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ABSTRACT

The aim of this thesis was to report on the current state-of-the-art of the research
conducted concerning mapping of protein cavities with a potential function role as
binding sites of bioactive compounds, peptides or other proteins.

A literature review was performed with emphasis on the relevant tools developed during
the last decade. In addition, the main research findings regarding drug design and
druggable targets based on binding sites are presented.

Processes performed in protein cavity detection and analysis, of previous research
articles, are compared with the approach described by Anaxagoras Fotopoulos and
Athanasios Papathanasiou (2015). The results showed that a competitive advantage of
their approach is the multidimensional k-means algorithm for clustering.

For the bibliographic review the scientific knowledgebase has been used, which
includes international articles and journals, book chapters, as well as online articles
regarding drug design and protein cavity.

Search keywords such as protein cavity dynamics, catalytic sites of enzymes, protein
pocket etc. were used to identify bioinformatics tools with text mining. A catalogue of the
most recently developed tools is presented followed by a brief description of selected
tools. The selection criteria imposed for preparing the catalogue and the detailed
description included the publication date, as well as the algorithms and the methods
they use. The tools were then classified according to the search keywords.

The findings of this research are discussed, and the algorithms and methods they use
are compared, highlighting the advantages of protein cavity detection.

SUBJECT AREA: Protein Structure

KEYWORDS: protein cavity dynamics, catalytic sites of enzymes, ligand binding, in
silico docking, molecular dynamic simulations, active sites, protein

pocket, protein conformer, rotamers



NEPIAHWH

O okomdg TG OITTAWUATIKAG €pyaoiag civar n dlgpelivnon Kal ammotuTTwon Twv
EPEUVNTIKWY PEAETWYV TTOU QPOPOUV OTOV XAPOKTNPEIOUO PIAG TTPWTEIVIKAG KOIAOTNTAG —
KEVTPOU TTPOCOEONG PIOOPACTIKWYV EVWOEWY, TTETITIOIWV 1} AAAWY TTPWTEIVWV.

2TV TTapouUca £pyacia XpnolgoTroimenke N p€Bodog TnNG BIBAIOYPAQIKNG ETTIOKOTINONG.

Mapouaialovral Ta KUPIOTEPO EUPAMATA TTPONYOUUEVWY EPEUVWV TTOU OXETICOVTAl UE TN
dladIkaoia oxXedIOOPOU PAPUAKWY KAl TOV EVTOTTIONO QAPUAKOPOPWY e Bdaon €va
OUVOAO TTPOCOETWV.

2Tn OUVEXEID OUyKpivovTal JIadIKACIEG €TTECEPYATiag Kal avaAuong NG TTPWTEIVIKAG
KOINOTNTOG TTPOYEVECTEPWY EPEUVWOV HE TN TTPOOCEYYION TIOU TIPOTABNKE ATTO TOUG
MamaBavaaciou kal PwtdTOUAOU TO 2015. AvadeikvuovTal BACIKAG TTAEOVEKTAUATA TNG
TTPOOEYYIONG AUTAG, OTTWG N €Qapuoyl Tou aAyopiBuou ToAudidoTarn k-means
opadoTroinon (multidimensional k-means clustering).

H eupeon BiBAoypagiag Paciotnke o€ avalAtnon €mMOTAPOVIKWY Apbpwv o€
EeVOYAWOOQ ETTIOTNUOVIKA TTEPIODIKA, O Ke@AAala BIBAiwv kal o€ didgopa apbpa ot
NAEKTPOVIKOUG I0TOTOTTOUG OXETIKA PE TOV OXEOIAONO QAPUAKWY Kal TIG KOIAOTNTEG TTOU
QTTAVTWVTAI OTIG TIPWTEIVEG.

2TNV Trapouca €pyacia TTapoucIAlovTal €V OUVTOMIO €PYOAEia TTOU EVTOTTIOTNKAV
XPNOIMOTTOIWVTAG  AEEEIC  KAEIDIA  OTTWG  yia  TTaPAdEIlyua  OUVAMIKY  TTPWTEIVIKNAG
KOINOTNTAG, KOTAAUTIKO KEVTPO €vOG ev{UUOU, TTPOOCOECN, TTPWTEIVIKY) ONKN KATT. ZTn
OUVEXEIO OUYKPOTHONKE KATAAOYOG PE Ta gpyaAcia PIOTTANPOQOPIKNG avaAuong TTou
BpéBnkav Kal akoAouBbnoe eKTEVAG ava@opd eTTIAEKTIKA O0€ KATToIa a1rd auTtd. Kpitrpio
EMAOYNG AUTWV TWV €PYaAEiwv aTTOoTéEAECE N nuepounvia ONPOCIEUCr G Toug, Ol
aAy6piBuol  kar  n  upebodoloyia  TTOU  YpnoigotToloUv.  Ta  gpyaAcia autd
Katnyoplotroinenkav pe Baon T AEEIG KAEIDIA TTOU XPNOIYOTTOINONKAV yia TNV €06puin
Twv dedopévwy atrd Tnv PBiAIoypagia. TEAOG TTPayUATOTTOINONKE CUYKPITIK MEAETN
QUTWV AVOOEIKVUOVTAG TA TTAEOVEKTAMATA KAl €0TIAJOVTAG OTNV TTEPAITEPW AlOTTOINON
TOUG.

OEMATIKH MNMEPIOXH: Mpwrt¢ivikr) Aoun

AEZEIZ KAEIAIA: duvauikA TTPWTEIVIKAG KOIAOTNTAG, KATAAUTIKO KEVTPO €vOG ev{UOU,
TTPOCode0n TIPOCOETN, TTPOCOMOIWON TTIPOCOECNG, TTPOCOMOIWON
MOpPIaKAG  OUVAMIKNAG,  KATNYOPIOTIOINON  EVEPYWV  TTEPIOXWV
eVCUMIKAG KOIAOTNTOG, TTPWTEIVIKN BAKN, TTPWTEIVIKEG DIAPNOPPUOTEIG,
dlapop@wuePA TTAEUPIKAG aAuaidag
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PROLOGUE

A drug is a substance or a product with attributes that help to relief from pain, heal
diseases or improve health. Through its action, it may have an impact on how the
function of an organism or its individual components.

Drugs affect biochemical interactions in living species. More specifically, they affect the
molecular interactions at protein's binding sites or active sites if it is for enzymes. Since
each living organism is different, drugs may not influence the target functionality serving
the purpose that they are designed for and cause side effects. Therefore it is necessary
to evaluate a target's druggability by finding regions that can be binding sites with
increased specificity.

The scope of Master Thesis of Anaxagoras Fotopoulos and Athanasios Papathanasiou
was to find structural determinants that compose binding by mapping cavity topology
and designing ligand. Attempts were made for better docking methods based on active
site conformations analysis and a comprehensive range of bioinformatics tools were
used. [1]

A validation study is recommended to verify the results, code review to fix bugs and
improve program performance.

The current thesis focuses on finding the current state of the art of the research
conducted in mapping protein cavities, specifically of catalytic sites of enzymes.
Emphasis will be given on the various tools and methods available for drug design
described in the literature and also in A. Fotopoulos & A. Papathanasiou MSc thesis.
Suggestions and recommendations are provided.



Current state-of-the-art of the research conducted in mapping protein cavities

1. INTRODUCTION

The process to design and develop effective drugs performing basic research can be
costly and time consuming, especially because it involves a number of steps. To
improve this process, a broad range of computer applications have been developed
concerning data analysis, storage and management.

Different databases keep information such as genome and protein sequences, peptides,
protein and peptide interactions, ligand associations, biomolecular structures etc. that
can be used as input in drug design analysis. Besides genetics data, examples and
results are available as well.

Mathematical methods and algorithms are applied for molecular geometry and topology
analysis. Molecular geometry is focused on distances and angles whereas molecular
topology is focused on connectedness. Distances, bonds and angles are quantities that
are changing with time and determine the molecule flexibility. Topology refers to
changes of a topological object and mapping on other topological objects. Tunnel and
cavity preserve transformations in an object. Different objects can be identified from
geometrical properties. [2]

Computer methods based on statistics compare and classify the above mentioned
structures. [3]

In the current thesis, Chapter 2 includes the current state of the art of the research
conducted in mapping protein cavities, specifically of catalytic sites of enzymes.

Chapter 3 is a short description of the tools and algorithms flow used previously with
emphasis on Anaxagoras Fotopoulos and Athanasios Papathanasiou Master thesis. [1]

Chapter 4 refers to tools that were identified to combine protein cavity dynamics,
catalytic sites of an enzyme, in silico docking, molecular dynamics simulations and
protein conformers. Emphasis is given on the tools available in the literature as
mentioned in recent published papers that indicate the current state of the art, are
compared to the algorithms and methods previously used Fotopoulos and
Papathanasiou. [1]

Notes for Chapter 4:

1. The symbol % that is used next to some tools, represents the fact that more
information follows.

2. The color Green symbolizes the comparison made and points worth to be mentioned.

Based on the analysis we can determine the novelty of the approach followed and its
relationship to previously published tools.

Finally in Appendix section basic information regarding Drug Design and Protein
Structure is described.

