regression analysis correlates independent X variables or descriptors
with dependent Y variables (biological data). The regression model assumes a linear relationship between
m molecular descriptors and the biological activity variable. This relationship can be expressed with the
single multiple-term linear equation as follows:

y=>0+bz +bx, +-+bx +e 2)

The MLR analysis calculates the regression coefficients, b, by minimizing the residuals, e, which
quantify the deviations between the data (Y) and the model (Y’), as in the case of simple linear regression.

Artificial Neural Networks (ANN) method (Duprat, Huynh & Dreyfus, 1998; Tetko, Alessandro, Villa
& Livingstone, 1996;) is a non-linear technique inspired in the human brain, composed of many simple
processing units called neurons. This method is also recognized as learning algorithms. The aim is to
simulate the various shells of the neurons, where each neuron is connected to a number of neighboring
neurons with variable coefficients of connectivity that signify the strength of these associations. Several
examples of this methodology are explained in Montafez-Godinez et al (2014).

Validation of QSAR Models

After the model equation is obtained, or it is also significant to estimate the power and the validity of
the model before using it to predict the biological activity. Validity is to establish the reliability and sig-
nificance of the method for a particular use. For that reason, validation of a QSAR model must be done.
There are two validation methods used for a QSAR model: internal and external validation techniques
to establish the confidence and strength of the model.
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Internal validation uses the data set from which the model is built and checks for internal stability.
Cross-Validation (CV) technique is widely employed as an internal validation method of statistical models
(Wold, 1991). External validation evaluates how well a built model is generalized. If a sufficiently large
series of compounds with known activity are obtainable, the original data set can be divided into two
subgroups, the training set and the fest set. The training or calibration set is used to derive a calibration
model that will be used later to predict the activities of the test or validation set compounds.

STRUCTURE BASED DESIGN METHOD
Molecular Docking

It is widely accepted that drug activity is obtained through the molecular binding of one ligand to recep-
tor. In their binding conformations, the molecules exhibit geometric and chemical complementarity, both
of which are essential for successful drug activity. The computational process of searching for a ligand
that is able to fit both geometrically and energetically the binding site of a protein is called molecular
docking. The docking process involves the prediction of ligand conformation and orientation within a
targeted binding site. In general, there are two aims of docking studies: accurate structural modeling
and correct prediction of activity.

The docking program is used to place computer-generated representations of a small molecule into
the active site of an enzyme in a variety of positions, conformations and orientations. Each such docking
mode is called a ‘pose’. In order to identify the energetically most favorable pose each pose is evaluated
or simply ‘scored’ based on its complementarity to the target in terms of shape and properties such as
electrostatics. A good score for a given molecule indicates that it is potentially a good binder. This process
isrepeated for all molecules in the collection, which are subsequently rank-ordered by their scores (or their
predicted affinities). Assuming that both the poses and the associated affinity scores have been predicted
with reasonable accuracy, this selection will contain a relatively large proportion of active molecules

The prediction of the protein—-ligand complex is usually done by searching the translational and rota-
tional degrees of freedom of the ligand within the receptor binding site, and by searching the conforma-
tional degrees of freedom of the ligand itself. Binding conformations generated by docking programs are
thus defined by both a position of the ligand on the receptor surface and a particular ligand conformer.
The first docking algorithm for small molecules was developed by the Kuntz group at UCSF in 1982
(Kuntz et al., 1982). Before ligands can be docked against a receptor, generally the binding site has to
be identified first. This is done to limit the search space on the receptor surface and thus minimize the
degrees of freedom that have to be searched. The active site is often known from crystal structures of
ligand-bound receptors, but it can also be predicted. The largest cavity on a protein surface is frequently
the active site, but this is not always the case and different active site prediction and analysis methods
have been developed. In the absence of knowledge about the binding sites, cavity detection programs
such as GRID (Goodford 1985; Kastenholz, Pastor, Cruciani, Haaksma & Fox 2000), POCKET (Levitt
& Banaszak 1992), SurfNet (Laskowski 1995; Glaser, Morris, Najmanovich, Laskowski & Thornton.
2006), Docking without any assumption about the binding site is called blind docking. Various excellent
reviews on docking have been published in the past (Kitchen, Decornez, Furr & Bajorath 2004; Halperin,
Ma, Wolfson & Nussinov 2002; Coupez & Lewis 2006; Kontoyianni, Madhav, Suchanek & Seibel 2008;
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Brooijmans & Kuntz. 2003). In the following sections, we will give more details about the docking
theory including search algorithms, scoring functions, docking software’s as well as docking methods.

DOCKING ALGORITHMS

Docking algorithms generally contain two search engines; one is responsible for the placement and
exploration of the ligand in the binding site, while the other searches the internal degrees of freedom
of the ligand. For ligands without any degrees of freedom, it is feasible to search the six translational
and rotational degrees of freedom in the receptor binding site. However, as the number of rotatable
bonds of the ligand increases, the number of degrees of freedom increases exponentially when finding
solutions to fit into the binding site. Different algorithms are available and can be divided into three
major categories. The first algorithm is a grid search that comprehensively searches the binding site
by moving the rigid ligand through the available six degrees of freedom in a systematic fashion in the
binding site. The original algorithm only looked for surface complementarity (Katchalski-Katzir et al.,
1992), but later implementations also use electrostatic complementarity, as in FTDOCK (Gabb, Jack-
son, & Sternberg, 1997) for example. The second algorithm and significantly more efficient algorithm
place ligands in the binding site by descriptor matching (Ewing & Kuntz, 1997). Descriptors to find a
solution are generally points, sometimes with properties associated to them, placed in the receptor site.
Ligand atoms are matched with the receptor descriptors with some tolerance. The descriptor matching
algorithm orients the ligand in the binding site, which subsequently has to be optimized and scored.
Usually a large number of orientations are possible, and they all have to be explored and optimized.
When binding site descriptors are associated with physical- chemical properties, such as hydrophobicity
and hydrogen-bonding capabilities, the ligand atoms have to match geometrically as well as chemically.
DOCK (Shoichet & Kuntz, 1993; Moustakas et al., 2006) and FlexX (Rarey, Wefing & Lengauer, 1996)
use descriptor matching to orient the ligand in the binding site. The third algorithm is an energy-based
search method using molecular mechanics force fields to explore the energy surface of the ligand with
molecular dynamics (MD) or energy minimization algorithms. The minima of the ligand on the surface
have to be located and assessed in terms of their complementarity to the receptor. Energy minimization
is a local search, and is only used to optimize binding conformations generated by other search engines.
MD searches are global searches in principle, but also tend to get stuck in local minima. This search
strategy generally explores all degrees of freedom simultaneously, and is therefore not strictly considered
as orientation algorithms.

In summary ligand search algorithms are divided into three types of methods, namely systematic, sto-
chastic, and deterministic. Systematic search methods are frequently used in rigid protein-ligand docking,
where there are only six degrees of freedom, while genetic algorithms and Monte Carlo are stochastic
search algorithms, and molecular dynamics and energy minimization are deterministic algorithms.

Scoring Functions
The search algorithm of a docking method generates a set of candidate dockings for a particular ligand,
but some mechanism is needed to decide which ligand placements are better than others, and thereby

rank conformations against each other. This mechanism is called a scoring function. Scoring functions
can be classified into three categories: knowledge-based, empirical and force field-based. Knowledge-
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based scoring functions rely on statistical means to extract rules on preferred, and non-preferred atom
pair interactions from experimentally determined protein-ligand complexes. The rules are interpreted as
pair-potentials that are subsequently used to score ligand binding poses. The PMF score (Muegge & Mar-
tin 1999), for example, is a well-known knowledge-based scoring function. Empirical scoring functions
sum enthalpic and entropic interactions with the relative weights of the terms based on a training set of
protein-ligand complexes. The interaction terms often include Van der Waals, electrostatic interactions
and hydrogen bonds. Examples of empirical scoring functions include ChemScore (Eldridge, Murray,
Auton, Paolini & Mee 1997) and the FlexX (Rarey, Wefing, & Lengauer, 1996) scoring function. Force
field scoring functions are similar to empirical scoring functions in that they predict the binding free
energy of a protein-ligand complex by adding up individual contributions from different types of inter-
actions. However, they differ from empirical scoring functions in that the interaction terms are derived
from physical chemical phenomena as opposed to experimental affinities. Examples of force field scoring
functions in docking programs include the energy score in DOCK (Shoichet and Kuntz, 1993; Moustakas
et al.,2006), the score function used for single ligand docking in GOLD (Jones, Willett, Glen, Leach and
Taylor 1997). Several reviews on the use of various scoring functions employed in docking calculations
have been published (Tame, 1999; Halperin, Ma, Wolfson & Nussinov 2002; Gohlke & Klebe 2001).

Docking Software

A large number of docking programs have been published. Each program applies a certain algorithm that
explores the way the ligands are treated during docking. For example, programs that follow the algorithm
in which the ligand is built up incrementally, starting from a docked ‘base fragment” are DOCK (Shoi-
chet & Kuntz, 1993; Moustakas et al., 2006), and FlexX (Rarey, Wefing & Lengauer, 1996). In other
programs, such as AutoDock (Morris ef al., 1998; Osterberg, Morris, Sanner and Olson, 2002), Genetic
Optimization for Ligand Docking (GOLD) (Jones, Willett, Glen, Leach & Taylor 1997) the ligand is
treated in its entirety. Few docking programs allow protein flexibility such as AutoDock (Osterberg,
Morris, Sanner & Olson, 2002), FlexE (Rarey, Wefing, & Lengauer, 1996) and QXP (McMartin and
Bohacek, 1997). Another measure to classify docking programs would be according to the search strategy
employed. For example, DOCK (Shoichet & Kuntz, 1993; Moustakas et al., 2006) and FlexX (Rarey,
Wefing, & Lengauer, 1996) trying to maximize shape complementarity while AutoDock (Morris et al.,
1998; Osterberg, Morris, Sanner & Olson, 2002), QXP (McMartin & Bohacek, 1997) and GOLD (Jones,
Willett, Glen, Leach & Taylor 1997) programs incorporating an energy-driven or stochastic algorithm.

DOCKING METHODOLOGIES
Rigid Ligand and Rigid Receptor Docking

In this type of docking, the ligand has six degrees of freedom, three translational and three rotational in
which the search space is limited. Only one conformation of the ligand is considered. No internal rotations
about bonds are permitted in either molecule. Although no modern docking program relies exclusively
on this type, they remain an integral component of many other techniques. DOCK (Shoichet & Kuntz,
1993; Moustakas et al., 2006) and FTDOCK (Gabb, Jackson & Sternberg, 1997) adopted this type dock-
ing. This method is divided into three types: Clique search, geometric hashing and pose clustering. All
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are based on finding complementarity between the geometry of the binding site and that of the ligand.
Some early docking programs used clique detection to find docked positions of rigid ligands, and clique
detection remains an element of several modern, flexible-ligand docking programs, including recent
versions of DOCK. In DOCK, to place a given conformation of the ligand, the unoccupied space in the
binding site of the receptor is broken down into spheres, and the docking problem is solved by match-
ing the centers of heavy atoms in the ligand to sphere centers in the binding site using clique detection.

Flexible Ligand and Rigid Receptor Docking

Most small molecules have one or more freely rotatable bonds, allowing them to assume a variety of
stable conformations, so the next logical step in the evolution of docking methods was to allow for ligand
flexibility. Considering multiple ligand conformations makes it less likely that a ligand will fail to dock
simply because the conformation chosen was incompatible with the receptor. Almost all the docking
programs such as AutoDock (Morris et al., 1998) and FlexX (Rarey, Wefing, & Lengauer, 1996) have
adopted this methodology of treating the ligand as flexible while the receptor is kept rigid during dock-
ing. AutoDock incorporates Monte Carlo simulated annealing, evolutionary, genetic and Lamarckian
genetic algorithm methods to model the ligand flexibility while keeping the receptor rigid. The scoring
function is based on the AMBER force field, including van der Waals, hydrogen bonding, electrostatic
interactions, conformational entropy and desolvation terms. Each term is weighted using an empirical
scaling factor obtained from experimental data. FlexX uses an incremental construction algorithm to
sample ligand conformations. The base fragment is first docked into the active site by matching hydrogen
bond pairs and metal and aromatic ring interactions between the ligand and receptor. Then the remaining
components are incrementally built-up in accordance with a set of predefined rotatable torsion angles to
account for ligand flexibility. The current version of FlexX includes terms of electrostatic interactions,
directional hydrogen bonds, rotational entropy, and aromatic and lipophilic interactions. The interac-
tions between functional groups are also taken into account through assigning the type and geometry
for groups. In summary, molecular simulations such as molecular dynamics and Monte Carlo as well as
ligand fragmentation will be the approach to treat flexible ligand and rigid receptor docking methodology.

Flexible Ligand and Flexible Receptor Docking

Most proteins of pharmaceutical interest are flexible objects, constantly shifting from one stable confor-
mation to another. When they bind a ligand, many proteins undergo a conformational change in order to
better accommodate the ligand and its physical properties in their binding site. This phenomenon is called
‘induced fit’. It has been demonstrated that rigid receptor methods have a high probability of failing to
dock ligands to some flexible proteins when the wrong protein conformation is used (Osterberg et al.,
2002). While some ligands readily bind to a variety of conformations, others are highly selective. Thus,
in drug discovery, failure to allow induced fit and conformational change may translate into passing
over viable leads. Docking methods allowing protein flexibility are therefore an active area of research
(Teodoro & Kavraki, 2003; Kokh et al., 2011). Incorporating the receptor flexibility is significant chal-
lenge in the field of docking. Ideally, using MD simulations could model all the degrees of freedom in
the ligand-receptor complex. But MD has the problem of high computational expense, which prevents
this method from being used in the screening of large chemical database. Various methods are currently
available to implement the receptor flexibility. The simplest one is so-called “soft-docking” (Jiang,
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Kim, 1991) decreases the van der Waals repulsion energy term in the scoring function to allow for a
degree of atom-atom overlap between the receptor and ligand. AutoDock 4 (Morris et al., 2009) adopts
a simultaneous sample method to deal with side chain flexibility. Several side chains of the receptor can
be selected by users and simultaneously sampled with a ligand using the same methods. Other portions
of the receptor are treated rigidly with a grid energy map during sampling.

An extensive list of commonly used molecular docking programs, algorithms and scoring functions,
can be found in Table 1 and Table 2 of the recent Review paper by Ferreira, dos Santos, Oliva & Andri-
copulo, (2015). Another source of the latest developments in docking programs, docking web servers,
screen software, and screen webservers are listed in Table 1 of Chen’s paper (2015).

APPLICATIONS OF 3D-QSAR AND DOCKING

Since (Cramer, Patterson & Bunce, 1988) introduced the 3D-QSAR concept and methodology, it has
proven to be an invaluable tool in the field of drug design and activity prediction. Its impact is measured
in the thousands of reports dealing with 3D-QSAR successful applications to many data sets of enzyme
and receptor ligands. Excellent reviews have been written on this field (Kubinyi, Folkers & Martin, 1998,
2006; Melo-Filho, Braga and Andrade, 2014; Verma, Khedkar and Coutinho, 2010).

3D-QSAR is rooted on the hypothesis that ligands interact with their biological targets in a specific
conformation, where it is assumed that identification of steric, electrostatic, and hydrophobic structural
features of various drugs acting on their biological receptors can be used to explain their biological
activity as well as in assisting further work on molecular design and modification.

Initially most of the research work done in this field was oriented in finding the geometric similarity
among ligand and receptor. Later on, calculations of stereoelectronic properties in the binding conforma-
tion, such as comparative molecular field analysis (CoMFA) and comparative molecular similarity indices
analysis (CoMSIA), along with the development of complex sophisticated docking methodologies, have
allowed more accurate prediction of the biological activity of biomolecules. In the last decade there has
been an explosion of reports on combining 3D-QSAR and Molecular Docking (M/D) for establishing
the active conformation of a ligand in the presence of a receptor.

In 1997 a couple of articles were published on the methodology and applications of 3D-QSAR in
drug design (Kubinyi, 1977a, 1977b). In 1998 (Vedani, Dobler & Zbinden) performed the first attempt
to build a three dimensional receptor surface populated with atomistic properties mapped onto it. Soon
after (Santos-Filho & Hopfinger, 2002) applied the 4D-QSAR idea to both receptor-independent (RI) and
receptor-dependent (RD) problems. In the first method, the geometry of the receptor is not part of the data
available to perform the analysis while in the second method the geometry of the receptor is available.

The first documented report of 3D-QSAR/Docking application to drug development was conducted
in 2002 by (Buolamwini & Assefa) who proposed a binding mode for the cinnamoyl inhibitors at the
active site of HIV-1 integrase.

In 2003 (Wu, Robertson, Books & Vieth) proposed a combined strategy involving grid docking and
full force field minimization via a molecular dynamics (MD) simulated-annealing-based algorithm in
order to improve docking accuracy. In their docking studies of a test set of 41 diverse protein-ligand
complexes selected from the PDB, the protein was kept rigid while the ligands were treated as fully
flexible and a final minimization step was used to refine the docked poses. Their results indicated that
final minimization of docked structures improved the docking accuracy up to 10%.
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In 2004 (Erikson, Jalaie, Robertson, Lewis & Vieth) studied the effects of ligand and protein flex-
ibility on M/D accuracy. To examine ligand flexibility, in a test set of 41 X-ray ligand-protein complex
structures they applied several docking algorithms, finding that docking accuracy decreased substantially
for ligands with eight or more rotatable bonds. To examine how protein flexibility influences docking
accuracy, they applied the best docking algorithm to X-ray structures of trypsin, thrombin, and HIV-
1-protease in the unbound (apo) form and also bound to several ligands. For the docking experiments
they positioned each ligand to one average protein structure and to the apo form as well, and compared
the results to those of docking each ligand back to its original structure. The outcome indicates that the
docking accuracy falls off drastically for the average or apo structure reflecting the degree to which the
protein moves upon ligand binding.

Due to the impossibility of accounting for all the research papers published in the last decade that
combine M/D and 3D-QSAR to propose the best pharmacophore model, below we list a number of
recent reports that we have considered most relevant in accomplishing this task. Most of the research
done in this area has been focused in designing potent and effective inhibitors to HIV-1 proteins, and
anti-cancer drugs. However, we must give credit to other studies in drug design such as antinociceptives,
anti-tuberculosis, metabolic diseases, inflammatory and allergic processes, insecticides, osteoarthritis,
antivirals, anticoagulants, anti- amyloid therapies, anti-malarial and antimicrobials.

Tubulin is an aff heterodimer protein that forms part of microtubules essential in the cell cycle. Mi-
crotubules are involved in cell division, motility and shape and when they are compromised cell division
is altered or blocked. Therefore, tubulin is the target of numerous small-molecule ligands used in cancer
treatment among which is colchicine extracted from the poisonous meadow saffron Colchicum autumnale
L. In order to construct binding models for a set of structurally diverse colchicine site inhibitors (CSIs)
(Nguyen et al. 2005) reported docking and MD studies using the af-tubulin:DAMA-colchicine X-ray
structure as the template. The docking studies helped in determining the binding modes of the colchicine
site inhibitors. They used annealing via MD to compensate for pose inaccuracies arising from target
X-ray structure resolution. They also used constrained MD simulations to undock the CSIs from the
colchicine site in the binding models and to reverse the resulting trajectories to produce better models of
the binding event. From these results they proposed a common structure-based pharmacophore model
that accounts for the multiple structural classes of CSIs.

In order to accelerate in silico High Throughput Screening (Cherkasov, Ban, Li, Fallahi & Hammon,
2006) reported a progressive docking method based on “inductive” QSAR descriptors which cover a
broad range of molecular properties that can be used effectively to create various binary inductive QSAR
classifiers. In their approach, they used previously generated docking scores of already processed com-
pounds in order to build predictive QSAR models that could assess hypothetical target binding affinities
for yet undocked items. They tested this methodology on drug-like substances from the National Cancer
Institute database that have been docked into several unrelated targets. They affirm that their approach
can save hundreds of hours in terms of the docking time required to process ~90 000 potential ligands,
while maintaining 80-100% hit recovery rates.

In 2007 (Markus A. Lill) questioned the usefulness of 3D-QSAR alone and use of the induced fit in
determining the free energy of binding and in identifying the bioactive conformation of ligand molecules,
particularly in the absence of structural information of the target protein. He reviewed the predictive power
of multidimensional QSAR (mQSAR), particularly 4D-QSAR, in quantifying additional contributions
to the binding energy. The concepts inherent in 4D-QSAR treat the alignment issue by incorporating
molecular and spatial variety by representing each molecule in different conformations, orientations,
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tautomers, stereoisomers or protonation states. He affirmed that in classical 3D-QSAR, even those that
include CoMFA or CoMSIA, one cannot sample the entire conformational space around the binding
mode due to a combinatorial explosion in the number of required QSAR simulations. Since only if the
3D structure of the target protein is known, it can be used for predicting purposes using docking for
example; therefore, 4D-QSAR can be interpreted as a feasible extension of 3D-QSAR to address the
uncertainties during the alignment process.