K.Dalamara 12
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1.1.1Drug Design

The goal of drug discovery is to improve health and prevent diseases and contribute
towards health management challenges. Scientists are looking for molecules that
modify the disease features find at least treatments of a disease if not a cure. For this
purpose, a molecule editor, a graphical definition of molecules, is used in all process
systems. [4]

Scientists are searching for compounds that bind to protein targets involved in a disease
and alter their function. Those bioactive molecules combinations must be non toxic,
must have increased specificity for the target and be effective. Potential drug targets are
RNA molecules that block or enable a function, small peptides or small
molecules/organic compounds. [5]

Note that natural products have also pharmacological or biological effects that can be of
therapeutic value in treating diseases. They are promising for fining applications in
medicinal chemistry, molecular biology and pharmaceutical sciences. [6]

Since drugs may cause unpleasant or risky situations, known as side effects, tests are
required before any drug is released to the market. The tests are usually performed on
animals, however for safety reasons drug testing on human volunteers is performed as
well. Overall, there is pressure to develop other solutions that will unveil any possible
drug side effect. Computational testing and in silico models meet this need. [7]

Importance of Active Site

In the drug discovery process, employing enzymes as protein targets, the identification
of active sites is essential. An active site is a region of an enzyme where substrate
molecules bind and chemical reaction occurs. This means that residues, named binding
site, interact with the substrate, and catalyze a reaction. The region where the reaction
takes place is called catalytic site. [8] Ligand transport from and to protein active sites is
very important at the beginning and at the end of enzyme catalysis. [9]

The prediction of ligand binding and catalytic sites can be used to design small
molecules. The pocket identification process finds cavities in protein structures. [10]

Protein x-ray crystallography is a technique that determines the three dimensional
structure of a protein structure and reveals cavities that could serve as binding sites.
Molecular Dynamics (MD) simulations of ligand affinity provides shape-related models
that reveal its binding mode and the interactions is forms. Lennard-Jones potential is a
mathematically model that describes these kind of interactions. [9]

Automated Active Site Detection, Docking and Scoring (AADS) is an online tool that
computes protein cavities. The tool is based on physicochemical properties. Each
pocket is represented by a single cavity point. The cavities are ordered descending by
their volumes. The top ten molecules that dock successfully are candidate drug
molecules. For this type of simulations Monte Carlo methodology is used. [11]

Mapping of the active site could be achieved, for example, through an enzyme inhibitor.
An inhibitor slows down the reaction rate and can affect enzyme functions in
pharmacological drug targets upon binding to the active site or other binding sites of the
enzyme. [8]

Analysis of the active site prediction methods can be divided in three groups: the
sequence homology methods to find conserved residues, the structural homology

K.Dalamara 13
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methods to find functional regions, and the methods based on geometry and physico-
chemical attributes of the sequence and protein structure. [12]

During the last decade, the redesign of active sites is another approach followed for
studying the active sites of enzymes. It is specifically based on teaching the “old”
enzymes “new” tricks that can lead to new functions. Changes on chemical
transformations can affect enzyme activity. Searching for chemical spaces could help
increase the drug effectiveness. Defined changes in the atomic structure of an enzyme
is a way to access alternative catalytic activities. [13]

The following examples confirm the importance of the aforementioned facts.

Scientists focus on proteins that might have interesting characteristics, for which though
nothing much is really known. By analyzing their structure, they want to understand
what their function and what they are related to. This is how they find out that a
metabolic pathway is involved in stuttering. A computer model predicts the structure of
the same region in a human UCE (UnCovering Enzyme). It shows a cavity that appears
to be an active site. With this model they created various mutations in UCE to see what
effect they had on the enzyme's function and verify that they had identified the enzyme's
active site correctly. [14]

Lipocalin prostaglandin D synthase L-PGDS is an enzyme related to the central nervous
system. It regulates pain and can be effective in brain tumor patients. By studying its
structure and catalysis mechanism researches came to the conclusion that it is released
to the environment by interacting with membranes. [15]

Kynurenine formamidase kynB is an enzyme related to brain disorders. Experiments
and kynB complex structure showed an ensemble of ZINC catalytic sites. [16]

Carbonic Anhydrase (CA) inhibitors are used for treatment or prevention of diseases.
The problem by studying their structure is that sequence and structures of different CA
isoforms are very similar. The structure of the enzyme inhibitor complex was analyzed
by different Fourier techniques using 1CAZ structure. Inhibitor molecule was observed
in a cavity located on the protein surface and stabilized by several polar interactions.
[17]

An important role in human diseases plays the protein kinase, hence it has been
extensively studies as a drug target. More specifically different mutations of the enzyme
affect its regulatory role and it is of great interest to understand. All approved protein
kinase antagonists are steady-state competitive enzyme inhibitors and they interact with
the ATP-binding pocket. Prototype for all protein kinases used in EGFR protein kinase
contain several conserved a-helices and 3-strands. (C-spine for catalytic, R-spine for
regulatory structural skeleton analysis). Approved EGFR antagonists on the duration of
their inhibitory effects on human cells. The duration of drug effectiveness after removing
the drug was also checked. [18]

K.Dalamara 14
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2. CURRENT STATE OF THE ART

In drug design both chemical and biochemical analysis are required. Efficient binding
affinity of macromolecular interactions depend on geometry and physicochemical
properties. [5]

Importance of cavities

The importance of cavities becomes clear with the variety of examples and case studies
listed below:

Researchers are focusing on finding protein templates with correct ligand-binding
pockets geometry in order to design molecules that specifically bind to proteins and
enzymes. A problem that might occur can be the mutations, which will change the
pocket structure. Active sites and ligand-binding cavities are often formed by curved B-
sheets. By studying the geometry of B-sheets folding simulations we can control the
atomic level accuracy and proceed with designing proteins with cavities formed by
curved B-sheets. [19]

Protein-protein and protein-ligand docking are important for understanding disease
mechanisms. It is considered a key computational method in the design of starting
points for the drug discovery process. Annotation of data and examples of protein-
protein interactions (PPI) are kept in online databases. [20]

Inhibition of protein-protein interaction (PPI) is promising to improve the specificity with
less side-effects. Computational methods are desired because the drug target space is
wide and drug target discovery is difficult. [21]

In the drug discovery analysis and decision-making, an extensive number of bioactivity
databases is important. Actions that can be performed are for example to find target
pathways, explain side effects or analyze the structure activity relationships (SAR). [22]

Peptide—protein interactions are involved in a wide range of biological processes. They
are important for signal transmission and to regulate mechanisms. They do have small
interfaces. In the designing process of experimental interactions what is used are
candidate sites of interaction at the protein surface. Protein—peptide docking techniques
help to understand protein actions in an atomic-level. The increasing number of protein—
peptide structures in protein data bank can increase the prediction accuracy of protein-
peptide docking. [23] [24]

The prediction of side-chain conformations of residues that form a binding site of a
protein can be helpful in protein docking, drug design and virtual screening. Side-chain
conformations can be flexible and their flexibility depends on the type of residues but
also their environment. They also depend on their backbone torsion angles. By
combining side-chain conformations, atom coordinates can be predicted and score
calculations performed.

By checking the side chain conformations of important catalytic residues, observed in
the crystal structures of various mutants, the scientists came to the conclusion that the
distance and orientation conformation is correlated to the backbone amide dynamics. A
better understanding of these conformations can help design inhibitors against bacterial
Pth proteins. [25]

A maximume-likelihood method has been approached to parameterize the side chain
model using input data from high resolution protein crystal structures. The maximum
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likelihood parameters assign high probability to the observed rotamer states and no
laborious discrete sampling of the angles are required. The method called “Upside”
performs dynamics simulations of the backbone trace and structural details are
included. This reduces the steric rattling. [26]

Recently studies have suggested that (B-lactams may have anti-TB (mycobacterium
tuberculosis) activity. How types of B-lactam anti-bacterial act against each other can
lead to structural improvements, therefore become treatment drugs for TB. The
superposition of these B-lactams are spotted in all conformations at the active site and
show that the R1 side chain prove additional interactions with residues inside and
outside cavities. [27]

G protein-coupled receptors (GPCRs) are top drug target membrane proteins. They are
important in signal transduction. New compounds can be identified by using specific
databases that contain annotated GPCR-ligand associations. [28] [29]

In contrast to ligand-based approaches that need an initial set of bioactive compounds,
structure-based docking requires only the 3D structure of the protein target. The
structure-based molecular docking shows binding sites and affinity of the receptor
protein. [5]

Multitask learning between drugs establish the best treatment strategy and drug
sensitivity prediction. [30] One drug can increase or decrease the effect of another drug,
a drug—drug interaction (DDI). [31] The drug-drug interaction is a major cause of
adverse drug effects and a key role in patients' safety. [32] A typical experiment
exposes cells to doses of a drug and evaluates the response. Understanding this
relationship of therapeutic compounds is very important. [33] Pharmacology-based
prediction of multi-targeted drug combinations is a promising approach to improve
anticancer efficacy and safety. [34]

Identification of drug-target interactions is extremely costly, time-consuming and
challenging. Therefore, computational models have been developed [35] to visualize
drug combination effects and analyze the results. [36] Recent studies have generated
interest in identifying synergistic combinations for therapy. [37] For binding affinity
predictions approaches such as MM/PBSA and LIE, have been used. They do provide
prediction accuracy and reduce computational cost. [38]

Scientific research has been focused on developing peptide based therapies to treat
various diseases. Peptides have been stored in databases and computation tools have
been developed to predict and design cell penetrating peptides.