In 2008 (Santos-Filho & Cherkasov) proposed a drug design approach which included docking,
molecular fingerprints-based cluster analysis, and ‘induced’ descriptors-based receptor-dependent 3D-
QSAR. They claimed that unlike other 3D-QSAR receptor-dependent, in their approach no ambiguous
alignments are required for the construction of the models and that the computational cost is relatively
lower. The induced descriptors presented are R that defines the steric influence of a group of atoms
that compose a substituent G onto a single atom j, and o* that defines the inductive effect of G onto the
reaction center j. They suggested that induced descriptors capture intermolecular interactions between
ligands and receptors. This methodology was tested in eight data sets sampled from the literature and
from public databases such as: human sex hormone-binding globulin, human corticosteroid-binding
globulin, anthrax lethal factor, HIV-1 reverse transcriptase, neuraminidase A, thrombin, trypsin, and
Pneumocystis carinii dihydrofolate reductase data sets. They concluded that although the presented models
are interpretable, with high statistical and predictive significance, the usage of the receptor structure is
not always enough for the development of significant models.

In 2009 (Pasqualoto & Ferreira) built RD 3D-QSAR models for a set of thirty seven isoniazid (INH)
derivatives bound to the enoyl-acp reductase from M. tuberculosis (InhA). The molecular geometries of
hypothesized active conformations of each ligand, resulting from a RI 4D-QSAR analysis, were used in
their study. They used the 2.7 A X-ray structure of the complex InhA-NAD-INH as starting model for
the receptor geometry, and the energy-minimized structure was used as initial structure in MD calcula-
tions. Furthermore, they used the lowest energy conformation of the InhA-NAD-INH model to dock the
energy-optimized structures of all ligands. They also performed MD simulations on each complex InhA-
NAD-analogue. From the MD simulations these authors found that the following energy contributions
were very important to the binding process: the bound ligand solvation energy, the sum of electrostatic
and hydrogen bonding energies of the unbound ligand, the bending energy of the unbound ligand, the
electrostatic intermolecular ligand-receptor energy, and the change in hydrogen bonding energy upon
binding.

Human serum albumin (HSA), the most abundant protein in human blood plasma, binds to different
types of ligands at multiple sites. Albumin is of medical importance since it transports hormones, fatty
acids, metabolites, buffers pH, and maintains osmotic pressure, among other functions. To explain the
high ligand promiscuity of HSA in 2010 (Deeb, Rosales-Hernandez, Gémez-Castro, Garduiio-Juarez, &
Correa-Basurto) performed a 5 ns MD simulation on HSA. Those HSA structures sampled every 0.5 ns
were subjected to a 3D-QSAR/Docking study on 94 well known HSA ligands, including warfarin and
ketoprofen, known to bind HSA sites I and II. This study provided evidence that HSA binding sites I and
IT interact specifically with a variety of compounds through conformational adjustments of the protein
structure in conjunction with ligand conformational adaptation to these sites.

In 2011 (Taha et al.) proposed a docking-based comparative intermolecular contacts analysis (db-
CICA) as anew 3D-QSAR concept for validating docking solutions. Their approach evaluates the dock-
ing configurations based on the observations that a set of ligands inside their corresponding binding
pocket interact in such a way that potent ligands contact the binding site spots in a different way than

39

printed on 2/11/2023 5:39 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Application of Docking Methodologies in QSAR-Based Studies

those ligands with low affinity. Within this framework optimal dbCICA models can be transformed
into valid pharmacophore models that can be used for 3-D search of new bioactive compounds. These
authors applied dbCICA methodology to search for new inhibitors of candida N-myristoyl transferase as
potential antifungal agents and glycogen phosphorylase (GP) inhibitors as potential antidiabetic agents.

In in an elegant study (Deeb, da Cunha, Cormanich, Ramalho & Freitas, 2012) used a multivariate
image analysis applied to QSAR (MIA-QSAR) method. MIA-QSAR is a 2D image-based approach in
which images are chemical structures and, where the combination and arrangement of pixels (descrip-
tors, binaries) provide chemical information. For this work they took 60 compounds obtained from two
series of non-peptides such as HIV-1 protease inhibitors reported elsewhere. Their premise was that the
sum of the substructures of two compound classes can give rise to new actives can cause synergistic
effects on bioactivities and enhanced pharmacokinetic parameters. The interaction modes of the ligands
with the HIV-1 protease crystal structure active site were obtained with the Molegro Virtual Docker
(MVD) program using the MolDock scoring function. The MIA-QSAR models were validated through
LOO-CV and Y-randomization tests. The best MIA-QSAR model was the one with the lowest RMSECV
value and able to predict pIC,  values of new compounds that have comparable to higher HIV-1 protease
inhibitory activity when compared to the existing compounds used in the study. They concluded that
the MIA-QSAR method is useful in showing the synergistic effect of mixing substructures to give rise
of a new compound.

In 2013 (Jimenez-Botello et al.) performed QSAR studies on a set of experimentally tested ligands
to validate a homology built 3D model of the rat adenosine receptor (rA2AR). The rA2AR model was
refined by MD, in which the initial and refined 3-D structures were used for M/D simulations. The results
showed that there is a hindrance effect caused by a ribose moiety attached to agonists which plays an
important role in activating the receptor via formation of several hydrogen bonds; while the lack of this
moiety allows blocking of the receptor. They showed that their theoretical affinity estimation had good
correlation with reported experimental data.

Toimprove the (Nguyen et al., 2005) not correctly predicted binding conformations of a few colchicine
site inhibitors (CSIs), in 2013 (Da, Mooberry, Gupton & Kellogg, 2013) performed an elegant study to
definitively map the af-Tubulin colchicine site by using 3D-QSAR, ensemble-docking and hydropathic
analysis. They concluded that a combination of these techniques reveals a more detailed pharmacophore
model for CSIs with a higher resolution than the ~3.6 A available for af-tubulin.

In 2013 (Ul-Haq, Usmani, Shamshad, Mahmood & Halim, 2013) performed 3D-QSAR and docking
studies on Danuravir derivatives, the most potent HIV-1 protease inhibitor known so far. They applied
a combined study of 3D-QSAR unto the Danuravir derivatives using ligand-based and receptor-based
protocols to generate CoOMFA/CoMSIA models. To align a series of 102 Darunavir derivatives in the
receptor-based method, they used the bound conformation of Darunavir in the crystal structure of HIV
protease as a template. To validate the 3D-QSAR results, they performed docking simulations with the
most active compound and with the least active compound, and to evaluate the quality of interaction as
HIV-1 protease inhibitors they were docked with the wild type and mutated proteins.

In 2013 (Contreras-Romo et al.) used a combined approach of protein folding, MD simulations, dock-
ing, and QSAR to elucidate the detailed interaction of the vasopressin receptor V1a (V1aR) with some
of its blockers. The V1aR model was constructed by I-TASSER and refined through MD simulations.
For this study 134 compounds that are structurally related to benzodiazepines were used. The energy
minimized 3D chemical structures of the compounds were docked at the binding pose of conivaptan
on the refined V1aR structure at the 5-ns snapshot of the MD simulations. The QSAR analysis was
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performed upon the best binding poses of the ligands, and the accepted linear models were subjected to
cross-validation (CV) analysis by the leave-one-out (LOO), leave-a-group-out (LGO) procedures and
Y-scrambling test. The scrambled data set was re-examined by the MLR method. The accepted MLR
models were further optimized using a feed-forward neural network (NN) with back propagation of the
error algorithm. Their results suggest that ligand recognition of V1aR is mediated by n-n and n-cation
interactions with aromatic residues at the binding pocket of this receptor. Other nearby residues engage
in hydrogen bonds and hydrophobic interactions and that a hydrogen bond interactions with the N atom
of side chain of R214 is needed for a high affinity to V1aR.

It is known that protein kinase C Related Kinase 1 (PRK1) is involved in the regulation of androgen
receptor signaling and has been considered as a novel potential drug target for prostate cancer therapy.
Since there is little known about the PRK1 structure and its inhibitors, in 2014 (Slynko ef al.) used the
kinase domain of the protein kinase ¢ theta (PKC-theta), with high homology to PRK1, as template
in order to generate six PRK1 homology models (hm-prk1). From a group of 84 known active kinase
inhibitors obtained from in vitro screening, they chose six compounds among which there were potent
PRK1 inhibitors as well as some moderately active inhibitors. The refinement of the hm-prk1 confor-
mations on the binding pocket and ligand was done via receptor-based docking. They observed that an
inaccurate prediction of ligand binding poses occurred when using only one protein conformation and,
subsequently, in low enrichment factors. To overcome this problem they docked all six chosen com-
pounds in all six PRK1 homology models. They used MM-PB(GB)SA, QM/MMGBSA approaches to
re-score the docking solutions by calculating binding free energy scores through simple QSAR models
based on descriptors such as ligand charge or number of rotatable bonds. However, their results indicate
that the MM-PB(GB)SA, QM/MM-GBSA rescoring approach is not accurate enough to distinguish
the compounds with similar binding affinities, but it can be used to separate strong PRK1 inhibitors
from moderate or weak binders. They also demonstrate that using only one snapshot derived after the
minimization is sufficient to provide a reasonable prediction of the binding free energy, but only if the
correct starting conformation is used.

Due to its narrow therapeutic index the CSI colchicine has limited its applications in clinical trials as
antitumor agent. As a large number of small molecules possessing significant structural diversity, have
been reported to bind the colchicine site in microtubules, in 2015 a hierarchical strategy was developed
for structure-based virtual screening (VS) by integrating different computational methods such as M/D,
3D-QSAR, and pharmacophore model. With this procedure, based on SAR analysis, 691 novel small
molecules were designed and the binding poses were predicted by a M/D into the three-dimensional
X-ray structure of human tubulin complex and generated 6920 binding poses. The binding energy of
the poses was calculated by MM-GBSA. Use of 3D-QSAR modeling helped in correlating correlate
compound activities with interaction fields calculated based on protein crystallography or molecule
superimposition. By means of the VS strategy, sixteen novel compounds with various structural features
were obtained and synthetized (Li et al., 2015).

A CASE STUDY OF MOLECULAR DOCKING AND QSAR

In the last year, several studies have been performed using Molecular Docking-Molecular Dynamics
and QSAR methodologies. For example, (Mei et al, 2015) have used the computational tools to study
ROCK/PKA inhibitors. The 3D-QSAR results showed that the substitution containing positive charge
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attached to the phenyl ring was favored for activity and selectivity. Specially, two compounds show theses
characteristics but PKA protein (PDB: 3POO) inhibitory activities were quite different. To understand
this behavior, docking methodology (using Surflex-Dock module in Sybyl 2.0) were used to explain the
interaction of these molecules with ROCK?2 protein (PDB: 4L.6Q), and finally to validate the docking
results, the Molecular Dynamics (using Sybil 2.0) simulations were carried out for 5 ns.

In the same way, (Abbasi et al, 2015) have performed QSAR and molecular docking (AutoDock
4.2) methodology to examine 30 L-tyrosine derivatives as metalloproteinase (MMP-2, PDB: 3AYU)
inhibithors. They proposed that their results could be used to design new inhibitors.

(Vats et al, 2015) have studied several novel flavonoid analogues as potential AChE (PDB: 4MOE)
inhibitors by QSAR, Docking and MD analysis. QSAR methodology was applied by the G-QSAR
module from the VLife MDS version 4.3, the docking and molecular dynamic methodologies were ap-
plied by Glide module of Schrodinger and the force field 2005 respectively, the docking was carried out
only around the active site in the protein. They selected the most favorable compounds from the QSAR
analysis to perform the docking and MD studied. They concluded that the stability of the complex in
vivo conditions depends on the two best compounds.

(Sepehri et al, 2015) and (Fatemi e al, 2015) established a methodology, QSAR and Docking
(AutoDock 4.2), to evaluate of gp41 as possible target for anti-HIV-1 (PDB: 1A1K) activity and HIV-
1 protease (PDB: 4DJP) respectively. In general, docking methodology is carried out to establish the
interaction between the active site and several compounds. On the other hand, (Saleh, 2015) has studied
several fullerenes derivatives as HIV-1 protease (PDB: 4DJO) inhibitors. After theoretical descriptors
analysis, It is concluded that the characteristics of a compound such as solubility and reactivity with the
surrounding system could be sufficient to interact with the HIV-1 protease, however the docking results
showed that other compounds should be more active.

(Kang et al, 2015) studies 36 compounds that showed inhibitory activity toward human recombinant
protein of VEGFR-2 tyrosine kinase (PDB: 2IVU) by QSAR and docking (AutoDock 4.2) methodolo-
gies. Their results permitted to design seven new molecules with high predictive biological activities.

The last papers discussed before have applied the same methodology, first QSAR analysis and then
molecular docking and finally, in some cases, molecular dynamic analysis. The QSAR analysis was car-
ried out to obtain the best descriptors in the series analyzed and, in some cases, the QSAR model was
used to predict new molecules with activity. The docking and molecular dynamic studies were carried
out to establish the active site and the interactions between this site and the compounds.

The histone deacetylase 2 (HDAC) inhibitors are used as a new therapy for neurodegenerative diseases.
Several inhibitors are in the market such as trichostatin, valproic acid, sodium butyrate, phenylbutirate,
vorinostat (SAHA) MCQouwn et al, 2011), however some side effects are present in its treatments. For
this reason, a new compounds as HDAC?2 inhibitors are required.

Our group (Martinez-Pacheco, 2012; Martinez-Pacheco, 2015; Martinez-Pacheco et al, 2015) has
established a different methodology to find new compounds with some biological activity. First, a dock-
ing study of a series of compounds having certain biological activity took place, these compounds are
exclusive of the catalytic site. In this docking analysis some new hypothetic compounds are included to
identify the most probable molecules with good biological activity. After this analysis, the QSAR analysis
is performed to predict the best candidate as new molecule with good biological activity.
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Results

The histone deacetylase 2 (HDAC2, PDB: 4L.XZ) in complex with SAHA was used in this methodology.
To prepare protein input, PyMOL Molecular Graphics System was used to remove ligands and cofactors.
In this case, the HDAC?2 is a trimmer and only the monomer A was used. Polar hydrogens and Kollman
charges were added to monomer A. In this case, a grid box of 96Ax96Ax96A was used as search space.

From the docking results, an occupation probability was calculated by applying the following steps:

e  Selecting only the catalytic sites and the Gibbs free energy
Consider the temperature as (298 K) and the ideal gas constant (1.98 cal/mol)
Use the occupation probability of the results obtained in order to establish a relationship between
the occupation probability and Gibbs free energy.

The following equation calculates the probability of occupation considering the Gibbs free energy:

_AG
e RT
3)

b; AG

e

where T is the temperature at 298 K, AG is the difference in Gibbs free energy; R is the ideal gas con-
stant (1.98 cal/mol).

Taking AE as:
b,
AE = RTln - “4)
b,

e  Establish a p> 0.7, where p, = 0.7 and p, = 0.3
Select only those catalytic sites with higher probability of success (ex AG>0.499 kcal/mol).
e  Analyzing the catalytic sites with a p> 0.7

Using the most stable conformation of a molecule in the catalytic site with higher probability of
success and the Gibbs free energy calculated previously, it is possible to perform a QSAR study and to
validate the models.

Although, many authors consider a high ¢ (for instance, g*>0.5) as an indicator, or even as the ultimate
proof that the model is highly predictive (Golbraikh & Tropsha, (2002)), to define the relative impor-
tance of the QSAR models, we have also performed several other tests beyond the ¢°. These include the
Akaike’s information criterion (AIC, Akaike, (1974)), the Kubinyi fitness function (FIT, Kubiny, (1994))
and calculations of the correlation coefficient for regression through the origin (RTO, R ?), all of which
were performed for the training and predicted activity according to (Anderson and Legendre, 1999).
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The tridimensional structure of HDAC2 used in this study was the PDB: 4LXZ, this structure cor-
respond a trimmer, however, only a monomer was used in the molecular docking processes (Figure 1).

The monomer and Zn>* ion (Figure 1) were used in the molecular docking by AutoDock 4.2 software,
in a grid box of 96X96X96 A, itis important to mention that the catalytic site is formed for the Zn2+
ion, Tyr306, His142, His143, Phe152 and Phe207

One hundred fourteen molecules were used in the docking and QSAR analysis; fifty four molecules
(hydroxamic acid compounds, Figure 2) were taken as training set, fifty molecules (carboxylic acid
compounds) as prediction set and ten commercial inhibitors of HDAC as validation set.

All compounds of the training set were docked into the catalytic site, and only fourteen compounds
of the predicted set were docked into the catalytic site, they showed several conformations around the
catalytic site. Figure 3 shows three differents conformations of a carboxyl acid derivative (14) around
the catalytic site on the HDAC2 monomer.

Interactions between the compound 14 and the catalytic site were studied. The binding energy, the
population distribution was calculated and only the interactions with probability higher than 0.7 were
taken for QSAR analysis. The docking results showed that the active site is open when the lysine 36 is
deacetiled from the histone, or close when this amino acid is acetiled. All our calculations were taken
in the deacetiled system.

Figure 1. HDAC?2 structure, only a monomer of HDAC2 and a Zn?* ion (red sphere) were used in the study

Figure 2. General structure of hydroxamic acid compounds (red color represents the lipophilic group,
blue color represents the linker and the green color represents the coordination group of Zn**)
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Figure 3. Three different conformations of the carboxyl acid derivative (14), of all them are probable
into the catalytic site

The QSAR model for the training set was built from 1239 molecular descriptors calculated by Dragon
software. After statistical procedure, 151 molecular descriptors were used as a pool of descriptor. The
best Multi-Lineal Regression (MLR) model (Figure 4A) is:

pIC, "= —0.967 (+0.583) +0.541 DP06 (+0.097) +3.317 MATS5e (+0.963) +0.721 Mor18e (+0.224)
—1.349 Mor13p (+£0.326) +1.433 GATS1e (+0.512) +1.015 GATS8p (+0.421)

R=0.94524, SD=0.23065, p<0.0001, N=52, SEE=2.7986, ¢* ,=0.8498, ¢* ,,=0.7598, FIT=1.791,
AIC=0.0608, F=60.9553.

Figure 4. A) MLR of 52 inhibitors of HDAC?2 as training set, 14 compounds proposed from molecular
docking as predicted set and 10 commercial inhibitors as validation set. There are two compounds in
the validation set that are a big outliers (Valproic acid and AGK2). B) Williams plot. There are three
compounds of the predicted set that are including of the description region (compounds 1, 4 and 14).
These compounds are very close to the leverage limit (h*).
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It is very interesting that the two commercial inhibitors as valproic acid (it does not present a bulky
group) and AGK2 compounds are considered as outliers, this could be interpreted that these compounds
are specific to HDACS and class III HDAC, respectively.

The Williams plot (Figure 4B) showed that three molecules of the prediction set are including into
the region of description. These three molecules (Figure 5) were synthesized and tested as HDAC?2
inhibitors (Martinez-Pacheco, (2015)), and they show potential experimental activity as theoretical
prediction proposed.

Our results suggests that compoud 4 is a HDAC inhibitor with activity similar to phenylbutirate,
whereas compound 14 is a HDAC inhibitor as phenylbutirate and trichostatin. Finally, compound 1
activated the HDAC2, however, theoretical results of this compound suggests the HDAC?2 activation
because its molecular docking is in a site different as the other two compounds.

CHALLENGES AND FUTURE DIRECTIONS FOR CURRENT
DOCKING METHODS IN DRUG DESIGN

Despite that M/D is routinely used in virtual screening or lead optimization for drug screening and
design, frequently many problems arise. These issues are related to use of the wrong binding site of the
target protein, use of an inappropriate small-molecule database, the method to choose the docking pose,
or even a high dock score that fails in MD simulations. Sometimes docking analysis alone can generate
erroneous poses of ligand binding, and occasionally the ligand will fly away during the MD simulation,
in spite of having a high dock score. Such problems have been addressed by (Chen, 2015) who has given
a word of caution regarding docking results.