A sufficient interpretation of the data requires understanding in which are the molecular
families, structural motifs properties and structural changes. Sufficient chemical
intelligence is required but uncommon. [39]

Interaction of a drug or chemical with a biological system can result in a gene
expression connectivity mapping. Connectivity mapping is a process to recognize novel
pharmacological and toxicological properties in small molecules by comparing their
gene expression signatures with others in a database. [40]

Interesting recent work describes how amino acid positions conserved within a group of
orthologues can be distinguished from those conserved in broader family of proteins.
[41]

The pharmacokinetic profile of a compound defines its absorption, distribution,
metabolism and excretion (ADME) properties, and is crucial for effective drugs. The
ADMET properties are considered in early stage drug development. [42]
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Cytochrome P450 (CYPs) are the major enzymes involved in drug metabolism and
bioactivation. [43] They belong to a family of heme proteins. The sites of metabolism
(SOMs), specific atoms of a molecule that are oxidized by specific CYP isozymes, are
influential for early-stage lead design and optimization. [44]

European medicines agency (EMA) and US Food and Drug Administration (FDA) main
focus is on CYP enzymes. Their analysis is based on QSAR Quantitative structure
activity relationships and SOM sites of metabolism. [45] 3D-QSAR analysis and
clustering of binding cavities is a computational approach to understand binding affinity
and interaction. [27] Size and shape of the binding cavity are critical for selective ligand
binding. In docking to find active conformations for substrates two basic assumptions
are made: SOM should be close to heme iron and binding energy of substrate should
be low. Docking is form-specific, 3D structure of enzyme cavity. Cytochromes are
proteins that play important role in energy transfer in cells. They are found in
mitochondria. 57 CYP forms are found. Ligand-based, target-based and combined
methods give precise information of key features like ligands, binding cavities for
metabolizing CYP enzymes.

To trace the effectiveness or side effects of drugs we need to understand metabolism.
In drug development, metabolic stability can be predicted very early in the process but
in silico can predict drug-drug interaction due inhibition of CYP enzyme activity.
Enzymes types CYP450 that belong to protein family that include heme are being part
of oxidant metabolism of in vivo drugs and influence drug effectiveness. If the heme has
iron Fe2 then cytochrome creates a complex with CO. This plays an important role in
drug tension and duration.

New algorithms analysis methods give us information about features affecting CYP
enzyme-ligand interactions. OECD QSAR Toolbox program is used to identify relevant
structural characteristics and potential toxic mechanism of chemicals attempts to
develop general CYP inhibitor docking protocols. It provides accuracy and speed. [45]

Computational prediction of distribution, metabolism, excretion and toxicity (ADMET)
properties is an effective method to minimize attrition. Suitable chemical space has
been estimated. [46]

Pharmacometric approaches, such as pharmacokinetic, pharmacodynamics,
pharmacology, physiology modeling and simulation, are being more and more applied in
the drug development process. For this purpose, mathematical models are used. [47]

The octanol-water partition coefficient (logP) is one of the most important physico-
chemical parameters for metal-based anticancer drug discovery compounds with
improved pharmacokinetic properties. [48]

The molecular lipophilicity potential (MLP) is a method to calculate and visualize
lipophilicity on molecules. [49]

Determining the toxicity of chemicals is necessary to identify their harmful effects. [50]
StARD3 a StARD related lipid transfer protein, is a carotenoid-binding protein in the
primate retina, and adopts the helix-grip fold. An essential characteristic of StARD3 is
the tunnel-like cavity. One of the ionone rings must stick out of the cavity. The cavity
communicates with bulk solvent through two openings. The binding-pocket asymmetry
may identify lutein, thus b-ionone and e-ionone rings. [51]

The ZINC dependent MMPs Matrix Metalloproteinases are linked to pathological
conditions such arthritis, cancer, skin ulceration. Studying structural properties of MMP
collagen using a combined molecular dynamics umbrella sampling MDUS approach,
allows including an additional single polypeptide chain into the active site. GROMACS is
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used for molecular simulations and LINCS algorithm to homologically constraint bound
interactions. MMPs are promising drug targets. [52]

Open Drug Discovery Toolkit (ODDT) is an open source tool for computer aided drug
discovery (CADD). It combines machine learning scoring functions. [53]

Ontology-based enrichment analysis for small molecules uses ontology annotations.
They link ontology classes to biological entities. [54]

The y-secretase enzyme cuts proteins in small pieces. Amyloid precursor protein is
targeted by y-secretase and is linked to brain related diseases such as Alzheimer's.
Cryo-electron microscopy (cryo-EM) technique creates 3D models of y-secretase and
this means that the active site is flexible. 3D classifications help analyzing
conformational landscape of y-secretase. For complexes larger than several hundred
thousand Daltons, dynamic changes in tertiary and quaternary structure have been
studied using by cryo-EM image classification with improved computer algorithms. B-
secretase 1 (BACEL) inhibitors are also a new promising target for Alzheimer's disease
since they reduce dendritic spine dynamics. [55]

Available tools and algorithms for cavity extraction

Cavity analysis requires to trace Molecular Dynamics (MD) tranjectories. Molecular
Dynamics (MD) calculations and docking algorithms are compared, classified and
combined for more practical and user friendly tools. They do locate binding sites of
already known active sites and try to detect other ones unknown. Depending on the
context of molecular processes the available tools for cavity analysis, represented
below, are classified based on their functionality.

Algorithms to detect cavities are based on Grids and Voronoi diagrams. [56]

The Molecular Dynamics (MD) simulation is a technique which is used to collect
transitional conformations, meta-stable states, transition states, helical structures, and
stochastic dynamics, of biomolecules such as proteins, and with this sample determine
if the clustering algorithms are actually extracting useful information. This can be done
by validating the performance of clustering algorithms.

Spectral clustering is an algorithm which can applied to cluster polymer models and MD
simulations. Root Mean Square Distance (RMSD) calculates differences between
structures and is used to find the top k eigenvectors. [57]

Conformational entropy is a protein property that varies in sequence, secondary
structure, and tertiary fold.

The backbone entropy and side chain flexibility can be independent. a-helices have
lower entropy than B-sheets. [51]

There are two categories of clustering algorithms, metrics and clusters.

Features like global folds, active sites, and ligand poses contribute in developing a
clustering algorithm. The best cluster has the highest probability, which is calculated by
a scoring function. A deterministic geometric clustering algorithm clusters all structures
until a satisfying classification criterion is met. Analysis and visualization follows in order
to discover and compare common structural features. The number of clusters generated
by the top-down algorithm are defined by the user. Pairwise Root Mean Square
Distance (RMSD) between structures is performed. The procedures terminates when
the given criterion is true. [58]
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Fast_protein_cluster is a toolkit that uses k-means and hierarchical clustering methods
and calculates Root Mean Square Deviation (RMSD) after optimal superposition and
Template Modeling score (TM-score). [18] It is faster than Clusco. [59]

MolAXxis is used to find pockets and cavities and their geometric characteristics.

EXPOSITE (EXPOsure of active SITes through normal modESs) is an improved structure
based technique in order to find active sites based on normal modes where surface
changes are accessible. Low-frequency motions are analyzed by using techniques such
as EINemo and GROMACS. In addition EXPOSITE can be used to rank enzyme
pockets according to their degree of exposure in normal mode dynamics.

MDpocket (Molecular Dynamic pocket) is an open-source tool to track small molecule
binding sites and gas pathways. The method is based on the fpocket cavity detection
algorithm. [60] CAVER tool searches paths by the same way.

MOLE algorithm uses Voronoi diagrams to detect channels and tunnels. The set of
points in those diagrams are evaluated by their atom distance. The Dijkstra algorithm
calculates the “shortest” path. In a similar way the CAST algorithm can detect channels
and tunnels by Voronoi diagrams and beta complexes.

HOLE software calculates a possible molecular path by measuring ion conduction.
PocketFinder is a Lennard Jones based tool.
SITEHOOD finds potential ligand binding sites.

LIGSITE maps Solvent Accessible Surface (SAS) in a 3D grid to define cavities, similar
to VOIDOO.

CHUNNEL uses Solvent Excluded Surface (SES).

SURFNET places a sphere between each pair of atoms whereas HOLLOW places a
fixed sphere size grid. [12]
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3. PREVIOUS RESEARCH

Drugs do have side effects because they lack specificity. Therefore, drug design efforts
focus on receptor analysis. Part of structure-based drug design are the structural
determinants that dictate binding, meaning a detailed mapping of cavity topology and
designing a ligand accordingly. Finding conformations of active sites leads to better
docking and accurate prediction.

Previous work performed by Fotopoulos & Papathanasiou combines algorithms and
statistical analysis techniques to develop accurate binding affinity predictions.