Sampling and scoring are two of the fundamental weaknesses in simulating the binding of proteins
and small ligand molecules. Protein-ligand interactions implicate a delicate balance of competing forces
that occur between flexible moieties generating far too many conformations to be sampled exhaustively.
These interactions are also affected by the surrounding water molecules and ions. In order to calculate
the total free energy of binding, there is the need of designing accurate force-field-based approaches able
to model the many types of interactions using physics-based parameters derived either from experiments
or quantum mechanical calculations. These force fields must be able to model the entropic freedom of
nearby water molecules in the vicinity of a ligand-receptor, a computationally expensive process when
simulating explicit water molecules, and the water screening of the electrostatic forces between charged
atoms. Such scoring function, however, will add substantial computational cost in order to estimate
the favorability of a protein-ligand complex. Other qualities than one may want to score for practical
reasons are toxicity and properties related to absorption, distribution, metabolism, and excretion. Since

Figure 5. Compounds 1, 4 and 14. They are predicted by molecular docking and QSAR analysis as best
HDAC? inhibitors.
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it is well-recognized that drugs may bind to different targets with significant affinities, known as drug
promiscuity, another challenge is to model this tendency of ligands to bind to several sites of the protein
receptor. Mainly because if a ligand binds tightly somewhere, even near the desired binding site, this
does not mean that it will affect substantially the drug action, particularly important for non-traditional
drug targets, such as a target found inside the interface of protein-protein interactions.

Nevertheless, some recent efforts have been oriented to help in solving the challenges mentioned
above. Among these the technique known as Protein Energy Landscape Exploration (PELE) is a good
example (Borrelli, Vitalis, Alcantara & Guallar, 2005) since it combines protein structure prediction
algorithms and Metropolis Monte Carlo techniques in order to explore ligand diffusion on the protein
energy landscape.

CONCLUSION

Computational-based rational drug design has become more common over the past decade. Most of
the approaches involved in this type of design focus on ligand based drug design such as Quantitative
Structure—Activity Relationship (QSAR) studies that use various molecular descriptors for chemical
information training. Another branch is structure based drug design method which is molecular docking.

In this chapter, we have summarized the two methods including QSAR and Molecular Docking
methodologies. Also the efforts done in 3D-QSAR and docking were presented followed by a case study.
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KEY TERMS AND DEFINITIONS

Computer Aided-Drug Design (CADD): The effective design of chemical structures with the desir-
able therapeutic properties, it is a well-established area of computer aided molecular design (CAMD).

Docking Algorithm: Mechanism that two search engines; one is responsible for the placement and
exploration of the ligand in the binding site, while the other searches the internal degrees of freedom
of the ligand.

Molecular Docking (M/D): The computational process of searching for a ligand that is able to fit
both geometrically and energetically the binding site of a protein.

Molecular Dynamics (MD): This computational method calculates the time dependent behavior of
a molecular system based on Newton’s second law or the equation of motion.

Quantitative Structure Activity Relationships (QSAR): A way of finding a simple equation that
correlates structural molecular features (descriptors) with physicochemical properties, such as biological
activities for a set of compounds by means of statistical methods.
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Rigid Ligand: A drug that has no degrees of freedom to rotate around bonds.

Rigid Receptor: Protein that has only one conformation and cannot shift to another.

Scoring Function: The mechanism that is needed to decide which ligand placements (scores) are
better than others, and thereby rank conformations, or candidate dockings, of a particular ligand.
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ABSTRACT

Today, the development of new drugs is a challenging task of science. Researchers already applied
molecular docking in the drug design field to simulate ligand- receptor interactions. Docking is a term
used for computational schemes that attempt to find the “best” matching between two molecules in a
complex formed from constituent molecules. It has a wide range of uses and applications in drug dis-
covery. However, some defects still exist; the accuracy and speed of docking calculation is a challenge
to explore and these methods can be enhanced as a solution to docking problem. The molecular docking
problem can be defined as follows: Given the atomic coordinates of two molecules, predict their “correct”
bound association. The chapter discusses common challenges critical aspects of docking method such
as ligand- and receptor- conformation, flexibility and cavity detection, etc. It emphasis to the challenges
and inadequacies with the theories behind as well as the examples.

INTRODUCTION

Molecular recognition plays a key role in promoting basic biomolecular experiences such as drug-protein,
enzyme-substrate and drug-nucleic acid interactions. Detailed understanding of the general principles
that administrate the nature of the interactions (van der Waals, hydrogen bonding, electrostatic) between
the ligands and their protein or nucleic acid targets may present a conceptual support for designing the
desired potency and specificity of potential drug leads for a given therapeutic target. Practical applica-
tion of this knowledge requires structural information for the target of interest and a route for evaluating
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candidate ligands. To this end, a variety of computational docking methods are available(Mohan, Gibbs,
Cummings, Jaeger, & DesJarlais, 2005)

Among the vast studies, there are several reports that represent molecular docking as worthwhile
strategy to predict 3D structures of complexes. Molecular docking can overcome to experimental com-
plications surrounding the structure determination of complexes, and can give valuable structural insights
on biomolecular interactions. However, the process of binding a small molecule drug to its protein target
is not simple; several factors affect on the interaction between two molecules, so these methods can be
improved as a solution to docking problem. Despite great developments and achievements, the widespread
application of docking methods, and the accurate and rapid prediction of protein—ligand interactions
is still a challenging area to explore and some downsides still exist. The flexibility or mobility of both
ligand and target, the effect of the protein environment on the charge dispersal over the ligand, and their
interactions with the surrounding water molecules, complicate the quantitative description of the process.

This chapter reviews the literature in the last decades to account for the various abilities, limitations
and challenges of the currently widespread applied algorithms which presently characterize this meth-
odology. It introduces some efforts of drug developers for the improvement of algorithms to overcome
the shortcomings and to enhance the computations for the incorporation of both ligand and receptor
flexibility in the docking process, careful exploration of the ligand conformation within the binding
site and improving complementarity between them, refinement and stability evaluation of the final
complexes and thus accounting for induced fit. The discussion will further be limited to protein-small
ligand complexes, omitting macromolecular complexes; however, much of what is presented here is also
valid for that class of complexes.

The chapter handles some critical problems of docking calculation such as the lack of speed, accuracy,
protein flexibility and ligand sampling with somewhat aspects of fundamental basic concepts such as
movements of side chains and the biased selection of ligands as a result of using ligand-bound protein
structures during a docking process or mis-docking ligand. As mentioned before, something of the recent
advances provide on the ligand sampling, protein flexibility, and scoring functions as important features
in protein-ligand docking. Three types of ligand sampling algorithms will be discussed; shape matching,
systematic search, and stochastic algorithms. Computational efficiency for each algorithm is represented
according to their main advantages and disadvantages. Covalent docking is another issue of molecular
docking which is to be considered in the last part. Authors hope that the recently published papers on
covalent docking give insights on biomolecular interactions to the readers.

BACKGROUND

Mutual molecular recognition is the initial point for approximately all processes in biological systems.
Today, molecular docking as a very demanding computational and algorithmic tool plays a fundamental
and advanced role in structural molecular biology and drug design. These computational tools help us
for understanding molecular interactions of two molecules such as protein—protein or protein—ligand that
is a key for the understanding of chemical process in diseases and other life issue occurrence. Molecular
docking has a wide range of potential uses and can be applied in the following fields of drug discovery:

e  Structure—activity studies
e  Lead optimization
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Finding potential leads by virtual screening
Providing binding hypotheses to ease predictions for mutagenesis studies
e  Helping x-ray crystallography in the fitting of substrates (Figure 1 shows a x-ray crystallography
structure as PDB) and inhibitors to electron density
Chemical mechanism studies
Combinatorial library design

Molecular docking techniques are designed to aid the development of therapeutic agents via predict-
ing of positioning of a small molecule (ligand) when it is bound to a protein receptor or enzyme, and
to find most stable conformation of a ligand and its target macromolecule or receptor. However, in a
docking process study, both molecules are flexible and may alter each other’s structure as they interact:

e  Hundreds to thousands of degrees of freedom
e  Total possible conformations are astronomical

Docking is an important in silico method widely used for recognizing drug led by 3D docking ligand
to the three dimensional structure of a pre-choose target site continued with the optimization of binding
configurations and assessment of binding possibility based on paired molecular interactions (Gozalbes
et al., 2008; Kitchen, Decornez, Furr, & Bajorath, 2004). Docking process is a combination of a search
algorithm and a scoring function that attempt to find the “best” matching between two molecules: a
ligand and a receptor. Now a relatively big and ever growing number of search algorithms and scoring
functions are accessible. Reasonably, the best solution would be to associate the ideal searching algo-
rithm with the ideal scoring function. Figure 2. Indicates an example of the best docking corresponding
to the ideal scoring function. However, numerous studies have shown that the performance of docking

Figure 1. X-ray crystallography structures deposited as PDB file: A typical PDB structure (PDB code:

3PS2)
Ghasemi, Safavi-Sohi, and Barbosa (2012)
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Figure 2. The best docked conformation of one of the most active compounds, (compound 141) in the

active site of IN
Ardakani and Ghasemi (2013)

is greatly depend on the specific features of both the binding site and the ligand to be explored, and that
establishing which method would be more appropriate in a precise context is nearly difficult (Sousa,
Fernandes, & Ramos, 2006). The molecular docking problem can be defined as follows: Given the atomic
coordinates of two molecules, predict their “correct” bound association. In its most general form, no
additional data are provided.

The present field mainly adapts to dock small molecules into macromolecule target especially pro-
tein molecule and its use is increasing year by year (Pei, Yin, Ma, & Lai, 2014; Sliwoski, Kothiwale,
Meiler, & Lowe, 2014; Warren, Do, Kelley, Nicholls, & Warren, 2012; Zheng et al., 2013). The goal
to run a docking simulation of ligand—protein is to calculate the main binding mode(s) of a ligand with
a protein of known 3D structures of its own components. Ligand molecule uses its action by binding
to specific molecular parts of the cell such as modulating biochemical processes in an illness adapting
manner. Considering the protein-protein docking and protein-small molecule docking, the following
types of problems occurs:

e  Protein-protein docking
° Bound docking (“rigid redocking problem”):
° Unbound docking: side chain flexibility
e  Protein-small molecule docking
° Rigid receptor, rigid ligand
° Rigid receptor, flexible ligand
° Flexible receptor, flexible ligand
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The docking process is divided into two main stages: first, the correct situation of the ligand at the
protein binding-site and, second, the estimation of the ligand affinity by a scoring function. Figure 3
shows more details of the key steps in docking that are used in all protocols commonly. To determine the
structure of a biomolecular complex, this technique creates a broad set of conformations of the receptor
complex, and then ranks them according to their stability (Morphy & Harris, 2012).

One key area for improvement in docking systems is in the methods for scoring putative protein-ligand
interactions. Scoring is central to the docking problem. Development of protein structures for potential
drug leads by molecular docking is critically dependent on methods for scoring putative protein-ligand
interactions. Anideal function for scoring must exhibit predictive accuracy and high computational speed,
and must be tolerant of variations in the relative protein-ligand molecular alignment and conformation.

In comparison to the rapid virtual screening (VS) methods similar to pharmacophore modeling, the
performance of docking methods is a trade-off between computational demands and accuracy. The extent
and specificity of binding depends on the complementarity between the ligand and its target in terms
of shape, polarity, and chemical functionality (Reymond & Awale, 2012). Effective docking methods
search high-dimensional spaces well and use a scoring function that properly ranks candidate dockings.

The success of small molecule or ligand roots from the following facts;

1. Matches of their size for most biologically relevant binding sites;

2. Sufficient existing of the structural and functional diversity in small molecules to reach strong and
specific binding to most of these binding sites (see Figure 4.); and

3. The pharmacokinetics of ligand molecule can be adjusted while target binding to support efficacy
and safety in vivo (Bon & Waldmann, 2010; van der Horst ef al., 2011).

Docking method is simple and has a variety of applications but some difficulties limit its ability.
Over the last decade a wide effort has been directed toward developing efficient docking methods and

Figure 3. Common key steps in typical docking protocols

A: Choose of 3D structures of ligand and the target macromolecule.

B: Preparation of two structure considering the docking method being used.

C: Analysis of docking results and selecting the binding modes with the best scores.

_>‘ Target Selection Ligand Selection I(_

Y Y
‘ Target Preparation Ligand Preparation |

Docking

Y

| Evaluating Docking
l Results
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Figure 4a. Compound docked in the binding site of target factor Xa

Figure 4b. The residues and pockets of the active site of factor Xa
Ghasemi and Hooshmand (2013)

(B)

for the identification of lead compounds. Considerable progress has been made in the computational
prediction of ligand-target binding modes. A number of review articles in this emerging area of research
have been recently published (Mohan et al., 2005). Some of the problems of docking calculation have
been considered in the present text and a number of problem solutions considering some efforts have
been introduced.
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COMMON DOCKING COMPLEXITY

For docking method, the equipment necessity and information of the structural aspects and molecular
frameworks of active compounds is low (Alonso, Bliznyuk, & Gready, 2006; Chen, 2015), but its ability
may have limited to the accounting of target flexibility (Hou et al., 2013) and certain physicochemical
features are vital for drug binding. These limitations arise from insufficient sampling of target confor-
mational space, the use of gas-phase algorithms and parameters in scoring, poor modeling of solvation
and entropic effects, and the use of simplified cut-off distances for non-bonded interactions. Careful
calculation shows that accuracy is a major problem with docking studies, unless the docking is not ap-
proached with precision (Chen, 2015).
The complexity of computational docking increases in the following order:

1. Rigid body docking, where both the receptor and small molecule are treated as rigid.
2. Flexible ligand docking, where the receptor is held rigid, but the ligand is treated as flexible; and
3.  Flexible docking, where both receptor and ligand flexibility is considered.

Thus, the most regularly used docking algorithms use the rigid receptor/flexible ligand model (Mohan
et al., 2005)

Several factors influence the process of binding a small molecule to a target protein and make it quite
complex; for example, the motion or flexibility of the small molecule drugs and receptor which affect
the possible interactions solvent-receptor-ligand-solvent present depends on the molecular distribution
of charges. There are common problems such as incorrect binding site of the target protein, the screen-
ing use of an improper small-molecule database, the selection of docking pose, and high dock score
(binding affinity) but failure in molecular dynamics (MD) simulation, deficiency of clarity whether
the compound is an inhibitor or agonist, or the docking results are unreliable with bioassays (Morphy
& Harris, 2012). These problems in the elucidation of docking should be considered with caution and
concern before performing docking (Chen, 2015).

The context covers joint critical aspects in all key steps with major emphasis to the general strengths
and shortcomings. Enough theory behind these challenges is provided by avoiding many unnecessary
equations, and details of calculation algorithms. Some literature within the last decades reviews to ac-
count the various capabilities, limitations and challenges of the currently widespread applied algorithms
that presently characterize this methodology. Some efforts have been made by drug developers for im-
proving algorithms by examples of its applications in drug design to overcome such shortcomings and
computational enhancing for incorporation of both ligand and receptor flexibility in the docking process,
extensive exploration of the ligand conformation within the binding site and improving complementarity
between them (Figure 4 indicates the binding site of a case study and an active site in the same target),
refinement and stability evaluation of the final complexes and thus accounting for induced fit. Discus-
sion will further be limited to protein-small ligand complexes, omitting macromolecular complexes;
however, much of what is presented here is also valid for that class of complexes. Future directions
are included in the protein flexibility, ligand sampling, and scoring functions as important features in
protein-ligand docking.

62

printed on 2/11/2023 5:39 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Molecular Docking Challenges and Limitations

LIGAND CONFORMATION AND SAMPLING

Ligand - protein interaction complexes are the most important structures to get information about the
mechanism of action of the chemicals compounds. A ligand molecule that can bind strongly to the target
receptor should have energetically favorable interactions with the receptor with an appropriate rela-
tive geometry. In docking simulation, the problem of finding such geometry between ligand and target
molecules is too difficult to be accomplished only by computational methods. To find a likely stable
geometry and conformation, the ligand molecule is subjected to a series of interactive three-dimensional
manipulations (rotation, translation, and bond rotation) inside the ligand binding site of the protein on
the 3D-computer graphics display.

Ligand flexibility is one feature of docking simulation process. Small ligand-oriented docking schemes
are either semiflexible or flexible. Small ligands are often highly flexible, with a broad range of popula-
tions, adapting their surface to optimally complement the receptor pocket. Therefore, one of the main
features of drug docking schemes is enhanced ligand flexibility (Halperin, Ma, Wolfson, & Nussinov,
2002). Simulating ligand flexibility is also a computationally expensive process. Lomber and Shoichet
reported that the number of possible ligand conformations increases in proportion to the power of the
number of rotatable bonds (Lorber & Shoichet, 1998). They calculate that for an organic molecule with
ten rotatable bonds, the number of possible conformations is 59049, if only three minima are consid-
ered per bond. However, allowing six minima per bond yields 3.48 x10° conformations. To address the
problem, one approach involves Monte Carlo simulation and simulated annealing to sample the ligand
flexibility. In Goodsell et al., the binding site is rigid, whereas in Stoddard and Koshland some binding
site flexibility is allowed (Halperin et al., 2002).

Rigid docking calculations are chosen when time is critical, i.e., when a large number of compounds
are to be docked. Nevertheless, flexible docking methods are quite required for refinement and optimiz-
ing of poses found in an initial rigid docking process. With the development of computational resources
and their efficiency, flexible docking approaches are commonly suitable. Three general algorithms are
planned to give ligand flexibility: systematic methods; random or stochastic methods; and simulation
methods (Sousa et al., 2006). Systematic search or systematic enumerations of conformations, and
stochastic algorithms (such as genetic algorithms and Monte Carlo search method with Metropolis cri-
terion (MCM)), shape matching and MD simulations (Figure 5 represents a typical MD calculation) are
the most popular approaches for the improvement of efficiency. Systematic algorithms include ligand
flexibility through a full search of a molecule’s degrees of freedom. In this method, the current state
of the system determines the next state. Starting from the same exact state and same set of parameters,
systematic methods will yield exactly the same final state. Systematic methods can be categorized into
(1) fragmentation algorithms and (2) exhaustive search algorithms (Sliwoski et al., 2014).

A MD protocol was defined for docking small flexible ligands to flexible targets in water by Mangoni
et al. (1999). They disjointed the center of mass motion of ligand from its inside and rotational motions
(Mangoni, Roccatano, & Di Nola, 1999). Independent control of the different motions was conducted
to permit flexible or rigid ligand and/or receptor. ROSETTALIGAND uses a knowledge-based scoring
procedure with a Monte Carlo-based energy minimization scheme that reduces the number of conforma-
tions that must be sampled while providing a more rapid scoring system than offered through molecular
mechanics force fields. ROSETTALIGAND through a Monte Carlo-based sampling of torsional angles
includes ligand flexibility and side-chain during a high-resolution refinement stage and total torsion
angles of ligand and protein are optimized (Sliwoski et al., 2014).
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Figure 5. Resulting from MD simulations to the most active compound, with common atom fit (a) and

cluster alignment method (b)
Ghasemi et al. (2012)

Molecular flexibility in genetic algorithms (GA) was achieved through recombination of parental
conformations with child conformations and the “fittest” or best scoring conformations was retained
for another round of recombination. Genetic Optimization for Ligand Docking (GOLD) discovers full
ligand flexibility with limited target flexibility by a GA (Jones, Willett, Glen, Leach, & Taylor, 1997).

Docking tools samples conformations of small molecules in protein binding sites; scoring functions
are used to judge which of these conformations best matches the protein binding site. Scoring functions
that predict the possibility of a compound being a ligand, mainly derived from three key methods based
on their characteristics:

e  Knowledge based scoring methods
e  Force-field or physics based scoring methods
e  Regression or empirical based methods

The main interest aspect of empirical scoring functions is the typically easy computation of the nu-
merous terms. The key disadvantage of these methods is their dependency on the experimental data set
used in the parameterization process (Leach, Shoichet, & Peishoff, 2006; Sousa et al., 2006).

Venkatachalam et al. have described a shape-based method, LigandFit, for accurately docking ligands
into protein active sites. In their study a grid-based method for assessing protein—ligand interaction
energies have been used for minimizing candidate poses in the context of the active site. They reported
combination of LigandFit, with LigScore, as an internally scoring function, to the thymidine kinase
receptor yields very good hit rates for a ligand pool seeded with known actives (Venkatachalam, Jiang,
Oldfield, & Waldman, 2003).

Another problem of a ligand during a docking process is the biased selection of ligands as an outcome
of using ligand-bound protein structures that was undoubtedly revealed in a series of cross-docking
analyses. Displacement of particular portions of the protein backbone, movements of side chains, and
mobility of metal atoms found within the active site produce most failure (see Figure 6 shows an active
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Figure 6. Active site of the CC-chemokine receptor 5 (CCRS)
Ghasemi and Nouri (2013)

site in a case study). It was observed that the movements of side chains were usually linked to those of
the backbone Ca atoms and, as a result, it was essential to consider more than sidechain flexibility to
avoid mis-docking of ligands.

Therefore, careful preparation of the structure of the receptor before the docking process is very
important. While structures of ligand-bound protein may offer the highest enrichments, the final conse-
quences might be biased towards certain types of ligands.

Erickson et al. have evaluated the effect of some key factors on docking accuracy with CDDOCKER,
DOCK, FlexX, GOLD programs. In particular, they have studied the significance of ligand flexibility.
Their studies showed that the accuracy of docking considerably decreased for ligands with 8 or more
rotatable bonds: DOCK (14%); FlexX (28%); GOLD (19%); CDOCKER (71%). This indicates that the
capacity to differentiate between correct or incorrect conformations may decrease for the most public
docking programs for ligands with large numbers of probable low-energy conformations (Erickson,
Jalaie, Robertson, Lewis, & Vieth, 2004).

65

printed on 2/11/2023 5:39 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Molecular Docking Challenges and Limitations

RECEPTOR CONFORMATION AND FLEXIBILITY

The 3D structure of both ligand and protein are essential for the application of docking process. The 3D
structure of a target obtained by NMR technique or X-ray crystallography (Clore & Gronenborn, 1991;
Siegal, Van Duynhoven, & Baldus, 1999) is the best starting point for docking (Sliwoski et al., 2014).
Docking algorithms can search the enormous conformational space of small molecule in a reasonable
cost and short time. While several ligand conformational structures may be relatively easy to predict,
the lowest energy conformation obtained may not match that of the bound ligand. Compared to ligand,
the structures of protein is a bigger challenge. While X-ray and NMR analysis are currently routine, in
some cases intrinsic difficulties exist in the planning high-throughput process. The structure of many
targeted proteins in drug design is not determined by above methods experimentally and, therefore,
docking studies cannot be performed straightforward. In some cases, the structure of a closely related
protein homolog is predicted through computational techniques.

Other significant drawbacks for docking process is the lack, or poor flexibility of the protein, which
is not allowed to adjust its conformation during ligand binding (Sgrignani et al., 2009). This problem
often ignored in great virtual screening (VS) calculations because of the high computational cost, but
it can be managed by more focusing of docking process, and the consistency of the predicted poses can
be improved (Lexa & Carlson, 2012).

Variations of existing docking program mostly treat the receptor as (more or less) rigid which is unlike
of the biological facts and the ligand as flexible (Leach et al., 2006). Induced-fit docking and ensemble
generated from MD simulation snapshots have been used for inducing receptor flexibility. Induced-fit
algorithms agree small overlap between the ligand and receptor along with side chain movements, sub-
sequent in elasticity. Another way to incorporate receptor flexibility in docking algorithms, known as
ensemble-based screening is applied multiple fix receptor conformations (Sliwoski et al., 2014). Other
methods such as umbrella sampling, metadynamics, accelerated MD, etc. are used as sampling method
(Sinko, Lindert, & McCammon, 2013).

ENTROPY IN BIOMOLECULAR INTERACTIONS

Binding affinity is a function of the free energy of binding which is composed of entropy and enthalpy
terms dependent on the properties of an ensemble of structures. In a computational manner to scoring
drug affinity, entropy of fixation can be expressed in terms of the number of ways in which a rotatable
bond can be incorporated, AS= RTInW. If we assume that there are 3 orientations per rotatable bond
then AG= RTIn (3%) = ~N kcals/mole. Quantitation of these effects requires temperature dependent
measurements of the free energy of complex formation.

The processes involving ligand binding are extremely complicated, both ligand and protein are flexible
molecules, and the energy inventory between the bound and unbound states must be considered in aqueous
solution. The most common handling of receptor flexibility in structure-based drug design is to ignore
it and to design ligands to bind to more rigid regions of the receptor (Morton & Matthews, 1995). This
has the advantage that the entropic costs of immobilising a receptor on binding a ligand are minimized.

There is an entropic cost when two molecules associate in any biomolecular interaction process. The
entropic cost is a result of degrees of freedom of motion that lost when two molecules are strictly con-
strained within a complex. If the binding process involves capturing a flexible molecule, whose internal
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rotations about single bonds must also be restricted, the consequence is a further adverse entropic penalty
that results in a reduction in binding constant K, according to the classical relationships

AG=AH-TAS and AG=-RTInK.

If we are to begin to predict binding constants for bimolecular associations in a manner that might
develop useful rules for understanding the forces that drive molecular recognition,” then we need to be
able to semiquantitate the adverse cost in free energy of generating conformational order from associa-
tions of flexible molecules(Searle & Williams, 1992).

Approximate methods can be used to estimate the loss of configurational entropy of the ligand by
counting the number of torsional angles that have become restricted upon binding to the protein, and
if desired, this entropy loss can be subtracted from the total energy change(van den Berg et al., 1995)
(Burgen, Roberts, & Feeney, 1975).

The estimation of the entropic cost is difficult for several reasons.

e  The entropies of molecules in solution are subject to uncertainties.

e  The amount of residual motion present in a complex formed by association in solution is also
uncertain.

e  This amount of residual motion in a complex may vary as a function of the nature and extent of
the intermolecular forces (enthalpy term) involved in binding.

Moreover, the issue is complicated by the fact that the accounting of the balance of entropy changes
may be done in different ways. For example, it may be considered that the degrees of vibrational freedom
associated with residual motion in the complex are translational and rotational entropy of the separate
components which are not lost upon association. Otherwise, this vibrational freedom can be regarded as
a benefit of the association, appearing after the interacting components have lost all of their translational
and rotational entropy (Searle & Williams, 1992).

STRUCTURAL WATER MOLECULES

The handling of structural water molecules is a particular problem in molecular docking. Recently,
structural water molecules in ligand protein recognition have intensely been studied and its importance
is a well-known topic. However, handling the difficulty of structural water molecule in docking designs
is still problematic and different guidelines have been suggested for managing water molecules during
docking (Sgrignani, Novati, Colombo, & Grazioso, 2015). Now, some methodologies are applied to
tackle this problem including: penalizing the existence of water molecules, awarding rational situation
of structural water molecules in an active location or cavity and no amendment for water. Single water
molecules in the interface may be particularly important in small ligand docking, mediating hydrogen
bonds. The water solvent is described by a soft sphere Langevin dipole model, with discrete dipoles
that interact with the electric field of the protein but subject to random thermal fluctuations that reduce
the effective electric field at the dipole itself. van der Waals and field-dependent hydrophobic terms are
also included(Halperin et al., 2002).
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A number of currently available programs suffer the lack of satisfying to account for structural water
molecules which can be either displaced in ligand binding or mediate protein-ligand interactions. Some
of research aims is data generation to enable the worldwide work of evolving scoring functions in dock-
ing programs to account for contributing of structural water molecules. This is done by validating the
performance of docking using a simple model system (such as cytochrome C peroxidase (CCP) W191G)
containing four well-arranged structural water molecules which are known to either interact with a li-
gand or to be moved upon ligand binding. The goal of working on molecular dynamics simulations of
Sotriffer’s group is estimation the enthalpic and entropic influences of the structural water molecules
in CCP W191G to ligand binding affinity (Z. Li & Lazaridis, 2003; Olano & Rick, 2004). In a similar
study on molecule docking in the framework of structural water molecules, the performance was certi-
fied by the following methods:

Comparison of the binding modes with the docked ligands and the crystal structures,
Comparing docking scores with the ligands in the different situations,

Improving of the ligands from a database of decoys

predicting new ligands from the decoy database (Wahlstrom, 2009).

The GOLD docking program lets water molecules to be “changed on and off” with a penalty for en-
abled waters thus preferring water movement by working with the first approach (Verdonk et al., 2005).
Sgrignani et al in study of boronic acid have reported, GOLD 5.2 provides a correct computational
process for management water molecules in binding sites, permitting to alteration water placing during
docking calculations (Sgrignani et al., 2015). The FlexX program puts the second tactic by awarding
interactions of the ligand with the water molecule and penalizing for unoccupied interaction sites at
the water molecule (Kramer, Rarey, & Lengauer, 1999). In an extension to DOCK 3.5, interactions of
structural water molecules with a ligand were scored in similar mode as interactions with protein atoms
(Huang & Shoichet, 2008). For the entropically disapproving fixation of water molecules in the active
site, no penalties were added.

Recent surveys pay attention more carefully to account selected water molecules in docking calcula-
tions (Roberts & Mancera, 2008; Weill, Therrien, Campagna-Slater, & Moitessier, 2014). These reports
show the undiscriminating inclusion of all the water molecules placed in or around the binding site can
lead to a noticeable decrease of the predictive performances of the docking simulation process (Kumar &
Zhang, 2013). Sgrignani et al. have evaluated the significance of the protein flexibility and catalytic site
hydration during docking simulations in order to tune up a robust covalent docking practice for boronic
acids. They set out to identify the solvent molecules more often present in the Amp/ boronic acid crystal
structures, for identifying the minimum number of water molecules to provide accurate results. Their
results show a reasonable cooperation between computational speed and structural accuracy (Sgrignani
et al., 2015).

This difficulty of predicting and scoring the above parameters, binding modes unambiguously
generates false negative and positive scoring compounds as it has been made obvious previously. One
example was Warren et al. who docked 1303 known ligands into 7 receptors using 10 different docking
programs and compared the docking poses to the structurally determined binding modes. The result for
the different algorithms performance ranged from 0% to 90% satisfactorily predicted docking modes
(Wong et al., 2006).
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CAVITY DETECTION

A variety of algorithms have been proposed with the aim to identify cavity detection. The vast majority
of cavity detection algorithms have been developed to treat static structures like crystal structures of
proteins available in the protein data bank (PDB). However, this represents a serious limitation to ac-
count for the intrinsic plasticity of the binding pocket. Protein dynamics act on a multitude of aspects
in protein function. For instance, side chain flipping or domain motions can obstruct or free internal
cavities or channels that allow migration of ligands and reshape the binding sites (Bidon-Chanal et al.,
2006; Carrillo & Orozco, 2008; Spyrakis et al., 2011). In turn, these findings raise challenging questions
about the impact of protein flexibility on the topological features of cavities and their binding properties.

Few works have tried to account for the dynamical behavior of proteins in the identification of bind-
ing cavities and tunnels. The interplay between protein dynamics and ligand migration pathways can
be characterized by tools that rely on prior molecular dynamics (MDs) simulations and further post-
processing of the trajectory. VOIDOO (Kleywegt & Jones, 1994) allows internal cavity and volume cal-
culations, but it is rather time consuming and its use is not straightforward. CAVER (Benes et al., 2010)
is a PyMOL plugin that allows internal channel detection on MD trajectories. CAVER was improved
to a software called MOLE using computational geometry principles instead of grid-based calculations
(Pettek, KoSinova, Koca, & Otyepka, 2007). Wolfson and coworkers have proposed a method called
MolAxis for detection of channels from the interior of the protein to the bulk solvent (Yaffe, Fishelo-
vitch, Wolfson, Halperin, & Nussinov, 2008). These methods are designed to detect channels on static
structures or conformational ensembles of the protein. MDpocket is another generic pocket detection
program. The aim of MDpocket is to identify and characterize binding sites and channels that might
be transiently formed in the protein from the analysis of conformational ensembles generated by MDs
or other sources. The core of this program is the recently published open-source platform Fpocket (Le
Guilloux, Schmidtke, & Tuffery, 2009), which is a very fast geometry-based cavity detection algorithm.

Although many softwares and algorithms to discern different types of cavity are introduced and
guidelines for assessing the accuracy and improving the comparability of cavity calculations are given,
we need an accurate protocol to find the best cavity.

COVALENT DOCKING

Many methods of target-based drug design have been established for prediction of the protein/ligand
complex structure and, they are used to this aim, (Warren et al., 2006; Warren et al., 2012; Weill et al.,
2014; Wong et al., 2006). In the docking field, a number of methods mainly focus on the studying of
docking between the two molecules through non-covalent interactions (the electrostatics interaction, van
der Waals interaction and hydrogen bonding) or non-covalent complexes, while covalent docking is a
crucial aspect in the docking field. Only a few methods are accomplished to predict the 3D structure of
complexes in which the ligand is covalently bound. However, except non-covalently drugs, there exist
other classes of drugs, i.e. the covalent drugs that bind non-covalently to the active site. Covalent ligands
are not given significant attention in the traditional drug discovery process due its off-target reactiv-
ity besides of toxicity profile. However two FDA-approved covalent inhibitors targeting HCV, namely
telaprevir and boceprevir highlighted the focus on covalent inhibitors. GOLD and Autodock software
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support feature of covalent docking, but they have major limitations. However, this problem has been
addressed in CovDock and CovalentDock by automatic preparation of ligand files.

In the frame of these considerations, Sgrignani et al. have assessed the importance of catalytic site
hydration and the protein flexibility during docking calculations for boronic acids with GOLD program.
GOLD permits water molecules to be rotated round their three principal axes (to optimize hydrogen
bonding) during docking. Moreover, GOLD can switch automatically whether a water molecule should
be bound or displaced by the ligand during docking. To certify the accurate geometry of the bound li-
gand, GOLD 5.2 applies the angle-bending potential from the Tripos Force Field, merged in the fitness
function during covalent docking process (Sgrignani et al., 2015).

SOLUTIONS AND RECOMMENDATIONS

Some of drug developers focused their attention on the enhancement of computational protocols. These
improvements include several methods. A number of target flexibility approximation methods have
been used to tackle the risks connected with some searching methods to take a proper ranking of the
final complexes in order to improve docking performance. For performance increasing, the molecular
dynamics-enhanced docking approach has been used to try to account for the target flexibility (Morphy
& Harris, 2012). The most common of approximate methods include:

Combining docking and MD simulation
Soft docking
Side chains flexibility
Rotamer-based flexible docking (conformation of binding-site residues are tested by rotamer li-
braries as backbone-dependent or backbone-independent)
Molecular relaxation
Joined protein grid docking (several structures and conformations are combined into an energy-
weighted or geometry-weighted average depiction)
e  Protein ensemble docking
e  United description of receptor docking (multiple structures and conformations are overlaid and an
average structure is made from conserved features)
Conformational sampling of receptor side-chain
Conformational sampling of combined ligand, and
e  Receptor backbone energy minimization

More details on the some popular methods of the above list have been presented in the next sections.

Currently, in silico structure-based methods have lower throughput and poor consideration of solva-
tion and conformational flexibility. Then, ligand-based virtual screening is considered as more robust
hit generation for multi-target drugs in future development of improving of the speed and fidelity of
docking-based methods. Conformational flexibility in both ligand and protein can adopt different con-
formations in binding the same ligand (Wong et al., 2006) and the same ligand can bind to different
targets in very different conformations (Smid et al., 2005).
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The development of search algorithms for better and efficiently sampling from conformational space
of the protein—ligand and inclusion of solvation and rotational entropy contributions in the scoring func-
tion are attempts to improve the level of success of docking (Sousa et al., 2006).

There are three key properties in an ideal scoring function:

1. Accuracy in predicting binding affinities
2. Speed
3.  Tolerance to inaccurate ligand pose.

The first two are obvious, but the end requires some discussion. A geometric search engine attempting
to generate suitable poses for a ligand given a protein binding site will create the ‘correct’ pose within
some tolerance with some probability within some amount of time. As the tolerance increases, so does
the probability of generating a good enough pose quickly. So, the degree to which a scoring function is
able to compute an accurate binding affinity given an inaccurate pose will have a significant impact on
its utility in such a system.

The deficiencies in the scoring function are the main limiting factor. Scoring functions in docking
program routinely make some assumptions and simplifications to let a more computationally efficient
assessment of ligand affinity, but logically at the cost of accuracy. (Sousa et al., 2006). Unfortunately,
current scoring functions achieve predicting binding free energies poorly. Improved scoring functions
would increase the capability to distinguish binders from non-binders. However, the enhancement of
scoring functions has been stuck by the lack of a hard formalism for obtaining binding free energies
from molecular docking.

COMBINED DOCKING AND MD SIMULATION

In recent years in order to improve docking performance, and have a reliable model of the complex
ligand-receptor docking methods have been joined with MD simulations. Docking is applied to search
for conformations of the ligands, and in the long run contains the screening of giant libraries of drug-
like compounds in a short period of time. The problem is that the conformation of the receptor is not
permitted to change in the binding process. Here, MD is a tool that can augment some flexibility to the
receptor, ligand allow some modification upon the binding experience. Different procedures have been
established for the MD insertion before or after the docking process. Multiple conformations of the
receptor can be produced during the receptor structure preparation and then subjected to docking as an
ensemble (Alonso et al., 2006). MD simulations can help us to refine the resulting docking complexes.
The dynamics can augment some flexibility to the ligand and receptor, refine their assembly and im-
prove the intermolecular interactions between two molecules. Furthermore, the stability of the complex
structure during a simulation path shows that the complex is true and it was appropriately docked. The
interaction of the solvent with the complex is another significant feature of MD running after docking
that the solvent molecules influence on the stability of the ligand’s docked pose. MD simulations can be
used to improve a docking procedure for the most of docking algorithms do not consider the contribution
of the mobility of the receptor or the interactions with the molecules in the explicit solvent (Carlson,
Masukawa, & McCammon, 1999).
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SOFT DOCKING

Soft docking is a simpler procedure for dealing with protein flexibility in an indirect way. Despite
handling the receptor as a rigid object, the repulsive expressions of the Lennard-Jones potential can be
diminished by making a soft interaction. Thus, this method involve allowing the small molecular drug
to partially penetrate the binding site surface of the protein in order to account for localized changes that
could occur in a more flexible environment (Morphy & Harris, 2012).

Soft docking describes the molecular surface and volume as a “cube representation”. This cube rep-
resentation mentioned implicit conformational variations by way of size/shape complementarity, close
packing and, most importantly, liberal steric overlap. Soft docking method containing of two steps,
geometric docking and interaction scoring, is able to accommodate conformational charges associated
with the molecular complexing process, and to identify the correct complex model or a small number of
complex models, which can be further screened visually or based on other experimental results to rec-
ognize the correct complex model(Jiang & Kim, 1991). The soft docking concept has evolved primarily
toward use in protein-protein docking (Fernandez-Recio, Totrov, & Abagyan, 2002; C. H. Li, Ma, Chen,
& Wang, 2003; C. H. Li, Ma, Zu Chen, & Wang, 2003; Palma, Krippahl, Wampler, & Moura, 2000;
Schneidman-Duhovny et al., 2003) and protein-receptor modeling combined with experimental NMR
data (X. Morelli, Czjzek, et al., 2000; X. Morelli, Dolla, et al., 2000; X. J. Morelli, Palma, Guerlesquin,
& Rigby, 2001).

SIDE CHAIN FLEXIBILITY

The mobility of some residues mainly those within an enzyme active site can be managed in a different
and more comprehensive tactic either during the docking process or after the ligand has been approxi-
mately placed. The receptor is generally held rigid in studies in which docking is required to be fast.
However, some methods permit explicit treatment of side-chain (and a few selected backbone) torsions,
e.g. by Monte Carlo (MC) (Abagyan, Totrov, & Kuznetsov, 1994) or Conformational search (CS)(Leach,
1994) procedures, and more computationally demanding molecular dynamics approaches allow binding
site back-bone and side chain mobility to be simulated.

In study of receptor-ligand interactions, commonly two methods to treat side-chain flexibility during
docking have been examined:

1. Systematic CS of discrete side-chain rotamers. The number of possible states is defined and there-
fore partition functions and free energies can be computed.
2. Stochastic MC exploration of a continuous probability distribution of side-chain rotamers.

A set of rotamer libraries can be used to discover the conformational space of selected side chains.

Side-chain flexibility increases the computational cost but it lets localized protein movement and im-
proved fit of the ligand in outcomes (Killblad & Dean, 2003).
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COMBINED PROTEIN GRID

Some alternative structures of the protein receptor can be combined into a single representation of the
ensemble to account for bigger conformational changes that may be critical for the binding process.
The averaging can be done over atom coordinates, to generate a final average structure, or over the grid
representation of all receptor conformations to produce an average docking grid.

In a similar approach, Wei et al. (Wei, Weaver, Ferrari, Matthews, & Shoichet, 2004) used a modified
version of the program DOCK to incorporate receptor flexibility during the docking process. In this case,
the interactions between a given configuration of the ligand and different flexible parts of the receptor
were calculated independently. Then, those flexible regions that present the best interaction energies
with the ligand were recombined into a final representation of the protein receptor.

The inclusion of protein flexibility during the docking procedure using a united description of the
protein with rigid conserved regions and alternative flexible parts can improve the screening process
and produce new ‘‘hits’’ in a shorter time than simple sequential docking against each protein structure.
For obtaining an adequate ranking of the final complexes, the internal energy of the receptor must be
taken into account, as high-energy conformations of the protein may lead to unrealistic low-energy
positioning of a ligand.

Briefly, docking methods that have combined multiple protein structures, whether from NMR, X-ray
complexes, or MD simulations, into a single grid representation of the target molecule have provided
better results than grids from single structures. The choice of combination procedure, however, has an
even greater impact on the final outcome, with weighted-average protocols providing better results than
simple average combination of structures.

FREE ENERGY CALCULATIONS

For a docking process to be successful, it is necessary that both the right conformation of the ligand—
receptor complex is predicted, and that the ranking of final structures will be correct. The procedure
needs to be able to differentiate among similar conformations of the same system, as well as to predict
the relative stability of different complexes.