The following steps indicate a short overview of their approach flow and methodology:
1. Degrees of freedom, restraints of backbone define complexity
2. Creation of conformations is based on simulation of chi angles rotation

3. Conformers are clusters based biological validation or superposition, RMSD, k-
means

4. Polygonal shapes and their size help ligand analysis and predict potential ligand

Amino acids of the active site are selected from online databases [124]. The active site
is expanded with geometrical techniques or analysis of secondary structure. After the
selection of the active site aminoacids and their surrounding regions, different
conformers are produced with divide and conquer approach.

Conformers are clustered in a 2-level hierarchical analysis: clustering of the proteins,
clustering of the conformers for each cluster. Clustering with the multidimensional k-
means algorithm is performed. Iterative closest point was used for the alignment. For
each cluster of conformers a-shapes and rotation regions of the active site are
visualized. Parallel programming techniques are used for faster execution. Extensive
analysis of phi and psi angles with the Ramachandran diagram comes next. Regions
with k-nearest neighbors are classified as a-helix or B-strand. Conformation space
patterns can be displayed. Structure mining tool is based on user-defined keyword
combinations with the ability to download locally only the structures that have a
corresponding paper.

Bioinformatics tools were developed or extension of function for statistical visualization
tools.
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4. BIOINFORMATICS TOOLS

Mining bioinformatics data is an emerging field. Data are analyzed and classified or
predicted. Classification form data, predict categorical class labels and prediction
models use statistical methodology such as regression analysis to predict functionality
cases.

Major issues in classification and prediction is preparing data: removing noise (Data
Cleaning), correlation attribute analysis (Relevance Analysis), perform transformation
or classification methods to reduce data (Data Transformation and Reduction).

Conditions and evaluation follows. Classify or predict data correctly and efficiently,
minimize computational cost, namely achieving Accuracy, Speed, Robustness,
Scalability, Interpretability are critical. [61]

Bioinformatics tools assist to retrieve and analyze biological data using biochemical,
mathematical and statistical methods.

Computational tools involve following activities [62]:
[1]\Sequence databases, a vast collection of biological molecule information
[2]/Genome sequence databases, a vast collection of genome sequences species

[3/Protein sequence databases, it is worth mentioning the world wide Protein Data
Bank (wwPDB) that has been exclusively designed to achieve and become freely
available 3D protein structures

[4]Miscellaneous databases

[3] Gene identification and sequence analysis, understand different features of
molecules or proteins

[6]\Phylogenetic analysis, track gene flow and predict certain features of molecules with
unknown function

[7] Predict protein structure and functionality, from 3D protein structures, mainly
determined by X-ray crystallography and NMR techniques

[8] Molecular interactions, predict protein structures and spot protein interfaces by
docking protein in ligand

[2/\Drug designing, discover new drug molecules to cure diseases

[10] Molecular dynamics simulations, molecular interactions occur in a time dependent
manner

Clearly, 3D structures and architecture provide essential and additional information
about biochemical mechanisms.

The prediction of ligand binding and catalytic sites can refer to design small molecules.
The pocket identification process finds cavities in protein structures. [10]

In contrast to ligand-based approaches that need an initial set of bioactive compounds,
structure-based docking requires only the 3D structure of the protein target. The
structure-based molecular docking shows binding sites and affinity of the receptor
protein. [5]
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Over the years, many different approaches have been developed. The methods and
tools are categorized by the searching keyword and combined approaches. Since a
great number of tools have been published, emphasis has been given only on the
recent advances in the field.

Table 1: Selected Bioinformatics Tools (2016-2017)

Protein cavity dynamics

TRAPP TRAnNsient 2017 PrinCCes Protein 2015
Pockets in Proteins internal Channel &
Cavity estimation

WATCLUST 2015 BetaCavity 2015

PockDrug 2015 trj-cavity 2014

EDTSurf 2013 PROPORES 2012

Voroprot 2011 fpocket 2010

ConCavity 2009 PoreWalker 2009

Screen2 Surface 2006

Cavity REcognition and

EvaluatioN

Catalytic sites enzyme / Classify active sites

GASS-WEB Genetic 2017 HotSpot Wizard 2016

Active Site Search-WEB

ACFIS Auto Core 2016 CleavePred 2016

Fragment In silico

Screening

iCataly-PseAAC 2015 PatternQuery 2015

LIBRA Llgand Binding 2015 RRDistMaps 2015

site Recognition

Application

PRNAclass 2017 JED Java Essential 2017
Dynamics
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In silico docking

SeekR 2017 FlexPred 2017
BALL-SNPgp 2016 locPREFMD local 2016
Protein structure
REFinement via
Molecular Dynamics
HTMD High-Throughput | 2016 MSMBuilder Markov 2016
Molecular Dynamics State Models Builder
UNRES 2016 iGNM 2016

Molecular dynamics simulation

PrimaDORAC

2017

ReFOLD

Octopus 2017 DUck Dynamic 2016
Undocking

bSiteFinder 2016 SCAR Steric-Clashes 2016
Alleviating Receptor

VirtualToxLab 2016 WATSsite 2014

ChemBioServer 2012

2017

Bio3D-web

2016

Protein conformers / Side chain angle

Toolkit

GOAP Generalized 2011 IBS lllustrator of 2015
Orientation-dependent Biological Sequences

All-atom Potential

GASV Geometric 2009 Jzy3d 2014
Analysis of Structural

Variants

ArchPRED 2006 VTK Visualization 2008

Methods and algorithms of some of those tools have been compared to the ones used
by Fotopoulos and Papathasiou [1]. Since a great number of bioinformatics tools do
exist some of them were excluded and placed in the tools table as “Other tools”.
Selection criteria for the covered tools in this thesis was the publication date, as well as
the algorithms and the methods they do use.
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4.1.1 Protein cavity dynamics

A cavity is a void or channel inside a molecule that is not accessible to bulk solvent. [63]
A catalogue of commonly used tools for performing protein cavity dynamics is presented

below.

Table 2: Protein cavity dynamics

Tools

Name

(publication date)

Description

TRAPP TRAnNsient
Pockets in Proteins

(2017)

TRAPP (TRAnsient Pockets in Proteins) is an online automated software platform
to track, analyze and visualize protein dynamics cavity using protein structure or
motion trajectory. It performs grid-based calculations to detect the conserved and
temporary regions. TRAPP workflow consists of three modules: Structure
module produces structures using molecular simulation methods such as
tCONCOORD, L-RIP, RIPlig, MD, Analysis module retrieves structures from
Structure module or existing ones from PDB and categorizes them. Methods used
for clustering of the binding site conformations are RMSD, single-linkage
clustering, k-means clustering, Pocket detects, analyses, and visualizes binding
pocket dynamics and characteristics. Lennard-Jones function is used to
describe the interaction energy. Sequence conservation along with the Pocket
module results are evaluated. Conservation scores, calculated with Jensen-
Shannon divergence, are placed at the b-factor position in the structure. To map

the conservation score on the 3D structure MUSCLE tool. [64] [65]

PrinCCes Protein
internal Channel &

Cavity estimation

(2015)

PrinCCes (Protein internal Channel & Cavity estimation) is a computer program
with easy approaches to visualize protein voids. Visualization of chambers,
channels and other kind of cavities in proteins or protein complexes. Structures
can be retrieved from PDB. Structure components can be shown and B and C
chains removed. Set parameters for calculations. 3D grid is applied for the
calculation. The algorithm is based on a continuously applied void decomposition.
Large voids and their combinations are examined. A probe can be moved between
any voids. 3D structure can be shown by VMD representation any time. The
output result can be exported to VMD (Visual Molecular Dynamics) or Chimera

software. PrinCCes is available for MS Windows and Linux. [66]

WATCLUST

WATCLUST is a user-friendly tool, on the VMD platform, to determine WS and
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(2015)

their properties and used to analyze them. Water molecules are important in
protein folding and function. Additionally WS can be structurally and
thermodynamically characterized. Other tools for WS detection are WaterMap, a
grid based method, WATSsite that is restricted to perform MD simulations only with
GROMACS. The following parameters are calculated: water finding probability
(WFP), R90, WS-protein mean interaction energy, WS-water mean interaction
energy, mean total interaction energy with respect to bulk, and excess rotational
(Sr) and translational (St) entropies. WS information can be used in Autodock
program to perform biased docking (WSBD). WATCLUST executes four steps:
Load Trajectory water MD simulation data set is loaded in the VMD program,
Determine WS parameters such as how and where the WS are to be determined
are defined. It is important not to include residues with high mobility, Analyze WS
colored WS along with parameters can be shown in VMD. All structural and
thermodynamic parameters are kept in log files for each WS, Transfer WS data to
Autodock after a conventional oxygen grid map is loaded into VMD and required

WS are selected docking calculations can be performed. [67]

BetaCavity

(2015)

BetaCavityWeb is an online tool that computes, for a given molecular structure,
molecular cavities, voids and channels. Molecular structures can be selected from
PDB or the user can uploaded his own ones. Calculations are based on
geometrical properties such as volume, boundary area. The algorithm uses beta-
complex based on the Voronoi diagram of atoms. It produces text and graphic
(JSmoal) results, and channel spines and their bottleneck can also be reported.
BetaCavityWeb has four elements: geometric kernel computes the Voronoi
diagram and extracts the beta-complex, trimmer of the Voronoi diagram that
uses van der Waals molecule or a Lee—Richards solvent accessible surface
model, classifier recognizes voids and channels in the previously generated

Voronoi graph, evaluator of geometric properties. [63]

PockDrug

(2015)

K
.