As most contain empirically fitted parameters, their performance on any particular problem will
depend on the set of structures used for the calibration. So far, no scoring function has proven to be
reliable for every docking case tested. The main constraint on their improvement rests with the need for
speed; when ranking hundreds, if not thousands, of complexes a compromise in accuracy must be made.
Knowledge-based functions used in the ranking of molecular interactions may not be general and ac-
curate enough, because of the limited number of interactions that can be inferred from crystal structures
and the inadequate description of repulsive forces.

Molecular dynamics simulations present an attractive alternative for structural refinement of the final
docked complexes. They incorporate flexibility of both ligand and receptor, improving interactions and
enhancing complementarity between them, and thus accounting for induced fit.

Recently developed approaches called MM/PBSA and MM/GBSA improves ligand ranking and,
marginally, binding affinity prediction (Yuriev, Agostino, & Ramsland, 2011; Yuriev & Ramsland,
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2013). The correlation between MM/GBSA energies and experimentally determined binding affinities
was found to degrade with greater variability in the affinity data and/or increased structural faults in the
complex structures, either experimental or computational. These findings demonstrate that improving
pose prediction methods could improve the computation of binding affinities using implicit solvation
methods.

Some of drug developers have focused their attention on the enhancement of computational proto-
cols. These improvements include: incorporation of protein flexibility in the docking process, extensive
exploration of the ligand conformation within the binding site, refinement and stability evaluation of the
final complexes, and estimation of the binding free energies. The refinement of docked complexes deals
with the applications of MD for the optimization and validation of the final complexes.

SUMMARIZES

This chapter handles some of crucial aspects such as the lack of accuracy, speed, ligand sampling, protein
flexibility and basic concepts such as movements of side chains, displacement of particular portions
of the protein backbone, and mobility of metal atoms within the active site and the biased selection of
ligands as a result of using ligand-bound protein structures during a docking process or mis-docking
ligand. Meanwhile, it describes approximate methods such as soft docking and side chains flexibility
and protein ensemble docking to tackle the risks associated with some searching methods to obtain an
adequate ranking of the final complexes. The solvent effect and the direct contribution of water molecules
in protein—ligand interactions, the restricted resolutions of crystallographic receptors, and obviously,
protein flexibility, both in terms of intrinsic structural flexibility and in terms of conformational altera-
tions upon ligand binding, are some of the most crucial of docking calculations (Sousa et al., 2006).

Here, briefly three types of ligand sampling algorithms are discussed; shape matching, systematic
search, and stochastic algorithms. Computational efficiency for each algorithm represents according to
their main advantages and disadvantages.

CONCLUDING REMARKS

Molecular docking is a computational method for predicting the location of ligands in the binding sites
of their receptor(s). Ruling principle of molecular docking is essential in drug discovery process. Despite
considerable advances and success the widespread application of docking methods, accurate and rapid
prediction of protein—ligand interactions is still a challenge area to explore and still holds several hidden
weaknesses. The most docking algorithms do not explanation for receptor flexibility or the effect of
explicit water molecules, MD simulations can be used to complement and improve a docking protocol.
In order to improving docking performance most common of approximate methods including combin-
ing docking and MD simulation, soft docking, side chains flexibility, rotamer-based flexible docking,
molecular relaxation, joined protein grid docking, protein ensemble docking, conformational sampling
of receptor side-chain and conformational sampling of combined ligand are applied.
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ABSTRACT

Enzymes play an important role in many biologically relevant processes and are some attractive targets
in the therapy and pharmaceutical research. The interaction between drugs and enzymes in vitro might
account for a variety of biological processes and has attracted scientists’ great interest for several de-
cades. Investigation of the interaction can explore their mechanism of biological activities and provide
useful knowledge for optimizing molecular structure of drug, prescriptions and route of administration
and it can also provide the information for their bioavailability and bioactivity. In this chapter, the bind-
ings of natural products (including flavionoids and coumarins) with three enzymes, including pepsin,
hyaluronidase and acetylcholinesterase, were investigated by fluorescence spectroscopy and molecular
docking. The present studies provide direct evidence at a molecular level to understand the mechanism
of inhibitory effect of natural products against enzymes.

1. INTRODUCTION

Enzymes play an important role in many biologically relevant processes and are some attractive targets in
the therapy and pharmaceutical research (Li, Zhang, Xu, & Ji, 2011). The nature and magnitude of drug-
enzyme interaction significantly influences the biological behaviors of the drug, such as the metabolism,
distribution, toxicity and the effectiveness of drug. The study on the drug-enzyme interaction is very
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useful to explore the action mechanism and metabolic process of drug, which can benefit for providing
useful knowledge for optimizing molecular structure of drug, prescriptions and route of administration,
and the information for their bioavailability and bioactivity (Ma, Yin, Liu, & Xie, 2011). In recent years,
several public and scientific interests have been focused on the interactions of drugs with some enzymes
(Yadava, Singh, & Roychoudhury, 2013; Cui, Yang, & Li, 2015; Masood et al., 2015; Yadava, Gupta, &
Roychoudhury, 2015; Shanmugaraj, Anandakumar, & [lanchelian, 2015; Yadava, Shukla, Roychoudhury,
& Kumar, 2015), including pepsin (Shen et al., 2015; Ying et al., 2015), hyaluronidase (Liu et al., 2013)
and acetylcholinesterase (Sinko, Brglez, & Kovarik, 2010; Dounin, Constantinof, Schulze, Bachmann,
& Kerman, 2011; Puiatti et al., 2013).

Flavonoids belong to a major group of polyphenols that possess a common diphenylpropane (C,C,C)
skeleton. According to the variations in their heterocyclic C,-ring, flavonoids can be categorized mainly
into flavones, flavonols, flavanones, flavanol, isoflavones, chalcones, aurones and anthocyanidins (Teillet,
Boumendjel, Boutonnat, & Ronot, 2008). Until now, more than 8000 varieties of flavonoids have been
identified in fruits, vegetables and other plant sources, many of which are responsible for the attractive
colors of flowers, fruits and leaves (de Groot, & Rauen, 1998). Flavonoids exhibit extensive biological
effects and broad-spectrum pharmacological activities, and intake of plants and their products which are
rich in flavonoids has been associated with a reduced risk of various diseases (Hertog, Feskens, Hollman,
Katan, & Kromhout, 1993; Blot, McLaughlin, & Chow, 1997; Duthie, Duthie, & Kyle, 2000). Recently,
several scientists have found that some flavonids can inhibit the activity of enzymes in some biological
processes and can be used as inhibitors of these enzymes, such as xanthine oxidase (Lin, Zhang, Liao,
Pan, & Gong, 2015), beta-ketoacyl acyl carrier protein synthase I(Ghalia, & Noura, 2015), human lac-
tate dehydrogenase (Bader et al., 2015), deoxyxylulose phosphate reductoisomerase (Tritsch, Zingle,
Rohmer, & Grosdemange-Billiard, 2015), carbonyl reductase 1 (Arai et al., 2015) and aldose reductase
(Utpal, Tanusree, Debanjan, & Sudhan, 2015). Flavonoids can bind to enzymes according to different
mechanisms owing to their multiple binding possibilities: hydrogen bonding, hydrophobic interactions,
metal chelation and n-nt stacking, with a tendency to occupy hydrophobic pocket (Dangles, & Dufore,
2005). However, to the best of our knowledge, little concerns were placed on the binding of flavonoids
to pepsin and hyaluronidase and their effect on the activity of these enzymes.

The general methods for the investigation of interaction between drug and biomacromolecules in
vitro mainly include fluorescence (Hui, Quan, Jian, Jian, & Ming, 2008; Yang, Hu, Fan, & Shen, 2008;
Stan et al., 2009), fourier transform infrared (FT-IR) (Qin, Xie, & Liu, 2007; Li, Yao, Jin, Chen, & Hu,
2007), UV absorption (Gentili, Ortica, & Favaro, 2008) and circular dichroism (CD) spectra (Mahesha,
Singh, Srinivasan, & Rao, 2006), nuclear magnetic resonance (NMR) (Richard, Lefeuvre, Descendit,
Quideau, & Monti, 2006), mass spectrometry (MS) (Liu, Wang, Cai, & Lee, 2008), capillary electro-
phoresis (CE) (Lu, Ba, & Chen, 2008), electrochemistry (EC) (Lin et al., 2008), etc. Each method can
characterize the mechanism of drug-protein interactions on one or several aspects. FT-IR and CD spectra
are usually used to analyze protein conformation. NMR is the primary analytical tool to obtain struc-
tural information relating to protein-ligand binding sites, dissociation and binding constants at atomic
level and protein conformation changes induced by complex formation. However, the NMR instrument
is expensive and complicated and is not suitable for most scientists. MS is emerging as powerful tools
for studying non-covalent interactions including protein interactions with drugs, metal ions, or other
peptides in recent years. But MS does not provide direct structural data. Although high sensitivity and
small amounts of samples have been obtained in CE and EC methods, a drawback of these methods ap-
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pears to be that they need some special experimental conditions with poor repeatability. In contrary, due
to its simplification, reliability and sensitivity, fluorescence spectroscopy seems to be the most common
technique used to study the interaction of drug with biomacromolecules. As the tryptophan and tyrosine
in protein/enzyme have intrinsic fluorescence, the fluorescence quenching of these amino acid residues
by drugs can provide rich information for understanding the interaction mechanism (Ma et al., 2011).
Some binding parameters including binding constant, binding number, binding distance and conforma-
tion change can be easily obtained. However, the obtained knowledge through fluorescence method is
just the chemical characters, which is limited for us to know the probable situation of the interaction.
With the development of computer technology, computational approaches are adopted to take part in
the study of the ligand-receptor interactions. The molecular docking approach can be used to model the
interaction between a small molecule and a protein at the atomic level, which allow us to characterize
the behavior of small molecules in the binding site of target proteins as well as to elucidate fundamental
biochemical processes. A successful docking methodology must be able to correctly predict the native
ligand pose within the receptor binding site and the associated physical-chemical molecular interactions.
Generally, the basic tools of a docking methodology include a search algorithm and an energy scor-
ing function for generating and evaluating ligand poses. Search algorithms are used to explore the free
energy landscape to find the best ligand poses. If the thermodynamics of the system, i.e. the enthalpic
and entropic effects, are correctly modeled by the energy function, the global minimum of the energy
landscape will correspond to the experimental receptor-ligand conformation, i.e. the native binding mode,
and local minima will correspond to alternative binding modes. Unfortunately, considering the entropic
effects is not straightforward, and current docking methods employ rough approximations. Therefore,
it is not guaranteed that the global minimum associated with the energy landscape investigated by a
docking methodology will correspond to the native binding mode. The scoring functions used evaluate
the quality of these docking poses, guiding the search methods towards relevant ligand conformations.
A scoring function must be able to distinguish the experimentally observed binding modes—associat-
ing them with the lowest energy values of the energy landscape—from all the other poses explored by
the search algorithm (pose prediction). The second goal of the scoring functions is to properly classify
active and inactive ligands (virtual screening). The third and most critical issue is that they predict the
affinity constants and correctly rank several compounds according to their potency (binding affinity
estimation) (Yuriev, Holien, & Ramsland, 2014). Through these two steps, we could predict the interac-
tion mode and obtain many binding information, such as interaction site, possible binding amino acids
and corresponding binding force, which are very useful for us to interpret the chemical characteristic
obtained by these experimental methods. In this case, molecular docking and fluorescence method often
are combined to investigate the molecular interactions.

In recent years, discovery the lead compound from the natural products has become a hot research.
Study on the interaction of the active components with the action objects is a very effective method to
screen out the star molecule with high activities. As the mention above, a number of investigations have
revealed that many enzymes are the targets for the therapeutically active of these natural products. So, in
this chapter, the fluorescence method and molecular docking were combined to investigate the interactions
between some enzymes (pepsin, hyaluronidase and acetylcholinesterase) and some natural active com-
pounds. The binding characteristic and molecular mechanism were investigated in details. The obtained
knowledge is very helpful for us to explore the biological behaviors of these natural compounds and it
may open up new avenues for the design of the most suitable active molecules with structure variants.
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2. MOLECULAR DOCKING INVESTIGATION ON THE
INTERACTION BETWEEN DRUGS AND PEPSIN

Pepsin is an aspartic protease that acts in food digestion in mammal’s stomach. It is stored as pepsinogen
so it will only be released when needed, and does not digest the body’s own proteins in the stomach’ lining
(Campos, & Sancho, 2003; Huang et al., 2010). Its three-dimensional structure has been determined at
high resolution in 1997 (Shintani, Nomura, & Ichishima, 1997). Pepsin is composed of two structurally
homologous domains, an N-terminal domain (residues 1-172) and a C-terminal domain (residues 173-
326). Both the two domains consist almost entirely of f-sheets (Jin et al., 2008). The active binding site
of pepsin is located in the cleft between the domains, and is formed by two aspartate residues, Asp32
and Asp215. One of the two aspartate residues has to be protonated, while the other is deprotonated, for
the protein to be active (Pande, Kumari, Dubey, Tripathi, & Jagannadham, 2009). The optimum pH for
the enzymatic activity of pepsin is in a range from 1.7 to 2.0, but even in a range from 4.5 to 5.0, pepsin
still reveals a proteolytic activity (Ciolkowski, Rozanek, Bryszewska, & Klajnert, 2013). When drug
enters the human stomach, the digestive proteases may be the indirect binding targets. However, in this
process, the drugs are very probable to interact with pepsin and may affect the activity of pepsin and
result in some adverse effects. Therefore, in order to improve the safety of drug usage in clinical, it is
very necessary for us to learn about the knowledge that whether the drug could interact with the pepsin,
what the mechanism of this action was in this process and would such an interaction affect the activity of
pepsin. In this section, the interactions between pepsin and some natural products have been investigated.

2.1 Molecular Docking Investigation on the Interaction
Behavior between Silybin and Pepsin

Silybin (structure shown in Figure 1) is the major biologically active component of an extract from the
seed of the milk thistle (Silybum marianum (L.) Gaertn) known as silymarin (Gazak et al., 2010). Silybin
possesses hepatoprotective ability and has been widely used as a natural remedy in therapy of various
acute and chronic liver diseases as well as in protection of the liver from numerous hepatotoxins and
mycotoxins (Flora, Hahn, Rosen, & Benner, 1998; Schiimann et al., J., 2003; Gazak, Walterov4, & Kren,
2007). However, based on the data on file with the manufacture of silybin, some adverse effects, including
vomiting, hiccup singultation and so on, would occur in some patients even if they took the normal dos-
age (about 3.5-7.0 mg/kg). The reason for this might be the digestive damage caused by silybin. Pepsin
is the most importantly responsible enzyme for the digestion. In this case, the interaction of silybin and

Figure 1. Molecular structure of silybin
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pepsin in this section was studied by fluorescence quenching and molecular docking. According to the
results, the molecular mechanism for its side effects was also explored.

In order to investigate the interaction between silybin and pepsin, the fluorescence emission spectra
were recorded in the range of 300-500 nm upon excitation at 280 nm. The effect of silybin on pepsin
fluorescence intensity is shown in Figure 2. It is obvious that pepsin has a strong fluorescence emission
peak at 344 nm after being excited with a wavelength of 280 nm, while silybin emitted little fluorescence
under the same experimental conditions. When a fixed concentration of pepsin was titrated with differ-
ent amount of silybin, a remarkable intrinsic fluorescence decrease of pepsin was observed. This result
revealed that the silybin quenched the intrinsic fluorescence of pepsin.

Since the intrinsic fluorescence of pepsin can be quenched by silybin, the quenching mechanism was
further explored. Asusual, quenching mechanisms are divided into dynamic quenching and static quench-
ing. Since higher temperature results in larger diffusion coefficients, the dynamic quenching constants
will increase with increasing temperature. In contrast, the increase of temperature is likely to result in
decreased stability of complexes, thus the values of the static quenching constants are expected to be
smaller (Zhang et al., 2009; Zeng, Hu, You, Yang, & Qu, 2015). In order to distinguish static quenching
from dynamic quenching by the temperatures, fluorescence tests were operated at different temperature.
The quenching constant at each temperature was obtained using Stern-volmer equation (Yangetal.,2012):

F/F=1+K [Q]=1+K 7,[Q] (1

where F and F are the fluorescence intensity in the absence and presence of the quencher, [Q] is the
concentration of the quencher,z is the fluorescence lifetime in the absence of quencher and its value is
10% s (Lakowicz, & Weber, 1973), K, is the quenching rate constant of the biological macromolecule and
K_ is the Stern-Volmer quenching constant. Hence, Equation (1) was applied to determine K and K, by

Figure 2. Effect of silybin on pepsin fluorescence
Conditions: C, =2.5%10° mol-L"'; silybin (x10° mol-L"):(a) 0, (b) 4.0, (c) 8.0, (d) 12.0, (e) 16.0, (f) 20.0, (g) 25.0, (h) 30.0,

Pepsin

(i) 35.0, (j) 40.0; (k): silybin only, 40.0x10° mol-L"; T=293K.
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linear regression of F/F-1 versus [Q]. Figure 3 shows the Stern-Volmer plots for the pepsin fluorescence
quenching by the silybin and the calculated K  and K, values are summarized in Table 1. The K  values
decrease with increasing temperature, indicating that the probable quenching process is static quenching
mechanism rather than dynamic quenching mechanism. Moreover, the maximum dynamic quenching
constant K _of the various quenchers is 2.0x10 L mol s! (Chi, Liu, & Zhang, 2010). However, the
values of Kq at 293 K and 310 K are greater than 2.0x10'° L mol! s!. Thus, the results indicated that the
overall quenching was dominated by a static quenching mechanism, and in this process a silybin-pepsin
complex was formed.

For the static quenching interaction, the binding constant (K,) and the number of binding sites (1) can
be determined when small molecules bind independently to a set of equivalent sites on a protein (Liu,
Xi, Chen, Xu, & Zeng, 2008). The relationship between the fluorescence intensity and the quenching
medium can be deduced as the following equation (Bi et al., 2004):

log[(F-F)/Fl=n-logK ~n-log{ 1[[Q I-(F,-F)[Q,V/F,1} @)

Figure 3. Sterm-Volmer plots for the quenching of pepsin by silybin at different temperatures (n=3)
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Table 1. Stern-Volmer constants for the interaction of pepsin with silybin at different temperatures (n=3)

T (K) Equations K, (L mol™) K a (L mol™) R? SDP
293 F JF =0.5510[Q]+0.7218 5.51x10* 5.51x10" 0.9830 0.12
310 F JF =0.5364[Q]+0.7628 5.36x10* 5.36x10" 0.9906 0.09

“The correlation coefficient.
"The standard deviation.
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where [Q,] and [Qp] are the concentrations of drug molecule and protein, respectively. K is the binding
constant. By plot of log(F-F)/F versus log{ 1/[[Q_]-(F, O—F)[Qp]/F ,J} (shown in Figure 4), the number
binding sites n and binding constant K of the interaction between silybin and pepsin can be calculated
and the results are summarized in Table 2. From Table 2, it can be found that the values of » at the ex-
perimental temperatures were approximately equal to one, indicating that the existence of just a single
binding site in pepsin for silybin. The value of K is 8.2155x10* L mol™ in room temperature, indicating
that a strong interaction exists between silybin and pepsin.

As is well known, there are four types of interactions between small molecule ligands and biological
macromolecules: hydrophobic forces, hydrogen bonds, van der Waals’ interactions and electrostatic forces
(Shi, Zhu, Wang, Chen, & Shen, 2013). The noncovalent interaction forces between proteins and small
molecules can be determined by thermodynamic parameters. Ross and Subramanian have summed up the
thermodynamic laws to determine the types of binding with various interactions (Ross, & Subramanian,

Figure 4. Double-log plots of silybin quenching effect on pepsin fluorescence at different temperatures
(n=3)

+ T=293K
= T=310K

log(lo-1'YE

_1'2 ] 1 1 1 1 ]

4.6 4.8 5 5.2 5.4 5.6 5.8
log{1/[[Qal-(Fo-F)[QplFol}

Table 2. The binding constant K  and relative thermodynamic parameters of the silybin-pepsin system
(n=3)

T (K) K, (L mol™) n R® SD* AH (kJ mol?) AG (kJ mol?) AS (J mol' K)
293 8.2155x10* 1.4454 0.9977 0.03 0.663 -27.57 93.71
310 8.1953x10* 1.4219 0.9956 0.05 0.663 -29.16 93.71

aThe correlation coefficient.
*The standard deviation.
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1981). If AH°<0 and AS°<0, van der Waals and hydrogen bond interactions play the main roles in the
binding reaction. If AH°>0 and AS°>0, hydrophobic interactions are dominant. If AH°<0 and AS°>0,
the main force is an electrostatic force. The enthalpy change (AH®) and entropy change (AS°) can be
calculated by the Van Hoff equations:

In(K/K,) =(1/T-U/T )(AH /R) (3)
AG° = -RTInK “4)
AG° =AH°-TAS® (5)

where K| and K, are the binding constants (analogous to K in Equation (2)) at T and T,, and R is the
universal gas constant. When the change of temperature is small, AH can be considered a constant, and
can be approximated from Equation (3). The free-energy change (AG°) and the entropy change (AS®)
of the binding reaction follow Equations (4) and (5), respectively (Khan et al., 2008).