PockDrug is a robust tool that provides reliable druggability by using different
estimation pocket methods. It can predict docking (holo) and homology form (apo)
pocket druggability. A dataset is retrieved from NRDLD (NonRedundant dataset of
Druggable and Less Druggable binding sites) that is spliced into two test sets: a
training and an independent set. Another dataset is retrieved from DCD
(Druggable Cavity Directory) database. Pocket estimation methods are prox and
fpocket. Three statistical steps are executed: linear analysis models combined
with a set of pocket descriptors are optimized by dataset cross-validation, seven of
the most stable and efficient models using NRDLD independent test set are
estimated, the construction of one unique consensus druggability model.
Matthew's correlation coefficient (MCC) is applied to validate the model. The
results can be visualized and saved in different formats: sortable table, pocket

visualization using Jmol, compressed file. The tool has been implemented using
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Python, HTML, CSS and JavaScript. [68]

trj-cavity

(2014)

A tool that finds protein cavities throughout Molecular Dynamics (MD) simulation
trajectories and analyzes their occupancy. GROMACS framework is used.
Provides computational efficiency and can be time-dependent. Protein channels
are characterized. Lennard-Jones cavity detection algorithm is used.
Parameters for the simulation of MD are taken from an input file or GROMACS
directory. To find the “burial state” linear search is performed. Possible option is
the cutoff, which sets a maximum distance around the currently inspected voxel.
(69]

EDTSurf

(2013)

jf.,—

EDTSurf Michel Sanner's Molecular Surface (MSMS) is an efficient tool for protein
structure analysis and structure-based function annotation. It identifies cavities.
The algorithm converts protein structure in a 3D gray-scale image. It uses
Euclidean distance transform (EDT). It generates three macromolecular
surfaces: van der Waals, solvent-accessible, and molecular. To build triangulated
surface Marching Cube algorithm is used. To align sequences Needleman—
Wunsch algorithm is used and a two-layer back-propagation neural network for
prediction. The method is faster than the one proposed by Chakravarty and
Varadarajan (CV method). Pearson's correlation coefficient executes an
exhaustive search. Protein fold recognition uses residue depth and is calculated
by Macromolecular Visualization and Processing (MVP) program. The
calculation is performed on a 2.27 GHZ Intel E5520 Xeon processor and 24 GB
memory. [70]

PROPORES

(2012)

PROPORES is a toolkit that identifies pockets, cavities and channels of protein
structures. The program checks if ligand binding pockets or blocked channels can
be achieved. Side chains are systematically rotated and more flexible view is
available. Structure data can be selected from PDB. The program is implemented
in PERL language. PorelD stands for pore identification, PoreTrace is the pore
axes determination, and GateOpen represents opening gate between neighboring

pores. [71]

Voroprot

(2011)

Voroprot is an interactive platform tool and gives the opportunity to explore

geometric features of protein structure. Uses Voronoi diagram. [72]

fpocket

(2010)

fpocket is online tool small-molecule pocket detection. Actions that can be
performed are: fpocket to find candidate pockets, mdpocket for pocket tracking
during molecular dynamics, hpocket a transposition of mdpocket to the combined

analysis of homologous structures. The protein pocket detection algorithm is
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based on Voronoi diagrams. [10]

ConCavity ConCavity is an online tool that identifies protein surface cavities. The prediction
algorithm combines sequence conservation and structure-based methods. Data,

(2009) source code, and prediction visualizations are available on the ConCavity web
site. [73]

PoreWalker A tool that uses protein 3D structure to detect and characterize transmembrane
protein channels. The user is looking for big and long cavities. Features such as

(2009)

size, shape and regularity of the pore are calculated and visualized. [74]

Screen?2 Surface

Cavity REcognition
and EvaluatioN

(2006)

SCREEN (Surface Cavity REcognition and EvaluatioN) is an application for
identification of protein cavities. Cavity attributes are calculated and used in
classification analysis. It defines surface cavities geometrically, meaning the
empty space between the protein’s molecular surface and an envelope surface. It
supports precise detection, characterization, and classification of protein surface
cavities. By applying modern machine learning techniques (Random Forests)

drug-binding cavities with a balanced error rate are identified. [75]

Other tools:

IsoCleft Finder (2013), AADS automated active site detection, docking, and scoring (2011),
RosettaHoles (2010), pdbFun (2005)

Detailed description of selected tools is presented in the following paragraphs.

4.1.1.1 TRAPP Transient Pockets in Proteins

TRAPP is an automated workflow for tracking, analysis and visualization of protein
dynamics cavity using protein structure or motion trajectory. It consists of three modules
as someone can see in Figure [1] TRAPP Workflow.
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Figure 1. TRAPP Workflow [64]

TRAPP Structure

tCONCOORD method predicts protein flexibility based on geometrical considerations.
RIP (Rotamerically Induced Perturbation) generates deformation maps that characterize
the mobility in a protein structure. RIP procedure is modified by using a Langevin
eguation thermostat in the simulations.

TRAPP Analysis

RMSD (Root Mean Square Deviation of atomic positions). Single-linkage clustering is
compared with k-means centers. If the distance is less than the cluster threshold then
merge them. Residue vs Snapshot of a particular trajectory.

TRAPP Pocket

Lennard-Jones atomic radii. A pocket cavity detection algorithm. A function that
describes the energy of interaction between two rare gas atoms as a function of the
distance between their centers.

The sequence conservation per residue together with the above pocket results is
analyzed. The user can choose between an average conservation score and difference
with and without off-target sequence. Multiple Sequence Alignment in FASTA format is
uploaded. For the calculation of MSA, Jensen-Shannon divergence is used with some
exceptions. Jensen-Shannon divergence is a method of measuring the similarity
between two probability distributions based on Kullback-Leibler divergence.

Scores are places at the B-factor and visualized by color (JSMOL). MUSCLE tool is
used to map conservation score and 3D reference structure. MUSCLE Tool is a
computer program that creates multiple alignments of protein sequences.

MUSCLE algorithm steps are:
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Distance estimation

Uses k-mer counting and Kimura distance. Related sequences tend to have more k-
mers. Hierarchical clustering method UPGMA is used to classify distance matrices and
producing a binary tree.

Profile alignment

A modified version of log-average function (maximum likelihood approach).
Refinement

The score of the produced multiple alignments is checked. If it is improved than the new
alignment is kept. If not than it is discarded.

MUSCLE Tool uses k-mer clustering. To identify the relevant positions of an entry can
be very time consuming. Whereas Master Thesis of Fotopoulos and Papathasiou [1]
uses multidimensional k-means clustering (RMSD), specifically distance all-vs-k. This
algorithm uses superposition and does not compare pairwise differences, leading to a
faster computation.

Further, a different way to categorize gene information is the J-Express. It is a Java
application to analyze gene expression (microarray) data in a flexible way giving access
to multidimensional scaling, clustering, and visualization methods in an integrated
manner. J-Express includes implementations of hierarchical clustering, k-means,
principal component analysis, and self-organizing maps. [76]

An alternative approach of clustering is GrammR, which is a tool for graphical
representation and clustering of metagenomic count data. Given the matrix of
metagenomic counts for samples, this package quantifies dissimilarity between samples
using Kendall's tau-distance, constructs multidimensional models of different dimension,
and plots the models for visualization and comparison. [77]

4.1.1.2 PockDrug-Predict Pocket Druggability
PockDrug-Server uses different pocket estimation methods to predict pocket

druggability. Ligand proximity helps to estimates pocket that is based on protein
structure information.
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Figure 2: PockDrug Workflow [68]

PockDrug workflow is divided in four sections:
INPUT

Pocket or protein structure is retrieved from PDB.
Pocket estimation methods & PockDrug

Two methods prox and fpocket are used, either one of them or both. Standard deviation
is provided. Prox is guided by the ligand position information known as prox4 and
prox5.5. This threshold has a strong influence on pocket descriptors. fpocket does not
uses ligand position. It is an automated geometry based method. It increases
calculation speed and has a good performance.

Output

Accordingly to the input data and estimation method the submitted query can fetch a
single pocket structure or protein where results can be displayed in a sortable table,
visualized using Jmol, or compressed file, or a list of PDB codes, specifically a table that
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contains protein PDB codes, number of estimated and druggable pockets, and the
highest druggability probability and its standard deviation.

PockDrug model accuracy, sensitivity, specificity and Matthew's correlation coefficient
(MCC) have been evaluated in Borrel et al. study “PockDrug: a model for predicting
pocket druggability that overcomes pocket estimation uncertainties”.

4.1.1.3 EDTSurf

Residue depth measures the distance between the residue of interest and its nearest
neighboring water molecule or protein surface.

The EDTSurf tool provides a way to describe the protein tertiary structure by calculating
the geometric feature depth. It can be used to classify proteins and compare their
structures. The structures are retrieved from PDB.

Euclidean distance algorithm has been used in atom protein structure and exhaustive
search (ES) to calculate the depth of each atom. Triangulated surface is built by using
Marching Cube method. Macromolecular Visualization and Processing (MVP) program
is used to visualize the depth.