The values of the thermodynamic parameters were AH°=0.663 kJ mol!, AG°=-27.57 kJ mol™! and
AS°=93.71 kJ mol at ambient temperature (shown in Table 2). Negative AG° means that the interaction
process was spontaneous and the positive AH® and positive AS° indicated that hydrophobic interactions
play the major role during the interaction.

In order to further determine the preferred binding sites of silybin on pepsin and the binding structure
of silybin and pepsin, the molecular docking of silybin with pepsin was carried out using Autodock 4.0
(Zeng, You, Liang, Yang, & Qu, 2014). The structure of silybin was generated by Chem 3D Ultra and
optimized by density functional theory at B3lyp/6-31+g (d) level implemented in Gaussian 03 until all
egienvalue of the Hesssian matrix were positive. With the aid of AutoDock 4.0, the ligand root of silybin
was detected and rotatable bonds were defined. The crystal structure of pepsin (protein ID: 5SPEP) was
downloaded from Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). All water molecules
were removed and the polar hydrogen and the Gasteiger charges were added at the beginning of docking
study. To recognize the binding sites in pepsin, docking was carried out with setting of grid box size 90
Ax100 Ax90 A along x, y, z axes covering whole protein with Kollman charges. The grid center was
setat—17.802 A, 40.376 A and 86.848 A. At first, AutoGrid was run to generate the grid map of various
atoms of the ligand and receptor. After the completion of grid map, ligand flexible docking simulations
were performed with 100 runs and 2,500,000 energy evaluations, 27000 numbers of generations, 50 GA
populations and root mean square cluster tolerance 2.0 A per run. Finally, the lowest energy conforma-
tion was used for docking analysis.

From the docking simulation the observed free energy change of binding (AG) for the silybin-pepsin
complex was found to be -24.55 kJ mol!, which was not extremely close to the experimental data (-27.57
and -29.16 kJ mol ™). A possible explanation may be that the X-ray structure of the protein from crystals
differs from that of the aqueous system in this study. As usual, the total binding free energy can be divided
into electrostatic energy and nonelectrostatic energy, such as hydrophobic, polar and hydrogen bond.
As shown in Figure 5, the silybin was located in the hydrophobic cavity of pepsin and was surrounded
by the hydrophilic side chains, such as Ser-35, Thr-74, Thr-75, Thr-77, Tyr-189, Thr-218, Ser-219, and
Thr-222. Therefore, it can be concluded that the interaction between silybin and pepsin is mainly hydro-
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Figure 5. Binding mode between silybin and pepsin
A: The cartoon ribbons of pepsin with silybin.

B: Molecular modeling of the interaction between silybin and pepsin. Green molecule displays silybin; broken lines display
hydrogen bonds.

phobic interactions in nature. The result is consistent with the results obtained from the thermodynamic
parameter analysis. Moreover, due to the presence of several ionic and polar groups like Gly-34, Gly-76,
Phe-111, Leu-220, Glu-288, Val-292 and Ile-301 near the probe molecule, there are also considerable
number of hydrogen bonding and electrostatic forces between silybin and pepsin. Molecular docking
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indicated that the distance of hydrogen bondlng between the -OH of silybin and Gly-34, Tyr-189 and
Glu288 is 2.384 A, 2.384 A and 2.121 A, respectively.

In order to reveal whether silybin can affect the activity of pepsin after it enters the organism through
food and drug, the effect of silybin on the pepsin activity in rats was investigated. As shown in Table
3, at a low dosage of silybin (5 mg kg™!), the amount of gastric juice and the activity of pepsin were not
changed obviously. However, when the dosages exceeded 10 mg kg of silybin, the amount of gastric
juice and the activity of pepsin were decreased significantly. The results indicated that the silybin can
affect the secretion of gastric juice and inhibit the activity of pepsin. However, as shown in Figure 5,
silybin did not cause the protonation of any of these two aspartate residues (Asp32 and Asp215), there-
fore, based on the docking and synchronous fluorescence results, silybin bound directly into the enzyme
cavity site and the binding of silybin into the enzyme cavity influenced the microenvironment of the
pepsin activity site which resulted in the reduced pepsin activity.

2.2 Molecular Docking Investigation on the Interaction
Behavior between Ten Flavonoids and Pepsin

Flavonoids are the important phytonutrient components that occur in edible plants, vegetables, fruits and
plant-originated foodstuffs (Graf, Mibury, & Blumberg, 2005). Therefore, flavonoids may be a class of
natural compounds that people take daily through the consumption of plant food. Generally, the trace
mount of flavonoids in food do not cause obviously indigestive symptoms. However, due to exhibiting
broad pharmaceutical activities, several flavonoids were extracted from plants as the main component of
drugs in clinic. According to published results and the data on file with the manufacture of these drugs,
some adverse effects on digestion would occur in some patients even if they took the normal dosage,
such as Silybin Capsules and Lpriflavone Tablets. Therefore, to further reveal the reason of indigestion
caused by flavonoids, in this section the inhibitory effect of 10 flavonoids (including baicalein, apigenin,
luteolin, keampferol, quercetin, morin, liquritigenin, naringenin, daidzein and genistein, structures shown
in Figure 6) on pepsin was investigated in vitro. Moreover, to further reveal the mechanism of digestion
caused by these flavonoids, the interactions between 10 flavonoids and pepsin were studied by fluores-
cence spectroscopy and molecular docking.

As shown in Figure 7, with the increasing of flavonoid concentration, the inhibitive rate was increased
significantly and the 50% inhibitive rate (IC, ) was calculated and summarized in Table 4. These results
indicate that flavonoids can inhibit the activity of pepsin.

Similarly, to investigate the binding of these 10 flavonoids with pepsin, the fluorescence emission
spectra were recorded in the range of 300-500 nm. Under these conditions, no fluorescence spectra of
flavonoid itself were observed. Figure 8 illustrated the fluorescence emission spectra of pepsin in the

Table 3. The effect of silybin on pepsin activity in rat (n=5)

Dosage (mg kg!) Amount of Gastric Juice (mL) Pepsin Activity (ng mL" min™)
Water 43+1.2 3.23+0.55
5.0 3.7+1.7 3.29+0.46
10.0 2.8+0.9 2.92+0.39
20.0 2.4x1.1 2.52+0.47
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Figure 6. The molecular structures of the tested flavonoids
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presence of various concentrations of flavonoids at 293 K. As shown in Figure 8, it was found that
the addition of flavonoids not only led to a significant reduction in the fluorescence signal, but a light
wavelength shift of the maximum (A_ ) occurred in some flavonoid-pepsin systems. Blue wavelength
shifts of A were observed in keampferol-pepsin (from 340 to 335 nm), quercetin-pepsin (from 340 to
333 nm) and morin-pepsin (from 340 to 334 nm) systems, and red wavelength shifts were discovered
in baicalein-pepsin (from 340 to 355 nm), liquiritigenin-pepsin (from 340 to 345 nm) and naringenin-
pepsin (from 340 to 347 nm) systems. The shift in the position of emission maximum corresponds to
the changes of the polarity around the chromophore molecule, suggesting that flavonoids have formed
non-covalent compounds with pepsin, which could quench the intrinsic fluorescence of pepsin.
According to Equation (1), the plots of Stern-Volmer at different temperatures were shown in Figure
9 and the K and Kq values were presented in Table 5. From Figure 9 and Table 5, it can be found that
there are good linearity relationship between F /F and [Q], . and the most of K  values decrease with
increasing temperature, indicating that the probable quenching process is static quenching mechanism
rather than dynamic quenching mechanism. Moreover, all K, values are much greater than the maximum
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Figure 7. The effect of flavonoids on pepsin activity in vitro
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Table 4. The effect of the tested flavonoids on pepsin activity in vitro (n=3)
Flavonoid Equation r IC,, (mol L)
Baicalein y=11.653x-20.971 0.9770 6.09x10°
Apigenin y=7.2454x+11.541 0.9835 5.31x10°
Luteolin y=4.3146x+24.756 0.9701 5.85x10°
Kaempferol y=5.3807x+29.884 0.9856 3.74x10°
Quercetin y=4.3931x+36.407 0.9946 3.09x10°
Morin y=6.4776x+8.4415 0.9968 6.42x10°
Liquiritigenin y=6.4051x+9.8018 0.9830 6.28x10°
Naringenin y=5.3542x+10.792 0.9861 7.32x10°
Daidzein y=0.0731x3-1.1127x*+5.6188x+29.599 0.9974 10.59x10°
Genistein y=0.1171x3-1.6166x*+7.9139x+17.488 0.9986 9.81x10°

diffusion collision quenching rate constant of pepsin with a variety of quenchers, further indicating that
the quenching of pepsin in the presence of flavonoids is not caused by dymanic collision but by the
formation of flavonoid-pepsin complexes.

By plot of log(F -F)/F versus log{ 1/[[C ]-(F O-F)[Cp]/F ,]} (shown in Figure 10), the number binding
sites n and binding constant K_ of the interaction between pepsin and flavonoids can be calculated and
the results are summarized in Table 6. From Table 6, it can be seen that the values of n at the experimen-
tal temperatures were approximately equal to one, indicating that the existence of just a single binding
site in pepsin for each flavonoid during their interaction. The value of K is of the order of 10* L mol",
indicating that a strong interaction exists between each flavonoid and pepsin.
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Figure 8. Effect of flavonoids on pepsin fluorescence
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Figure 9. Sterm-Volmer plots for the quenching of pepsin by flavonoids at different temperature
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Table 5. Stern-Volmer constants for the interaction of pepsin with flavonoids at different temperatures
(n=3)

Flavonoid T (K) Equations K _ (L mol”) K a (L mol?) R* SDP

Baicalein 293 F JF =0.2307[Q]+0.9206 2.31x10* 2.31x10" 0.9668 0.14

310 F JF =0.2258[Q]+0.9186 2.26x10* 2.26x10" 0.9696 0.15

Apigenin 293 F JF =0.5825[Q]+0.8758 5.83x10* 5.83x10" 0.9886 0.09

310 F /F =0.5203[Q]+0.9086 5.20x10* 5.20x10" 0.9956 0.05

Luteolin 293 F JF =0.5408[Q]+0.9421 5.41x10* 5.41x10" 0.9912 0.07

310 F JF =0.5308[Q]+0.919 5.31x10* 5.31x10" 0.9840 0.10

Keampferol 293 F JF =0.7264[Q]+0.9415 7.26x10* 7.26x10" 0.9653 0.14

310 F JF =0.6451[Q]+0.9807 6.45%10* 6.45x10" 0.9386 0.23

Quercetin 293 F /F =0.7187[Q]+0.6927 7.19x10* 7.19x10" 0.9774 0.03

310 F JF =0.5759[Q]+0.7892 5.76x10* 5.76x10" 0.9664 0.02

Morin 293 F JF =0.4096[Q]+0.98371 4.10x10* 4.10x10" 0.9904 0.07

310 F JF =0.3023[Q]+0.9426 3.02x10* 3.02x10" 0.9941 0.06

Liquiritigenin 293 F JF =0.396[Q]+0.8901 3.96x10* 3.96x10" 0.9895 0.09

310 F JF =0.3721[Q]+0.8967 3.72x10* 3.72x10" 0.9835 0.12

Naringenin 293 F JF =0.3441[Q]+0.7936 3.44x10* 3.44x10" 0.9693 0.21

310 F JF =0.3240[Q]+0.7767 3.24x10* 3.24x10" 0.9797 0.26

Daidzein 293 F JF =0.3061[Q]+0.8322 3.06x10* 3.06x10" 0.9816 0.10

310 F JF =0.3282[Q]+0.8055 3.28x10* 3.28x10" 0.9778 0.12

Genistein 293 F JF =0.3212[Q]+0.9289 3.21x10* 3.21x10" 0.9890 0.05
310 F JF =0.3453[Q]+0.9314 3.45x10* 3.45%x10" 0.9894 | 0.05

aThe correlation coefficient.
"The standard deviation.

The thermodynamic parameters for the interaction of pepsin with flavonoids were obtained from
the linear relationship between InK, and the reciprocal absolute temperature, and the results were listed
in Table 6. The negative sign for AG° means that the interactions between flavonoids and pepsin are
spontaneous processes. The electrostatic interactions are the main driving force in the binding of pep-
sin with baicalein, apigenin, luteolin, keampferol, quercetin, morin, liquritigenin and naringenin and
hydrophobic interactions are playing major roles in daidzein and genistein binding to pepsin. However,
as shown in Table 6, the value of AH® in quercetin-pepsin and naringenin-pepsin systems are close to
zero, indicating that hydrophobic interaction also play a very important role in the formation of these two
complexes. Meanwhile, the different amounts of hydroxyls exist in molecular structure of flavonoids,
thus the hydrogen bonding formation might also participate in the binding processes.

To identify the precise binding sites on pepsin, a molecular modeling investigation was performed
to simulate the binding mode between pepsin and flavonoids. From the docking calculation, the lowest
energy-ranked results of flavonoid-pepsin conformations were summarized in Table 7. It can be seen
from Table 7 that the observed free energy change of binding for flavonoid-pepsin systems was not
extremely close to the experimental data from Table 6. The reason for this result may also be the dif-
ferences between the X-ray structure of the pepsin in crystal and that of the aqueous system. The exact
binding sites of flavonoids on pepsin with the lowest binding free energy were presented in Figure 11.
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Figure 10. Double-log plots of flavonoid quenching effect on pepsin fluorescence at different temperature
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Table 6. The binding constant K  and relative thermodynamic parameters of the flavonoid-pepsin sys-

tems (n=3)
Flavonoid T (K) K, (L mol?) n R*? SD? AH° (k] AG° (k] AS° (J mol! K1)
mol!) mol!)
Baicalein 293 5.81x10* 0.99 0.9736 | 0.15 -33.58
-1.19 108.69
310 5.48x10* 0.97 0.9713 0.19 -34.86
Apigenin 293 6.91x10* 1.02 0.9822 0.09 -31.41
-1.90 73.40
310 6.54%x10* 1.21 0.9311 0.18 -32.66
Luteolin 293 10.45x10* 0.82 0.9561 0.10 -29.64
-2.69 90.45
310 9.48x10* 1.09 0.9680 0.10 -30.68
Keampferol 293 13.60x10* 1.22 0.9927 0.06 -27.14
-2.41 85.31
310 13.19x10* 1.21 0.9959 0.11 -28.58
Quercetin 293 8.45x10* 0.91 0.9945 0.05 -28.58
-0.31 105.73
310 7.78%10* 0.90 0.9811 0.08 -29.54
Morin 293 4. 18x10* 1.18 0.9923 0.05 -27.14
-2.41 85.31
310 4.16x10* 1.41 0.9894 0.07 -28.58
Liquiritigenin 293 3.97x10* 1.27 0.9982 0.03 -26.72
-2.61 82.27
310 3.77x10* 1.33 0.9863 0.07 -28.12
Naringenin 293 5.58x10* 0.93 0.9869 | 0.08 -32.03
-0.55 105.63
310 5.09x10* 1.02 0.9499 0.08 -33.29
Daidzein 293 4.18x10* 1.56 0.9983 0.02 -25.67
2.28 95.00
310 4.16x10* 1.43 0.9969 0.03 -27.29
Genistein 293 5.71x10* 1.06 0.9685 0.09 -26.40
4.09 104.06
310 5.06x10* 1.14 0.9669 | 0.10 -28.70
“The correlation coefficient.
"The standard deviation.
Table 7. The lowest energy-ranked results of flavonoid-pepsin binding conformations
Flavonoid Binding Energy Inhib Constant Ligand Internal
(kcal mol!) (rM) Efficiency Energy
Baicalein -6.53 (-27.33 kJ mol ™) 16.36 -0.33 -6.7
Apigenin -6.57 (-27.50 kJ mol ™) 15.40 -0.33 -6.93
Luteolin -6.39 (-26.75 kJ mol ™) 20.68 -0.3 -7.5
Keampferol -6.57 (-27.50 kJ mol™") 15.37 -0.31 -7.72
Quercetin -6.66 (-27.88 kJ mol ™) 13.18 -0.3 -8.1
Morin -6.13 (-25.66 kJ mol ™) 32.34 -0.28 -7.09
Liquiritigenin -5.86 (-24.53 kJ mol ™) 50.26 -0.31 -6.41
Naringenin -5.83 (-24.40 kJ mol ™) 53.31 -0.29 -6.24
Daidzein -5.9 (-24.70 kJ mol ™) 47.17 -0.31 -6.45
Genistein -5.98 (-25.03 kJ mol™) 41.51 -0.3 -6.81
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Figure 11. Docked pose corresponding to the minimum energy conformation for flavonoid binding to
pepsin cavity. Detailed illustration of the amino acid residues lining the binding site in the pepsin cavity.
Green molecule displays flavonoids,; broken lines display hydrogen bonds.
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As shown in Figure 11, all flavonoids were located in the hydrophobic cavity of pepsin and were sur-
rounded by the hydrophobic and hydrophilic amino acid residues (shown in Table 8). Therefore, it can
be concluded that the interactions between flavonoids and pepsin were mainly electrostatic forces and
hydrophobic interactions in nature, which were consistent with the results obtained from the thermody-
namic parameter analysis.

As mentioned above, the catalytic site of pepsin was formed by Asp32 and Asp215. As shown in
Table 8, both two residues appeared in baicalein-, apigenin-, luteolin-, keampferol-, quercetin- and
genistein-pepsin systems, however, only Asp32 residue appeared in morin-, liquritigenin-, naringenin-
and daidzein-pepsin systems. These results can be explained why the binding constant of the former six
systems was larger than that of the latter four systems in the binding processes.

In addition, due to the presence of several ionic and polar groups near the flavonoid, there was also
considerable number of hydrogen bonds in flavonoid-pepsin systems. Therefore, hydrogen bonding was
also an important force in the binding process. As shown in Table 8, in some flavonoid-pepsin systems
one of the hydrogen bonds was formed with the Asp32 and/or Asp215 residues, which might be associ-
ated with the activity of pepsin.