Two-layer back-propagation neural network predicts the residues. Residue depth is
used to recognize protein fold. The scoring function for matching depth of residue or
matching 2D structure is the negative logarithm of the probability of a residue type. The
scoring equation combines the dot-product of the frequency profile and the log-odds
profile from the Position-Specific Substitution Matrix. Dynamic programming,
Needleman—-Wunsch algorithm, is performed to align protein sequences.

Chains are randomly selected from the PISCES list. The Pearson's correlation
coefficients (PCC) that has a high correlation (>0.90) finds depth similarities.

Radius of gyration (RG) and radius of the bounding sphere (RS) are measurements that
characterize and predict protein shapes. The RG refers to the Root Mean Square
Distance of protein atoms. The 3D visualized structure can be examined.

MUSTER program combines alignments with sequence based 2D structure. The
Template Modeling Score (TM-score) can provide alignment accuracy.

Performance of structure based methods is crucial in protein prediction process.
MUSTER algorithm is a profile-profile alignment based method. Multiple structure
features such as 2D structure and residue depth are included in prediction calculations.
Their accuracy is the key. Incorrect assignments may risk the algorithm performance.
Quality needs to be improved. [78]

Compared to the alpha and beta shapes approach in Master Thesis of Fotopoulos and
Papathasiou [1] the MUSTER tool has weak predictive performance and is more time-
consuming.
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4.1.2 Catalytic sites of enzyme / Classify active sites

An active site is a region of an enzyme where substrate molecules bind and chemical
reaction occurs. This means that residues bind with the substrate, named binding site,
and catalyze a reaction, named catalytic site. [8]

Name

Table 3: Selected tools for analyzing the catalytic sites of enzymes

(publication date)

Tools

Description

GASS-WEB Genetic

Active Site Search-

WEB

(2017)

GASS (Genetic Active Site Search) is a user friendly online tool that searches
similar active sites in proteins. Active sites are retrieved from the Catalytic Site
Atlas. Input data are also selected from PDB and NCBI-VAST. Matthew
correlation coefficient and Critical Assessment of protein Structure Prediction
(CASP 10) dataset are used. MeGASS is a multi-objective version of GASS. The
reports do have information such as enzyme EC number, UNIPROT accession
code and structure resolution. Two approaches are available: a protein is
searched in the stored database, an active site is searched in protein structure
databases. Search process is based on a genetic algorithm. A heuristic search
finds matching active sites. The results are ordered by a fithess function, a
modified version of RMSD, which indicates structural similarity. The tool is

implemented in Python and C. [79]

HotSpot Wizard

(2016)

HotSpot Wizard 2.0 is an online application that identifies hotspots and designs
libraries with information regarding stability, catalytic activity, substrate specificity
and enantioselectivity, extracted from three databases and twenty tools. Protein
structures are visualized with Jsmol applet. The HotSpot workflow has three
steps: annotation of a protein, where MakeMultimer tool, CAS and UniProtKB,
DSSP algorithm, Shrake and Rupley algorithm with BioJava, Fpocket score,
CAVER, BLAST, USEARCH, UCLUST are used, identification of mutagenesis hot
spots, and design of the smart library, the SwiftLib tool can be used to calculate
codons. [80]

ACFIS Auto Core

Fragment In silico

Auto Core Fragment in silico Screening (ACFIS) is a highly valuable tool that

performs computer-aided fragment-based drug discovery. It uses active molecules

to create fragment structure. The computation is based on the pharmacophore-
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Screening

(2016)

linked fragment virtual screening (PFVS) method. The tool creates new molecules
based on growing algorithm. ACFIS has three modules: PARA_GEN generates
parameters, AutoDock Tools, CHIMERA and PYMOL are used, CORE_GEN
identifies core fragment structure from a bioactive molecule by using the RCSB
protein data bank or performing docking calculations. DAIM program reduces the
ligand structure, CAND_GEN links fragments to the basic one and generates
candidate, binding free energy calculation method MM_PBSA, that uses the
Poisson-Boltzmann equation, or MM_GBSA, that uses the Generalized Born

approximation, is performed. [81]

CleavePred

(2016)

ASAP (Amino-acid Sequence Annotation Prediction) is a ML framework for
predicting residue properties. The founded features are used to train ML classifiers
and new classifiers can be constructed. CleavePred is a tool of ASAP and used to
design proteins. It is trained to perform Residue Level Prediction (RLP). PSSM
profiles are produced using SCRATCH’s ProfilPRO. Scikit-learn elimination along
with cross-validation (RFECV) are used to identify the features. CD-HIT program
is used to reduce data and USEARCH to define the maximum similarity threshold.
The tool algorithm combines: Support Vector Machine, Random forest, and

Logistic regression. CleavePred is fast. Python API is used. [82]

Scikit-learn, Machine Learning in Python, is an efficient tool for data mining and
data analysis. The available tools are divided based on their functionality:
Classification, Regression, Clustering, Dimensionality reduction, Model selection,
Preprocessing. The algorithms include Support Vector Machines, Random Forest,

k-means. [83]

iCataly-PseAAC

(2015)

A user friendly online tool that predicts, identifies enzymes catalytic sites using
sequence evolution information. The grey system model GM(2,1) is used.
Jackknife test has been performed for evaluation. Input data is retrieved from the
Catalytic Site Atlas (CSA) and protein sequences and their active sites from
Unitprot. CD-Hit program is used for cutoff to eliminate homology bias. The
peptides with known catalytic sites are classified. The most common algorithms for
prediction accuracy of predictor are K-nearest neighbor rule, neural work methods,
and Support Vector Machine. In the protein the pseudo amino acid composition
(PseAAC) replaces the simple amino acid composition (AAC). Mathew’s
correlation coefficient is used to evaluate the predictor. The grey model is useful in
cases where necessary information is absent. The GM(2,1) model uses the
following three approaches: the K-nearest neighbor algorithm that is one of the
powerful methods for performing nonparametric classification, the Fuzzy K-NN
classifier that is a variation of the K-NN classification family, and the Euclidean

metric. The jackknife test was used to examine the predictor’s quality, iCataly-
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PseAAC predictor. Results are shown by Receiver Operating Characteristic (ROC)

curve. [84]

PatternQuery

(2015)

PatternQuery (PQ) is a user friendly online application and it provides detection
and extraction of biomacromolecular patterns such as binding sites and catalytic
sites. The application uses a unique query language that is similar to Python.
Input data are retrieved from PDB. Molecular structures are described based on
the nature and relationship of atoms and residues. Different protein structures
levels (primary, secondary, tertiary) are accessible. Two approaches are
available: real time investigation, based on prior searches. PatternQuery
workflow consists of four steps: Query definition, multiple queries can be
executed by one run, the maximum number of queries is 10, Input data
specification where PDB subset version is defined, Running the PQ query,
execution time depends on the given query and data, Visualization and analysis of

retrieved patterns, ChemDoodle can be used. [85]

LIBRA Llgand
Binding site
Recognition

Application

(2015)

A software tool that predicts and identifies active sites and ligand binding sites.
The algorithm is based on a graph theory approach. It locates the largest subset of
similar residues. Input data are retrieved from the Catalytic Site Atlas and the
Protein Data Bank. The tool is implemented in Java SE 7 with a Swing GUI
embedding a JMol applet and it can be run on any operating system that supports
Java Virtual Machine (JVM). [86]

RRDistMaps

(2015)

J 2!

RRDistMaps is a UCSF Chimera tool that calculates maps to identify structural
features from 2D structures. Conformational binding site or residue changes,
motion between unbound and bound proteins can be visualized. No cutoff
threshold is used but a color-coded distance map shows the interactions. The
tools approach for max two chains is: select a chain, compute RR chain
distances, and display a grey and a color-coded distance map. If more than two
chains selected it uses Needleman-Wunsch algorithm, MUSCLE tool and an
online RBVI web service. The average a-carbon distance and standard deviation
are computed from all chains Chimera’s Multalign Viewer tool is used to show

sequence alignment. [87]

Other tools:

JET2 Viewer (2017), a database of predicted multiple, possibly overlapping, protein-protein interaction

sites for PDB structures.

L1Base (2017), a database that contains more retrotransposition-active LINE-1s, more mammalian

genomes.
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DASP3 (2016), Deacon Active Site Profiler, identification of protein sequences belonging to functionally

relevant groups.
KLIFS (2016), Kinase-Ligand Interaction Fingerprints and Structures database.
STarMirDB (2016), a database of microRNA binding sites.

xVis (2015), a web server for the schematic visualization and interpretation of crosslink-derived spatial

restraints.

EzCatDB (2015), the enzyme reaction database, classifies enzyme reactions based on enzyme active site

structures and their catalytic mechanism.
novPTMenzy (2015), a database for enzymes involved in novel post-translational modifications.

CSA Catalytic Site Atlas (2014), VarMod Variant Modeler (2014), STarMir (2014), SAPTA Scoring
Algorithm for Predicting TALEN Activity (2014), HINT Hmm-based IdeNtification of Tf footprints
(2014), SparScape (2014), MC Path, Monte Carlo path generation (2013), ActiveDriver (2013), ASMC
Active Sites Modeling and Clustering (2010), Sitesldentify (2009)

Detailed description of selected tools is provided in the following paragraphs.

4.1.2.1 HotSpot Wizard

HotSpot Wizard 2.0 is an online application that identifies hotspots and designs libraries
with information regarding stability, catalytic activity, substrate specificity and
enantioselectivity, extracted from three databases and twenty tools. Protein structures
are visualized with Jsmol applet.

The HotSpot workflow has three steps:

annotation of a protein, MakeMultimer tool is used to generate protein target, residue
information is downloaded from CAS and UniProtKB. DSSP algorithm finds the 2D
structure, Shrake and Rupley algorithm with BioJava finds accessible surfaces. Protein
pockets are identified by the Fpocket score and access tunnel with CAVER. Clustal
Omega creates multiple sequence alignment. Jensen-Shannon entropy is used to
estimate conservation.

identification of mutagenesis hot spots.
design of the smart library, the SwiftLib tool can be used to calculate codons.

The results include residue features, details, and pocket and tunnel information. They
can be visualized with JSmol.
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Figure 3: HotSpot Workflow [80]

4.1.2.2 RRDistMaps

UCSF Chimera is an online program for interactive visualization and analysis of
molecular structures and related data. Information such as density maps, sequence
alignments, docking results, trajectories, and conformational ensembles are included.
[88]

The available tools are divided based on their functionality:

General Controls, Viewing Controls, Depiction, Sequence, Amber, Higher Order
Structure, Volume Data

Structure Analysis like Angles/Torsions, Metal Geometry

Structure Comparison like RR Distance Maps, Morph Conformations

Surface/Binding Analysis like FindHBond, ViewDock, Dock Prep

Structure Editing like Rotamers (Ramachandran Plot), Build Structure

MD/Ensemble Analysis like Molecular Dynamics Simulation, Ensemble Cluster

Movement like Rotation, Constraint Move
Utilities like Structure Diagram

The available shapes in UCSF Chimera are: sphere, cylinder, and icosahedron.
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4.1.3Protein pocket

A more detailed reference on pockets and their importance to understand protein
dynamics and molecular processes is shown in the following table. The pocket
identification process finds cavities in protein structures. [10]

Table 4: Protein pocket

Tools

Name

(publication date)

Description

PRNAclass

(2017)

PRNAclass is a platform to identify the RNA-binding residues in 3D protein
structures and extract pockets involved in binding site process. Clustering pockets
based on a structure based method. Analyzing RNA recognition motifs from
protein 3D structures is important due to that fact this knowledge shows the
structure groups that lead to a mechanism. RNA-binding protein complexes are
retrieved form PDB. Entangle is used to identify binding residues. Protein pockets
refer to empty concavities that the solvent can access, known as mouth openings.
Accessible pockets are found by CASTp. Local and global structure similarities
are measured using structure alignment algorithm SAMO (Structural Alignment
by Multi-objective Optimization). Clustering and investigation of RNA-binding
pockets and proteins follows. Q-score is used to find pocket similarity. The
evaluation uses a P-value that is based on that Q-score, extreme value
distribution (EVD). Threshold is set to 0.05. A similarity-network-based strategy
is performed, classification of binding pockets finds similarities between pockets
by mapping edges of pockets, the topological structure, with a significant structure
similarity. Groups are created. Gene Ontology (GO) and DAVID are used to
improve or implement functional analysis of these groups. Cytoscape and Pymol

are used for structure description and visualization. [89]

JED Java Essential

Dynamics

(2017)

A package written in Java that compares Essential Dynamics (ED) from multiple
protein trajectories performing multivariate statistics. Calculates cumulative
overlap (CO), root mean square inner product (RMSIP) and principal angles (PA)
to eliminate outliers. Important function of the JED toolkit are the Z-score based
on elimination of outliers, distance pair PCA (dpPCA) and the comparative
analysis of subspaces. Main JED features are: outlier removal, creation of Pymol

scripts to visualize motion over user-selected time scales, creation of free energy
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surfaces based on Gaussian kernel density estimation, calculation of the precision
matrix from Q, the partial correlation matrix with its eigenvectors and eigenvalues,
comparison of dynamics of multiple proteins, multivariate statistical analysis
methods. Outliers are removed based on a user-defined threshold. A dynamic
trajectory show the various conformations of a protein. JAMA Matrix package is
used that calls the KDE. A file JED_Driver.txt includes all required information for
the job execution. Chains are retrieved from PDB. Analysis at the coarse-grain
level of all alpha carbons is performed. The B-factors in a PDB file are replaced
with residue RMSD. Weighted and unweight mean squared fluctuation (MSF) and
root mean squared fluctuation (RMSF) are calculated for the covariance (Q),

correlation (R) and partial correlation (P) matrices. [90]

SeekR

(2017)

Simulation Enabled Estimation of Kinetic Rates (SEEKR) is a package that
includes scripts and tools for designing and performing multi-scale ligand and
protein binding kinetics calculations. Brownian dynamics and milestoning theory is
performed. Simulations can be performed locally or on supercomputers. kon, Koff,
and AGbind are computed and Kkinetics checked. SeekR combines two
techniques to affectively compute binding kinetics and thermodynamics:
Molecular Dynamics (MD) a costly method for a “brute force” approach, and
Brownian Dynamics (BD) for a binding kinetics approach. The tool is divided in
three steps: Prepare input values given by the user are used to produce files.
These files are necessary for the other steps. Run submits a job that is put in a
SLURM supercomputer queue. BD simulations are performed. Analyze is
responsible to execute milestoning and error calculations. Kinetics and

thermodynamic information are produced. [91] [92]

FlexPred

(2017)

5 -\

FlexPred is an online tool to predict absolute per-residue variation from a 3D
protein structure. It uses static features of a protein structure to predict MD residue

fluctuation in 3D. For evaluation Pearson’s correlation coefficient is used. [93]

BALL-SNPgp

(2016)

A tool to characterize structural and functional non-synonymous single nucleotide
variants (nsSNVs). BALL-SNPgp is based on SNV data, collects information
regarding disease relevance and visualizes the 3D protein. Cluster analysis and
binding pockets are performed. In other words it improves pathogenicity

assessment in computational diagnostics. [94]

locPREFMD local
Protein structure

REFinement via

locPREFMD, local Protein structure REFinement via Molecular Dynamics is an
online tool that uses molecular dynamics simulations to achieve high resolution

protein structures. Basic condition score is the MolProbity one. It improves the
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Molecular Dynamics

(2016)

. 2\

stereochemical quality of given models while Ca coordinates are constant. Missing
atoms are included by the complete.pl tool from the MMTSB Tool Set. Ca
positions are reconstructed and a residue is converted to the SICHO (SldeCHain-
Only) coarse-grained model. The side chain is ready. In case a side chain is
missing the tool SCWRL is used for reconstruction. CHARMM all-atom modeling
program adds hydrogen atoms. CMAP potential was modified to increase
penalties for phi and chi angles outside the preferred Ramachandran map areas.
Fractions of rotamer and backbone torsion (Ramachandran) outliers are reduced.
Electrostatic and Lennard-Jones interactions were cut off. The Berendsen
thermostat was used in the MD simulations. SHAKE was applied to constrain
atom-hydrogen distances. All of the models were downloaded from the CASP
Web site. PROCHECK measures stereochemistry and the G-factor is a log-odds

score of bonds, angles, and torsion angles. [95]

HTMD High-
Throughput

Molecular Dynamics

(2016)

HTMD is a platform in Python to improve data generation and increase
reproducibility. Input data protein structures are retrieved from PDB. The process
leads and produces information regarding conformation stability and kinetic rates.
Thousands of simulations are handled. Available components are CHARMM and
AMBER, projection methods, clustering, molecular simulation, an Amazon cloud

interface, Markov state models and visualization. [96]

MSMBuilder Markov
State Models
Builder

(2016)

5 -\

Statistical Models for Biomolecular Dynamics. MSMBuilder, Markov State Models
(MSMs), is a software package for constructing statistical models. Analyzes
protein folding and conformational change. Includes algorithms related to Hidden
Markov Models (HMMs) and time-structure based Independent Component
Analysis (tICA). The package is developed in Python and C. The API is based on
scikit-learn estimation. MSMBuilder provides a fast analysis of large molecular
dynamics datasets. The production process has three transition steps: Raw
Cartesian coordinate’s [ Features [0 Kinetic coordinates [ State labels.
MSMBuilder supports algorithms such as SparseTICA, learning algorithms like
SparsePCA, MiniBatchSparsePCA,

KMedoids, MiniBatchKMedoids),

hierarchical clustering. To examine the dynamics between active and inactive

principal
MiniBatchKMeans,

components analysis (PCA),
K-Means (KCenters,
conformations Robust Perron Clustering Analysis (PCCA+) on MSM is performed.
Generalized matrix Rayleigh quotient (GMRQ) score measures the ability of a

model to capture the slowest dynamics of a system. [97]

UNRES

(2016)

UNited RESidue (UNRES) is a tool to predict protein structure. Target proteins are
replicated and the methods are using a multi extensive simulations exchange of
them. Two interaction sites are present the united side chain and peptide group
per residue. [98]
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iGNM

(2016)

Gaussian network model (GNM) is a user-friendly interface and database for
investigating the dynamics of proteins and their complexes. Structures are
retrieved from PDB and structural dynamics data are performed. Visualization of
2D or 3D structure helps to get information about residues, cross-correlations,
motion, hinge sites and energy localization spots. iGNM has seven basic
components: X-ray crystallographic B-factors (3D/2D), it provides the
relationship between X-ray crystallographic B-factors and GNM-predicted mean
square profiles and they can be presented via color coded JSmol. Mode shapes
(3D/2D), residue mobility can be shown with color coded diagrams. Domain
separations by dynamics (3D/2D), each residue moves to a positive or negative
direction in a mode axis. GNM connectivity model (3D/2D), displays the topology
of the network as an interactive 3D network model. Cross-correlations (3D/2D),
displays the orientation correlations between pairs of nodes. Collectivity (2D),
measures the degree of cooperatively between residues. All results can be
downloaded, visualized and analyzed. Relational tables can be exported in tsv,

csv or excel format. [99]

Other tools:

BALL-SNP (2015), combines genetic and structural information to identify candidate non-synonymous

single nucleotide polymorphisms.