Table 8. The amino acid residues lining the binding site in pepsin cavity and hydrogen bonds between

flavonoid and pepsin
Flavonoids Amino Acid Residues Lining the Binding Site Hydrogen Bond
Hydrophobic Amino Acid Hydrophilic Amino Acid

Baicalein Gly76, Ile213, Gly217, Ser219, Leu220, Thr77, Asp215, Thr218, Gly217(1.9977 A) Ser219(1.9447 A),
Met290, Val292, 11301, Thr222, Glu288, Glu288(1.6709 A)

Apigenin Gly34, Asn37, le73, Tyr75, Gly76, 1le128, | Asp32, Ser35, Ser36, Thr74, Te128(1.90954), Asp215(2.0511 A)
Ser129,Alal30, Tyr189, Gly217, Asp215, Thr218,

Luteolin 11e30, Gly34, Tyr75, Gly76, Phell7, Glul3, Asp32, Ser35, Thr77, Glul3 (2.13606), Asp32 (1 .6854%),
Tyr189, Gly217, Leu220 Asp215, Thr218, Ser219, Gly34 (1.9878A), Ser219 (2.1041A),

Keampferol 1le30, Gly34, Gly76, Tyr75, Phelll, Glul3, Asp32, Ser35, Thr77, Glul3 (1 .92605), Asp32 (2.1851Ao),
Phell7, Ile120, Tyr189, Gly217,Leu220, Asp215, Thr218, Ser219, Gly34 (1.8082A), Asp215 (1.9501A),

Quercetin 11e30, Gly34, Tyr75, Gly76, Phelll, Glul3, Asp32, Thr74, Thr77, Glul3 (2.13711&), Asp32 (2.3384/0%),
Phel17, 1le120, Tyr189, Gly217, Leu220, Asp215, Thr218, Ser219, Gly34 (1.9804A), Ser219 (2.0050A),

Morin Tyr75, Gly76, 1le120, Tyr189, Ile213, Asp32, Ser35, Thr77, Asp215, | Asp32 (1479361&2, Thr77 (2.1695/&),
Gly217, Met290, Val292, Leu299, Ile301 Thr218, Asp215 (1.7527A)

Liquritigenin 11e30, Gly34, Tyr75, Gly76, Gly78, Asp32, Thr77, Tyr189 (2.2666A)
Phelll, Leul12, Phel17, Ile120, Tyr189,
Gly217

Naringenin 11e30, Tyr75, Phel11,Phel17, Ile120, Glul3, Asp32, Ser35, Thr77, Asp32 (1 .85441&), Glu288 (1 .7079;\)
Gly217, Ser219, Leu220 Thr218, Glu288,

Daidzein Gly34, Ile73, Tyr75, Gly76, 1le128, Asp32, Ser35, Thr74, Thr77, Gly76 (2.1 137/%), Thr77 (1.8501;\),
Tyr189, Gly217 Ile128 (1.8483A)

Genistein Gly34,Tyr75, Gly76, Ile128, Tyr189, Ser35, Ser36, Asp32, Thr77, Asp32 (2.1439A), Gly34 (2.85861&),
Gly217, Asp215, Thr218, Thr77 (1.8065A), Asp215 (3.0830A),

Te218 (1.9646A)
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3. MOLECULAR DOCKING INVESTIGATION ON THE INTERACTION
BETWEEN FLAVONOIDS AND HYALURONIDASE

Initially, the inflammation is a normal response to infection and tissue injury, but without an appropriate
and timely treatment it can lead to the development of chronic diseases in human bodies (Gautam, &
Jachak, 2009; Yahaya, Don, & Yahaya, 2014). It was reported that there were several enzymes known to
be involved in a promoting inflammatory pathway (Duthie, & Chain, 1939; Cameron, Pauling, & Leibo-
vitz, 1979; Kakegawa, Matsumoto, Satoh, 1999). One of the most important enzymes in this process are
hyaluronidase (HAase), which are a group of homologous enzymes that depolymerise hyaluronan (HA)
and play an important role in the control of the size and concentration of HA chains, which modulating
activity of many pathological processes strongly depends on their length (Stern, Asari, & Sugahara,
2006). The enzyme HAase and its substrate HA are known to be involved in fundamental, physiological
and pathological processes such as embryological development, migration, adhesion, proliferation and
differentiation of cells, immune surveillance, wound healing, angiogenesis, tumorigenesis, virulency,
venom and inflammation (Escalante, Franceschi, Rucavado, & Gutierrez, 2000). Therefore, it can be
deduced that the anti-inflammatory agents had a strong inhibitory effect on the activity of HAase. This
result seemed to indicate that the potent HAase inhibitory substances might have anti-inflammatory
effects, and could become leading compounds in the development of new anti-inflammatory drugs.
On the basis of this information, recently many researchers have devoted to searching and detecting
the inhibitory effects of some natural products against HAase (Lee, & Choi, 1999; Shibata et al., 2002;
Furusawa, Narita, Iwai, Fukunaga, & Nakagiri, 2011; Liu et al., 2013).

Flavonoids, a group of important polyphenols that are widely present in many anti-inflammatory
traditional Chinese medicines, such as Lysimachia christinae Hance, Tussilage farfara L., Ginkgo biloba
L., Lonicera japonica Thunb., Sophora japonica L., Bupleurum chinense DC., and Pueraria lobata
(willd) Ohwi., have been proved to exhibit broad pharmaceutical activities (Heim, Tagliaferro, & Bobi-
lya, 2002; Graf et al., 2005). In recent years, many flavonoids, including apigenin (Wang et al., 2014),
luteolin (Megumi, Kei, Kenji, Tadahiko, & Tadashi, 2011; Jeon et al., 2014), keampferol (Peramaiyan
et al., 2014), quercetin (Yilmaz et al., 2014), morin (Galvez et al., 2001; Jung, Kim, Song, Park, & Lim,
2010), naringenin (Jayaraman, Jesudoss, Menon, & Namasivayam, 2012; Tsai et al., 2012), daidzein
(Liu, Lin, Sheu, & Sun, 2009) and genistein (Verdrengh, Jonsson, Holmdahl, & Tarkowski, 2003; Ji et
al., 2011), have also been shown to possess anti-inflammatory and anti-allergic activities. These results
suggested that flavonoids might have potential ability to inhibit the activity of hyaluronidase. And this
view has been supported by previous studies (Kuppusamy, & Das, 1991; Moon, Kim, & Lee, 2009; Lee,
& Kim, 2010; Liu et al., 2013), which have proved that some flavonoids, including apigenin, luteolin,
keampferol, quercetin and naringenin, had the inhibitory effect on HAase. However, these researches
were limited to the enzymatic activity assay and the inhibitory mechanism of flavonoids on HAase has
not been investigated. In addition, many herbal drugs, such as Lysimachia christinae Hance, Tussilage
farfara L., Ginkgo biloba L., Lonicera japonica Thunb., Sophora japonica L., Bupleurum chinense DC.,
and Pueraria lobata (willd) Ohwi., have been widely used in clinic to treat various inflammations and
allergies in China and have been officially listed in the China Pharmacopoeia as traditional Chinese
medicines (TCMs) [China Pharmacopoeia Committee, 2010]. According to the China Pharmacopoeia,
flavonoids are one of the major anti-inflammatory and anti-allergic ingredients of these herbal drugs.
Therefore, it is very significant for clarifying the anti-inflammatory mechanism of traditional Chinese
medicines to investigate on the interaction of flavonoids with HAase. In this part, some flavonoids with
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anti-inflammatory activity were selected and the interactions between them and HAase were studied by
fluorescence method and molecular docking. The obtained knowledge is very helpful for us to explore
their molecular mechanism of anti-inflammatory activity.

Figure 12 illustrated the fluorescence emission spectra of HAase in the absence and presence of fla-
vonoids. As shown in Figure 12, it could be seen that the fluorescence intensities of HAase decreased
regularly with an increasing concentration of flavonoids, which indicated that flavonoids can bind to
and alter the structure of HAase. Moreover, conspicuous changes of peak shape in the emission spectra
of HAase were also found in morin-HAase system (red shift from 338 nm to 345 nm) and naringenin-
HAase system (red shift from 338 nm to 355 nm), which suggested that the microenvironment of amino
acid residues was changed after addition of these two flavonoids.

Similarly, according to Equation (1) and (2), the Stern-Volmer plots and double-log plots of the
fluorescence of HAase quenched by flavonoids at different temperatures were shown in Figure 13 and
Figure 14, respectively. The Stern-Volmer constants and binding parameters at two different temperatures
were calculated and listed in Table 9 and Table 10, respectively. As shown in Table 9, the Stern-Volmer
dynamic quenching constant K decreased with the rinsing temperature, indicating that the fluorescence
quenching of HAase resulted from complex formation is predominant; while from dynamic collision can
be negligible. The rate constants (Kq) for the quenching of HAase caused by flavonoids are all greater
than the K, for the scatter mechanism. This confirms that the fluorescence quenching is not the result of
dynamic collision quenching, rather a consequence of static quenching. From Table 10, it can be seen
that the numbers of binding sites n for flavonoids were all approximately to one at different temperatures,
which suggested that one molecule of the protein combined with one molecule of flavonoids. The values
of K_for all flavonoids were of the order of 10" L mol ", indicating that a strong interaction exists between
HAase and flavonoids. Moreover, by comparison of the binding constants of different flavonoids with
HAase, it could be concluded that the amount and position of hydrogen-bond, double bond between C,
and C, were the main structure characters that influenced their binding potencies which were consistent
with the structure features that determine the inhibitory effects on HAase (Kuppusamy et al., 1991;
Pessini et al., 2001). This gives a clue that the determination of protein binding to structurally related
compounds is a valuable tool for identifying the groups of a drug molecule.

According to thermodynamic equations (Equations 3, 4, and 5), the values of AS°, AH° and AG®
for flavonoids binding to HAase are listed in Table 10. The negative value of AG° revealed that binding
interactions between the flavonoids and HAase were spontaneous processes. The electrostatic interactions
are the main driving force in the binding of HAase with seven flavonoids, and hydrophobic interaction
was playing a major role in quercetin binding to HAase. Meanwhile, the different amounts of hydroxyls
exist in molecular structure of these flavonoids, therefore, the hydrogen bonding formation might also
participate in the binding processes.

In order to study the binding between flavonoid and HAase systematically, to identify the precise
binding sites and the exact conformation of flavonoid at the binding sites, a docking program was run to
simulate the binding mode between flavonoid and HAase (Zeng, Ma, Yang, You, & Qu, 2015). Docking
calculations were carried out on a HAase model (PDB code 2PE4). To recognize the binding sites in
HAase, blind docking was carried out and grid maps of 126 Ax126 Ax126 A grid points and 0.375 A
spacing were generated. The AutoDocking parameters used were, GA population size: 100; maximum
number of energy evaluations: 250000. The conformation with the lowest binding free energy was used
for further analysis. From the docking calculation, the lowest energy-ranked results of flavonoid-HAase
conformations and the exact binding sites of flavonoids on pepsin with the lowest binding free energy
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Figure 12. Effect of flavonoids on HAase fluorescence
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Figure 13. Sterm-Volmer plots for the quenching of HAase by flavonoids at different temperature (n=3)
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Figure 14. Double-log plots of flavonoid quenching effect on HAase fluorescence at different tempera-

ture (n=3)
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Table 9. Stern-Volmer constants for the interaction of hyaluronidase with flavonoids at different tem-

peratures (n=3)

Flavonoid T (K) Equations K _ (L mol”) K a (L mol?) R SDP
Apigenin 293 F JF =5.9640[Q]+0.8740 5.96x10* 5.96x10' 0.9991 0.09
310 F JF =5.2605[Q]+0.9106 5.26x10* 5.26x10" 0.9979 0.11

Luteolin 293 F JF =6.5263[Q]+0.7259 6.53%x10* 6.53%10" 0.9973 0.07
310 F JF =5.6440[Q]+0.7416 5.64x10* 5.64x10" 0.9923 0.08

Keampferol 293 F JF =7.2644[Q]+0.9458 7.26x10* 7.26x10" 0.9947 0.13
310 F JF =6.4506[Q]+1.0628 6.45%10* 6.45%10" 0.9955 0.15

Quercetin 293 F JF =8.5658[Q]+0.5285 8.57x10* 8.57x10" 0.9613 0.16
310 F JF =8.0290[Q]+0.6234 8.03x10* 8.03x10" 0.9769 0.11

Morin 293 F /F =3.1002[Q]+1.0437 3.10x10* 3.10x10" 0.9984 0.12
310 F JF =2.8055[Q]+1.106 2.81x10* 2.81x10" 0.9987 0.11

Naringenin 293 F JF =3.5028[Q]+0.8625 3.50x10* 3.50x10" 0.9952 0.10
310 F JF =3.4442[Q]+0.8156 3.44x10* 3.44x10" 0.9937 0.11

Daidzein 293 F JF =5.7221[Q]+0.5714 5.72x10* 5.72x10" 0.9960 0.10
310 F JF =4.7483[Q]+0.6104 4.75%10* 4.75%10" 0.9986 0.13

Genistein 293 F JF =8.2006[Q]+0.7607 8.20x10* 8.20x10" 0.9966 0.13
310 F JF =7.0044[Q]+0.8612 7.00x10* 7.00x10" 0.9948 0.14

aThe correlation coefficient.

"The standard deviation.

Table 10. The binding constant K and relative thermodynamic parameters of the flavonoid-hyaluronidase

systems (n=3)

Flavonoid T(K) | K, (L mol") n R SDP AH° (kJ mol™) AG° (kJ mol?) | AS°(J mol!K?)
Apigenin 293 5.22x10* 1.25 0.9989 0.04 -3.89 -26.46 77.02
310 4.78%10* 1.16 0.9985 0.06 -3.89 -27.77 77.02
Luteolin 293 5.90x10* 1.61 0.9961 0.09 -2.17 -26.76 83.94
310 5.62x10* 1.45 0.9999 0.07 -2.17 -28.19 83.94
Keampferol 293 6.82x10* 1.01 0.9951 0.07 -1.77 -27.11 86.49
310 6.55%10* 0.90 0.9970 0.05 -1.77 -28.58 86.49
Quercetin 293 5.42x10* 1.42 0.9934 0.08 1.10 -26.55 94.36
310 5.55x10¢ 1.33 0.9961 0.05 1.10 -28.16 94.36
Morin 293 3.23x10* 0.75 0.9939 0.05 -2.82 -25.28 76.70
310 3.03x10* 0.90 0.9982 0.04 -2.82 -26.34 76.70
Naringenin 293 3.01x10* 1.22 0.9947 0.09 -2.24 -25.12 78.09
310 2.86x10* 1.37 0.9962 0.04 -2.24 -26.45 78.09
Daidzein 293 3.82x10* 1.49 0.998 0.06 -6.88 -25.70 87.68
310 3.27x10* 1.68 0.9905 0.05 -6.88 -26.79 87.68
Genistein 293 6.37x10* 1.50 0.9916 0.07 -2.44 -26.95 91.96
310 6.03x10* 1.19 0.9994 0.06 -2.44 -28.37 91.96
“The correlation coefficient.
The standard deviation.
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were summarized in Table 11 and presented in Figure 15, respectively. As shown in Figure 15, all fla-
vonoids were located in the hydrophobic cavity of HAase and were surrounded by the hydrophobic and
hydrophilic amino acids (shown in Table 12). Therefore, it can be concluded that the interaction between
flavonoid and HAase is mainly electrostatic forces and hydrophobic interactions in nature. However,
due to more hydrophobic amino acids lining quercetin in the binding site, hydrophibic interaction was
more prominent than electrostatic force in quercetin-HAase system. These results were consistent with
the results obtained from the thermodynamic parameter analysis. As shown in Table 12, several amino
acid residues, such as Tyr75, Asp129, Glul31, Tyr202, Tyr247, Tyr286, GIn288, Asp292 and Trp321,
appeared in the binding of each flavonoid with HAase. These results indicated that these residues would
play a very important role in the interaction between flavonoid and HAase and might constitute the
catalytic site of HAase. Moreover, due to the presence of several ionic and polar groups, there are also
considerable numbers of hydrogen bonds in flavonoid-HAase systems. As shown in Table 12, one of
the hydrogen bonds is formed with the Asp129 and/or Asp292 residues in all flavonoid-HAase systems.
It can be assumed from these results that the catalytic site of HAase, like pepsin (Antonov et al., 1978)
and rennin (Danser, & Deinum, 2005), might be also formed by two aspartate residues (Asp129 and
Asp292) and had the same activate mode, namely, one of which has to be protonated, and the other
deprotonated, for the enzyme to be active.

4. MOLECULAR DOCKING INVESTIGATION ON THE INTERACTION
BETWEEN COUMARINS AND ACETYLCHOLINESTERASE

Alzheimer’s disease (AD) is a progressive, degenerative disorder of the brain and is the most common
form of dementia among the elderly especially in industrialized countries. AD is associated with a loss
of cholinergic system with decreased levels of acetylcholine in the brain areas dealing with learning,
memory, behavior and emotional responses. Neuropathologically, AD is characterized by the presence
of beta-amyloid plaques, neurofibrillary tangles and degeneration/atrophy of the basal forebrain cholin-
ergic neurons (Riberson, & Harrell, 1997; Anand, Singh, & Singh, 2012). The loss of basal forebrain
cholinergic cells results in reduction of synaptic availability of acetylcholine (ACh) leading to the cog-

Table 11. The lowest energy-ranked results of flavonoid-HAase binding conformations

Flavonoid Binding Energy (kcal mol!) Ligand Efficiency Internal Energy
Apigenin -5.9 (-24.70 kJ mol™") -0.3 -6.73
Luteolin -5.98 (-25.03 kJ mol™) -0.28 -7.02
Keampferol -6.15 (-25.74 kJ mol™) -0.29 -7.14
Quercetin -6.46 (-27.04 kJ mol") -0.29 =741
Morin -5.74 (-24.03 kJ mol™") -0.26 -6.61
Naringenin -5.8 (-24.28 kJ mol") -0.29 -7.06
Daidzein -6.47 (-27.08 kJ mol”! -0.34 -7.02
Genistein -6.66 (-27.88 kJ mol ™) -0.33 -7.18
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Figure 15. Docked pose corresponding to the minimum energy conformation for flavonoid binding to
HAase cavity. Detailed illustration of the amino acid residues lining the binding site in the HAase cavity.
Green molecule displays flavonoids,; broken lines display hydrogen bonds.

Naringenin

27

nitive impairment in AD (Bartus, Dean, Beer, & Lippa, 1982; Dunnett, & Fibiger, 1993). Accordingly,
the most promising approach for the symptomatic treatment of AD is to increase the synaptic levels of
ACh in the brain by inhibiting the acetylcholinesterase (AChE) enzyme, which is primarily responsible
for its hydrolysis and termination of action. Therefore, AChE inhibitors, such as galanthamine, done-
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Table 12. The amino acid residues lining the binding site in HAase cavity and hydrogen bonds between
flavonoid and HAase

Flavonoids Amino Acid Residues Lining the Binding Site Hydrogen Bond
Hydrophobic Amino Acid Hydrophilic Amino Acid

Apigenin Tyr75%, Vall127, Tyr202*, Asp129*, Glul31*, GIn288*, Aspl29 (01.8624 A), Tyr286
Tyr247*, Tyr286*, Trp321* Asp292* (02.3539 A), Asp292 (1.9174

Luteolin Tyr75%, Vall127, Tyr202*, Asp129*, Glul31*, GIn288*, Tyr75 (1;9603 10\), Tyr286
Tyr247%, Tyr286*, Trp321* Asp292* (1.9700 A), Asp292 (1.8364

Keampferol Tyr75%, Vall127, Tyr202%, Aspl129%, Glul31%, GIn288*, Aspl129 (1.9654 /0\), Tyr286
Tyr247*, Tyr286*, Trp321* Asp292* (2.2922 A), Asp292 (1.8954

;\)**

Quercetin Met71, Ile73, Tyr75%, Vall27, Asn37, Aspl129%, Glul31#, Aspl29 (ﬂ1.6714 A), Tyr286
Tyr202%, Tyr247*, Tyr286%, GIn288*, Asp292* (1.6805 A), Asp292 (2.2390
Trp321% Ay

Morin Tyr75%, Tyr202*, Tyr247%, Glul131%#,GIn288*,Asp292* Asp292 (1.8984 A)**, Asp292
Tyr286*, Trp321* (2.4276 A)**

Naringenin Met71, 1le73, Tyr75%, Val127, Asn37, Asp129%, Glul31%, Tyr286 (}.7105 A), Asp292
Tyr202%*, Tyr247*, Tyr286%*, GIn288*, Asp292* (2.1644 A)**
Trp321*

Daidzein Ne73, Tyr75%, Tyr202*, Tyr247*, | Asn37, Glul31*, GIn288*, Asp292* | Asn37 (10.8764 1&), Asp292
Tyr286*, Trp321* (2.1536 A)**

Genistein 1le73, Tyr75%, Tyr202*, Tyr247*, | Asn37, Glu131%, GIn288*, Asp292* | Asn37 (1.7493 A), Asp292
Tyr286%*, Trp321* (2.3171 A)**, Asp292 (2.1005

A)¥

* The common amino acid residues lining the flavonoids in the binding site.
** The common amino acid residue formating the hydrogen bond with flavonoids.

pezil, rivastigmine and tacrine are the main stay drugs for the clinical management of AD (Osborn, &
Saunders, 2010).

Coumarins are naturally occurring phytochemicals in many plant species with a wide range of bio-
logical activities, such as anti-inflammatory (Lee, Lee, Kim, & Moon, 2011), anti-tumor (Huang, Shan,
Zhai, Su, & Zhang, 2011), anti-HIV-1 (Huang, Yuan, Yu, Lee, & Chen, 2005), anti-oxidant (Razavi et
al., 2013), anti-microbial and anti-depressant effects (Sashidhara et al., 2011). The studies have also
shown that naturally occurring as well as the chemically synthesized coumarin analogs exhibit potent
AChE inhibitory activity (Zhou, Wang, Wang, & Kong, 2008). Furthermore, functionalization of the
aromatic center of coumarins has led to development of novel analogs that are capable of inhibiting AP
aggregation (Piazzi et al., 2008). The studies have also documented the anti-amnestic and the memory
restorative functions of coumarin derivatives in different experimental models of amnesia (Wu, Chang,
Hsieh, Lin, & Ching, 2007). The recognition of key structural features within coumarin template has
helped in designing and synthesizing new alalogs with improved AChE inhibitory activity and additional
pharmacological activities including beta secretase inhibition associated with decreased Ap aggrega-
tion (Kontogiorgis, Xu, Hadjipavlou-Litina, & Luo, 2007; Soto-Ortega et al., 2011). Therefore, as a
promising natural drug for the cure of AD, it is very essential to learn about the inhibition mechanism
of courmarins on AChE. In this section, the interaction of AChE and 13 coumarins (structures shown
in Figure 16) were investigated by fluorescence approach and molecular docking. The binding capacity
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Figure 16. The molecular structures of the 13 coumarins
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and binding mode of different coumarins with AChE were compared, and the reason for the effect of
structure of coumarins on their interactions was explored. The obtained knowledge is very useful for us
to understand the molecular mechanism of AChE inhibitory activity of coumarins and design the most
suitable coumarins derivatives with structure variants.

The fluorescence spectra of AChE at different concentrations of coumarins were shown in Figure
17. As shown in Figure 17, it can be seen that the fluorescence intensities of AChE decreased regularly
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Figure 17. Effect of coumarins on AChE fluorescence
Conditions: Peak from up to down C, . =0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5x10”° mol/L, C,,,=1.0x10° mol-L”,
T=292K.
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with an increasing concentration of coumarin. Furthermore, distinct changes in the emission spectra of
AChE were also observed, indicating that these observations may be attributed to a strong binding of
coumarins to AChE and a radiationless energy transfer between coumarins and AChE.

According to the Stern-Volmer plot and double-log plot, the binding parameters and thermodynamic
parameters at different temperatures were calculated and listed in Table 13 and Table 14, respectively. It
can be found from Table 13 that all of the K values decreased with the increasing temperature and all
of the K values were much higher than the limiting diffusion constant of the bio-molecule, indicating
that the fluorescence quenching processes were mainly static quenching and the complexes between
coumarins and AChE have been formed. As seen from Table 14, the numbers of binding sites n for all
coumarins were approximately to one at different temperatures, which suggested that one molecule of
the protein combined with one molecule of coumarin. The values of K_ for all coumarins were of the
order of 10* L mol”, indicating that a strong interaction exists between coumarins and AChE.

Table 13. Stern-Volmer constants for the interaction of AChE with coumarins at different temperatures

Compound T (K) K, (L mol?) K, (L mol?) r
Coumarin 292 3.22x10* 3.22x10" 0.9915
310 3.05x10* 3.05x10" 0.9924
4-hydroxycoumarin 292 4.65x10* 4.65x10"? 0.9958
310 3.89x10* 3.89x10" 0.9956
7-hydroxycoumarin 292 2.89x10* 2.89x10" 0.9946
310 2.60x10* 2.60x10" 0.9961
6,7-dihydroxycoumarin 292 1.95x10* 1.95x10" 0.9995
310 1.61x10* 1.61x10" 0.9981
6-methylcoumarin 292 4.19x10* 4.19x10"? 0.9939
310 3.43x10* 3.43x10" 0.9961
7-methylcoumarin 292 2.98x10* 2.98x10" 0.9963
310 2.44x10* 2.44x10" 0.9989
7-methoxycoumarin 292 3.76x10* 3.76x10" 0.9964
310 3.40x10* 3.40x10" 0.9963
7-ethoxycoumarin 292 4.80x10* 4.80%x10"? 0.9998
310 4.48%x10* 4.48%x10"? 0.9949
5,7-dimethoxycoumarin 292 3.67x10* 3.67x10" 0.9976
310 3.23x10* 3.23x10" 0.9978
7-hydroxy-4-methylcoumarin 292 2.14x10* 2.14x10" 0.9926
310 1.72x10* 1.72x10" 0.9993
7-amino-4-methylcoumarin 292 4.51x10* 4.51x10"? 0.9996
310 4.02x10* 4.02x10"? 0.9968
7-amino-4-trifluoromethylcoumarin 292 2.78x10* 2.78x10" 0.9996
310 2.34x10* 2.34x10" 0.9990
7-diethylamino-4-methylcoumarin 292 2.51x10* 2.51x10" 0.9993
310 1.45x10* 1.45x10" 0.9995
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The thermodynamic parameters for the interaction between coumarins and AChE were calculated
from the linear relationship between InK and the reciprocal absolute temperature, and the results were
listed in Table 14. The AG®° at 292 K and 310 K were all negative, indicating that the binding process
was spontaneous. Based on the thermodynamic view, Van der Waals or hydrogen bonding interactions
were the main driving forces in the binding of AChE with coumarin, 7-diethylamino-4-methylcoumarin,
7-amino-4-trifluoromethylcoumarin, 4-hydroxycoumarin, 7-methylcoumarin, 7-methoxycoumarin,
7-ethoxycoumarin, 5,7-dimethoxycoumarin, and hydrophobic interactions were playing a major role
in other coumarins binding to AChE. Like flavonoids, there are several hydroxyls exist in molecular
structure of these coumarins, therefore, the hydrogen bonding formation might also participate in the
binding processes.

Table 14. The binding constant K  and relative thermodynamic parameters of the coumarin-AChE sys-

tems (n=3)
Compound T (K) K, (L mol™) n r AH°/(kJ-mol") AS°/ AG°/(kJ-mol")
(J-mol-K™")
Coumarin 292 3.88x10° 1.04 | 0.9969 45.15 14.83 24.62
310 3.08x10* 1.06 | 0.9953 14.83 -25.86
4-hydroxycoumarin 292 5.46x10* 0.90 0.9937 -7.46 63.80 -26.09
310 4.50x10* 0.84 | 0.9991 63.80 2724
7-hydroxycoumarin 292 2.88x10* 1.01 | 0.9968 34.41 34.34 2438
310 2.69x10* 1.09 | 0.9998 3434 2376
6,7-dihydroxycoumarin 292 2.11x10* 093 | 09993 -64.95 -138.18 24.60
310 1.80x10* 1.09 | 0.9997 -138.18 22.12
6-methylcoumarin 292 4.55%10* 1.04 | 09976 26.82 -6.63 24.89
310 3.72x10¢ 111 | 0.9990 -6.63 2477
7-methylcoumarin 292 3.20x10* 1.05 | 0.9963 9.79 50.04 2445
310 2.73x10* 1.00 | 0.9996 50.04 2535
7-methoxycoumarin 292 4.25%10* 0.95 0.9970 -4.21 73.17 -25.58
310 4.03x10* 0.79 | 0.9900 73.17 26.89
7-ethoxycoumarin 292 6.74x10* 0.78 | 09948 7.82 65.65 -26.99
310 5.59x10* 0.81 | 09907 65.65 28.17
5,7-dimethoxycoumarin 292 3.55x10* 1.06 0.9997 -13.93 34.06 -23.88
310 3.53%10° 1.10 | 0.9991 34.06 24.49
7-hydroxy-4- 292 2.29%10* 0.85 | 09955 5233 -90.64 25.86
methylcoumarin 310 2.37x10* 1.09 | 0.9985 -90.64 2423
7-amino-4- 292 5.07x10* 1.07 | 09975 45.15 -69.79 2477
methylcoumarin 310 4.83x10* 1.14 | 09986 -69.79 23.52
7-amino-4- 292 2.40x10* 0.99 | 0.9995 21.88 6.95 2391
rifluoromethylcoumarin 310 2.00%10° 115 | 09986 6.95 24.03
7-diethylamino-4- 292 2.12x10* 0.88 | 0.9998 -20.29 16.22 25.03
methylcoumarin 310 1.73x10* 094 | 09988 16.22 25.32
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In the same way, in order to investigate the binding mechanism of coumarins with AChE and to iden-
tify the precise binding sites, molecular docking studies were carried out to simulate the binding mode
between coumarins and AChE. The 3D structures of coumarins were generated in Chem 3D Ultra 8.0,
and the crystal structure of AChE (PDB ID: 1QTI) was retrieved from the RCSB Protein Data Bank.
To carry out dockmg simulations, a grid box was defined to enclose the active site with dimensions
of 82 Ax90 Ax80 A and a grid spacing of 0.375 A. The grid maps for energy scoring were calculated
using AutoGrid. Docking calculations were performed using the Lamarckian genetic algorithm and the
search parameters were set to 100 times. From the docking results, the best scoring docked model (the
lowest energy conformation) of a compound was chosen to represent its most favorable binding mode
predicted by AutoDock.

Until now, a lot of 3D structures of AChE bound with different inhibitors have been determined by
X-ray crystallography from native Torpedo Californica Acetylcholinesterase (TcAChE) and humans
(hAChE) (Harel et al., 1993; Greenblatt, Kryger, Lewis, Silman, & Sussman, 1999; Kryger, Silman, &
Sussman, 1999; Rydberg et al., 2006; Carletti et al., 2010). All these structures significantly enhance
our understanding of the structural elements of AChE. The crystal structure of TcAChE revealed that its
active site is buried at the bottom of a narrow gorge, about 20 A deep (shown in Figure 18), lined with
conserved aromatic residues and the active site gorge is only ~5 A wide at a bottleneck (BN) formed
by the van der Waals surfaces of Tyr121 and Phe330 (Sussman et al., 1991). Several kinetic models for
AChE proposed that the binding pocket of AChE consists of two substrate-binding sites, the catalytic
anionic site (CAS), near the bottom of the active site gorge, and the peripheral anionic site (PAS), which
contains three principal amino acids, Trp279, Tyr70 and Asp72, near its entrance. The binding of ligands

Figure 18. Schematic description of the active site of the AChE and the corresponding subsites
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Figure 19. Docked pose corresponding to the minimum energy conformation for coumarins binding to
ACHhE cavity. Detailed illustration of the amino acid residues lining the binding site in the AChE cavity.
Green molecule displays c; broken lines display hydrogen bonds.
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at the PAS affects catalytic activity (Silman, & Sussman, 2008). In the catalytic anionic subsite (AS), it
has been proposed that the choline moiety of Ach is stabilized principally via a cation-x interaction with
Trp84, and it also interacts with Glu199 and Phe330. The catalytic site is the binding site of classical
AChE inhibitors, such as tacrine and huperzine, which have been studied thoroughly (Sussman et al.,
1991). The esteratic subsite in TcAChE contains a typical serine-hydrolase catalytic triad, Ser200-His400-
Glu327. A substantial contribution to Ach binding within the active site also arises from stabilization
of the carbonyl oxygen within the oxyanion hole (OH), Gly118, Gly119, and Ala201, and of the acetyl
group in the “acyl-pocked (AP)”, Trp233, Phe288, Phe290 and Phe331 (Harel et al., 1993; Deb, Sharma,
Piplani, & Akkinepally, 2012).

Figure 19 illustrated the exact binding sites of coumarins on AChE with the lowest binding free
energy (shown in Table 15). As shown in Figure 19, all coumarins were located in the AChE cavity and
surrounded by some amino acid residues from different sites and subsites in the gorge (shown in Table
16). As a consequence, the AChE catalytic activity was inhibited by the binding of coumarins. It can be
seen from Table 15 and 16 that hydrophobic amino acid residues are much more than that of hydrophilic
residues, and the van der Waals interactions between coumarins and AChE are obviously stronger than
electrostatic forces, therefore, the essential driving forces of coumarins binding to the site were mainly
hydrophobic and van der Waals interactions in nature, which were consistent with the results obtained
from the thermodynamic parameter analysis. As the mention above, different amounts of hydroxyls exist
in the structure of coumarins, when coumarins enter into the cavity of AChE, these groups would form
hydrogen bonds with amino acid residues. Consequently, hydrogen bonding is also an important force
in the binding process.

Table 15. The lowest energy-ranked results of coumarin-AChE binding conformations

Compound Inhib Binding Internal Vdw-hb- Electrostatic
Constant Energy Energy Desolve Energy
(rM) Energy
Coumarin 98.38 -5.47 -5.47 -5.35 -0.12
4-hydroxycoumarin 107.7 -5.41 -5.85 -5.39 -0.45
7-hydroxycoumarin 65.24 -5.71 -5.98 -5.68 -0.31
6,7-dihydroxycoumarin 71.12 -5.66 -6.21 -5.99 -0.22
6-methylcoumarin 28.53 -6.2 -6.2 -6.15 -0.05
7-methylcoumarin 52.75 -5.84 -5.84 -5.71 -0.13
7-methoxycoumarin 64.71 -5.71 -5.98 -5.8 -0.18
7-ethoxycoumarin 56.29 -5.8 -6.34 -6.11 -0.22
5,7-dimethoxycoumarin 61.45 -5.75 -6.29 -6.06 -0.23
7-hydroxy-4-methylcoumarin 31.78 -6.14 -6.41 -6.04 -0.37
7-amino-4-methylcoumarin 59.48 -5.76 -6.04 -5.85 -0.18
7-amino-4-trifluoromethylcoumarin 65.77 -5.71 -6.25 -6.18 -0.07
7-diethylamino-4-methylcoumarin 12.9 -6.67 -7.41 -7.34 -0.07
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5. CONCLUSION

In pharmacology, knowledge of the binding of inhibitors with protease can not only help to understand
the metabolic process of inhibitors in body, but also help to reveal the inhibitory mechanism of protease
inhibitors and accelerate the development of new inhibitor. Thus, in this chapter, the interactions between
some natural active drugs and enzymes, including pepsin, hyaluronidase and acetylcholinesterase, were
investigated by using a combination of experimental and computational methods. Currently, molecular
docking is a standard computational tool that has been successfully employed in drug design and discov-
ery studies. Nonetheless, some theoretical and computational challenges remain to be overcome, doing
so would increase the predictive power and widen the applications of this important computational tool.
All these experimental results and theoretical data in this chapter would be helpful in understanding the
mechanism of inhibitory effects of drugs against enzymes. It hopes that this chapter will stimulate more
pioneer works on this area.
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Molecular Docking of
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ABSTRACT

Molecular docking of ligands to DNA-targets is of great importance for the design of new anticancer
drugs. Unfortunately, most docking programs were developed for protein-ligand docking which raises a
question about their applicability for the DNA-ligand docking. In this study, the popular docking programs
AutoDock Vina, AutoDock4 and AutoDock3 were compared for a test set of 50 DNA-ligand complexes
taken from the Nucleic Acid Database. It was shown that the version 3.05 of the AutoDock program was
the most successful in reproducing the structures of intercalation and minor-groove complexes. The
program AutoDock4 was able to re-dock to within 2 A RMSD most of the intercalation complexes of
the test set, but showed poor performance for minor groove binders. While Vina, on the contrary, failed
to construct six intercalation complexes of the test set, but showed satisfactory results for DNA-ligand
minor-groove complexes when small search space was used.

INTRODUCTION

Molecular docking method allows one to construct the optimal complex - the complex with the mini-
mum energy — of macromolecule-target and small biologically active substance (BAS)-ligand. Proteins
are used usually as macromolecules-targets nucleic acids-targets are less common. At the same time,
there is no doubt that nucleic acids (NA) are attractive targets for small molecules (Dailey et al., 2009;
Hermann & Tor, 2005). One can hardly overestimate the role they play in biological processes, with the
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most important being probably the storage and propagation of genetic information. Many anticancer
drugs exert their biological activity by binding to DNA (Brana, Cacho, Gradillas, de Pascual-Teresa, &
Ramos, 2001). Drugs targeting NA can be even more effective then those targeting proteins in view of
the fact that number of NA-targets is much less compared to protein-targets (Holt, Buscaglia, Trent, &
Chaires, 2011). Each DNA gene-target is transcribed into multiple mRNAs-targets, and each mRNA-
target is translated into multiple protein-targets. So blocking of a single gene will cause blocking of
multiple protein-targets.

The docking of nucleic acids and BAS has a number of peculiarities compared to protein docking.
The reason of them is primarily the differences in the structure of proteins and nucleic acids. Unlike
the proteins, there are no clearly confined binding pockets for ligands in DNA duplexes. The polyan-
ionic NA-targets have higher charge density compared to proteins and the treatment of solvent plays an
important role in the evaluation of NA-ligand interactions. Another problem of NA docking is that the
empirical energy scoring functions in many docking programs were calibrated using a set of protein-
ligand complexes. Taking into account that the contribution of individual interactions (van der Waals,
hydrogen bonds, electrostatic) to the total energy of docking complex may be different for BAS-protein
complexes and BAS-NA complexes, the use of such programs for docking of NA and BAS does not
always allow one to obtain the optimal complex for the given target and ligand. Nevertheless, in the
literature, there are a number of successful examples of BAS-NA docking using programs designed for
proteins (Chen, Shafer, & Kuntz, 1997; Detering & Varani, 2004, Evans & Neidle, 2006; Holt, Chaires,
& Trent, 2008; Ricci & Netz, 2009; Li et al., 2010; Srivastava, Chourasia, Kumar, & Sastry, 2011).
Protein docking programs that were successfully used for docking of ligands to NA-targets are listed in
Table 1. At the same time, the application of protein-designed scoring functions for NA-ligand docking
revealed some scoring problems: for the majority of studied complexes the crystal ligand pose had lower
score than the best scored pose and the hydrogen bonding pattern was different in the crystal complex
and in the docking top-ranked complex (Gilad & Senderowitz, 2014; Deligkaris, Ascone, Sweeney, &
Greene, 2014). Recently several docking programs and scoring functions appeared that were specially
designed for RNA-targets: MORDOR (Guilbert & James, 2008), RiboDock (Morley & Afshar, 2004),
DrugScore®™* (Pfeffer & Gohlke, 2007), DOCK6 (Lang et al., 2009). Unfortunately, there is a lack of
scoring functions designed for DNA-duplexes.

This study was focused on docking of small ligands to DNA-duplexes. Since the most of the reported
DNA-ligand docking studies were done using AutoDock software (Morris et al., 1998), this program

Table 1. Protein docking programs that were successfully applied to NA-ligand docking

Program Description Reference
AutoDock Free program based on Lamarckian genetic algorithm and Morris et al., 1998; Morris et al., 2009
empirical force-field based scoring function
DOCK Free anchor-and-grow based docking program Lang et al., 2009
Surflex Commercial docking program using molecular similarity-based Jain, 2003

search algorithm

GLIDE Commercial exhaustive search-based docking program Friesner et al., 2004
GOLD Commercial genetic algorithm-based docking program Verdonk, Cole, Hartshorn, Murray, & Taylor, 2003
CDOCKER Commercial CHARMm-based molecular dynamics docking ‘Wu, Robertson, Brooks III, & Vieth, 2003
program
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was chosen for docking. AutoDock is one of the most popular non-commercial docking programs and,
during many years, it remains the most-cited docking software (Mihasan, 2012; Chen, 2015). It uses
the Lamarckian genetic algorithm and the empirical force-field based free energy function. The current
version of the program is AutoDock4.2 (AD4) (Morris et al., 2009). The AD4 scoring function includes
five energy terms: the van der Waals term, hydrogen bonding term, electrostatic term, desolvation term
and the term for the loss of torsional entropy of ligand upon binding (Huey, Morris, Olson, & Goodsell,
2007). Each term is weighted by the coefficient that was obtained upon calibration of the AD4 scoring
function for the test set of protein-ligand complexes with experimentally determined binding constants.
AD4 was shown to be successful in re-docking experiments of protein-ligand complexes for ligands
with up to 10 rotatable bonds (Huey et al., 2007) and in several DNA-ligand docking studies (Holt et
al., 2008; Ricci & Netz, 2009; Gilad & Senderowitz, 2014). There is also the MPI/OpenMP-parallelized
version of AD4.2 that makes this program an attractive choice for virtual screening (Norgan, Coffman,
Kocher, Katzmann, & Sosa, 2011).

The previous version of AutoDock — AutoDock3.05 (AD3) was also used with success for NA-ligand
docking (Detering & Varani, 2004, Evans & Neidle, 2006). The AD3 scoring function differs from the
AD4 in the form of desolvation and hydrogen bonding terms and in the values of empirical coefficients
standing before energy terms (Morris et al., 1998). Only serial version of AD?3 is available.

Another program that was developed in the AutoDock lab is the AutoDock Vina (Vina) (Trott & Ol-
son, 2010). It is not a new version of AutoDock but rather a new generation program with a new scoring
function and a new search algorithm. It uses the Iterated Local Search global optimizer and the hybrid
scoring function combining the advantages of empirical and knowledge-based scoring functions. The
Vina scoring function consists of the three steric terms identical for all atom pairs, the hydrophobic term
for hydrophobic atoms and the hydrogen-bonding term for atoms participating in hydrogen bonding.
The terms are weighted by the empirical coefficients. Vina was shown to be superior to AD4 both in the
accuracy of the binding mode predictions for protein-ligand complexes and in the speed of calculations.
Further speed-up of Vina can be achieved by using multithreading on multi-core machines. Due to its
speed and accuracy, Vina is widely used for protein-ligand docking (Chang, Ayeni, Breuer, & Torbett,
2010). On the other hand, there is no information on application of Vina for DNA-ligand docking.

In this study, the comparative analysis of DNA-ligand docking using programs Vina, AD4 and AD3
will be carried out. To the best of authors’ knowledge, there was no comparison of these programs for
DNA-ligand docking before. At the same time, AD4 and Vina are one of the most-used docking pro-
grams. All these programs were trained for protein-ligand complexes. Therefore it would be interesting
to compare their performance with respect to the DNA-ligand docking. Vina is the fastest of the three
programs considered, whereas AD3 — is the slowest because only serial version of it is available. The
OpenMP-parallelized version of AD4 was used in this study.

DOCKING OF BAS TO DNA USING AUTODOCK3, AUTODOCK4 AND VINA
Computational Methods
In order to obtain a comprehensive DNA-ligand docking test set, two main types of DNA-ligand

complexes should be considered: intercalation and mi