AlloPred (2015), prediction of allosteric pockets on proteins using normal mode perturbation analysis.

DoGSiteScorer (2015), a web server for automatic binding site prediction, analysis and druggability

assessment.

CafeMol (2015), a Coarse-Grained Biomolecular Simulator for Simulating Proteins at Work.

MDLovoFit (2015), automatic identification of mobile and rigid substructures in molecular dynamics

simulations and fractional structural fluctuation analysis.

RsiteDB (2015), a database of protein binding pockets that interact with RNA nucleotide bases.

READ DB (2015), RNA Binding Protein Expression and Disease Dynamics database.

PARS Protein Allosteric and Regulatory Sites (2014), eMatchSite (2014), DynaMine (2014), iMODS
(2014), Evol (2014), relax (2014), pocketzebra (2014), APoc Alignment of Pockets (2013),
TargetATPsite (2013), aCSM atomic Cutoff Scanning Matrix (2013), GSAtools (2013), ShereKhan
(2013), Dynamic Analysis of Nucleosome and Protein Occupancy by Sequencing DANPOS (2013),
PocketAnnotate (2012), PocketQuery (2012), PocketOptimizer (2012), BSP-SLIM (2012), Provar
Probability of variation (2012), GUARDD (2012), KOSMOS (2012), PCA PocketAnalyzer (2011),
MDAnalysis (2011), SiMMap Site-Moiety-Map (2010), PARIS Pocket Alignment in Relation to
Identification of Substrates (2010), ghecom grid-based HECOMi finder (2010), OptCDR (2010),
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PocketPicker (2007), CASTp (2006), LIGSITEcsc (2006)

4.1.3.1 PRNAclass
A platform that identifies RNA-binding structure motifs and classifies them.

As shown in the following flow diagram the algorithm has four steps:
Extract RNA-binding pockets retrieved from RBPs.

Comparing structures and create groups based on similarity calculated by the algorithm
SAMO (Structural Alignment by Multi-objective Optimization).

Separate these groups into subgroups via a community detection method.
Identify RNA-binding structure motifs and analyze them.

(_step1 ) (__step2 ) (_ step3 )

Dacomposing |dentifying ANA-
f:llteaccll'nngg;r\li-blndng gm::sgal:gal smilan‘ly' peMmk into binding structure
pockats from protein bullding pocket cmnﬂtes and moﬂfs_ and
surfaces similarity network detacting pocket coordinating them with

groups domains and proteins

Figure 4: PRNAclass Process Flow [89]

The community detection method is a hierarchical clustering one that improves the
measures between groups considering space pocket similarity.

The purpose of the SAMO algorithm, a multiple pocket alignment is to find a consensus
structure from these pairwise alignments and perform a one-to-one residue matching
process between any pocket and the consensus structure. It is a greedy approach. To a
group with maximal consistent aligned residue pairs from three pockets are all the other
pockets added to maximize the objective function.

To find pocket similarity Q-score is calculated. For small structures it produces many
false positives. It is a complex characteristic which takes into account both the
alignment length and RMSD. It shows that higher Q-score indicates better matches
compared to RMSD.

Extreme value distribution (EVD) is used that provides lower misclassification rates and
rapidly execution. No large amounts of Monte Carlo sampling is required to set a
novelty threshold. [100]

4.1.3.2 FlexPred

FlexPred is a tool that predicts MD residue from 3D protein structure. It estimates if a
protein chain is flexible, calculates RMSD between Ca atoms in MD simulations and
produces PDB files.

It combines features such as B-factor, 2D and residue distance from the protein center
of mass, residue lower or upper half-sphere exposure.

These features are clustered by using Support Vector Regression SVR (LIBSVM tool, a
library for Support Vector Machines).
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Predictions are evaluated using Pearson's correlation coefficient and Root Mean
Square Error.

In Master Thesis of Fotopoulos and Papathasiou [1] radar plot is used for the
visualization of protein B-factor. It helps the user to understand and spot B-factors by
the specific region's temperature.

4.1.3.3 locPREFMD

locPREFMD, local Protein structure REFinement via Molecular Dynamics is an online
tool that uses molecular dynamics simulations to achieve high resolution protein
structures. Molecular dynamics are used to improve the structural protein model of a
problematic residue. Computational effort is medium to improve the MolProbity score.
locPREFMD rebuilds problematic regions. Conformations are selected with the
minimum MolProbity score and closer to the initial conformation based on Ca RMSD.

I Add missing atoms I

Rebuild cis to trans
(not Pro or Xxx-Pro)
Minimize (0.1)

~&__5 IocPREFMin0O

Rebuild sidechains
with ring penetration
Minimize (0.1 > 0)

=
| Minimize (0.2) I
S

| Minimize (0.5) |
~

Rebuild sidechains

with bad rotamers

Minimize (0.5)
==

| Minimize (1.0) |
~& b JocPREFMin
MD1-4

(1:20K; 1:100K;
0.5:150K; 2/0:150K)

| Minimize (1/0.01) |
I &

Select minimum
MolProbity/iRMSD

locPREFMD
Final

Figure 5: locPREFMD Flow [95]

Missing atoms are included by the complete.pl tool from the MMTSB Tool Set. Ca
positions are reconstructed and a residue is converted to the SICHO (SldeCHain-Only)
coarse-grained model. The side chain is ready. In case a side chain is missing the tool
SCWRL is used for reconstruction. CHARMM all-atom modeling program adds
hydrogen atoms.
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CMAP potential was modified to increase penalties for phi and chi angles outside the
preferred Ramachandran map areas. Fractions of rotamer and backbone torsion
(Ramachandran) outliers are reduced.

Electrostatic and Lennard-Jones interactions were cut off.
The Berendsen thermostat was used in the MD simulations.
SHAKE was applied to constrain atom-hydrogen distances.
All of the models were downloaded from the CASP Web site.

PROCHECK measures stereochemistry and the G-factor is a log-odds score of bonds,
angles, and torsion angles.

The Seok group reports with GalaxyRefine to refine models using the ROSETTA
method.

4.1.3.4 MSMBuilder

MSMBuilder, Markov State Models (MSMs), is a software package for constructing
statistical models. Analyzes protein folding and conformational change. Includes
algorithms related to Hidden Markov Models (HMMs) and time-structure based
Independent Component Analysis (tICA). The package is developed in Python and C.
The API is based on scikit-learn estimation. MSMBuilder provides a fast analysis of
large molecular dynamics datasets.

The production process has three transition steps: Raw Cartesian coordinate’s,
Features, Kinetic coordinates, State labels.

Raw Cartesian coordinates
3 X Natoms

Features

~iVresidues

Kinetic coordinates

- ~10
3

§> State labels

1

Figure 6: MSMBuilder process steps [97]

Raw Cartesian coordinates are transformed into vectors that contain only information
according to translation and rotation to reduce the dimensionality of the data.

The second step although it improves statistical qualities it may discard important
information. Slow coordinates between known active and inactive conformations are
found by time-structure based independent component analysis (tICA).
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MSMBuilder supports algorithms such as SparseTICA, learning algorithms like principal
components analysis (PCA), SparsePCA, MiniBatchSparsePCA, MiniBatchKMeans, K-
Means (KCenters, KMedoids, MiniBatchKMedoids), hierarchical clustering.

To examine the dynamics between active and inactive conformations Robust Perron
Clustering Analysis (PCCA+) on MSM is performed. PCCA+ is a spectral clustering
method. Generalized matrix Rayleigh quotient (GMRQ) score measures the ability of a
model to capture the slowest dynamics of a system.

The MSMBuilder keeps information regarding rotation and translation of the structures
in opposition with the Master Thesis of Fotopoulos and Papathasiou. [1] They
presenting a method that uses multidimensional k-means clustering without rotations
and translations of protein structures.
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4.1.41n silico docking

A protein must be flexible. The folded shape is an ensemble of multiple conformers and
is referred to as proteins conformation or structure. Statistics can be used to find side
chain conformational flexibility. Smaller chains tend to favor beta sheets while longer
chains tend to favor the a-helix.

Protein side-chain conformation is related to their biological functions. The side-chain
prediction is used in protein design and docking and structure optimization. [101]

Table 5: In silico docking

Tools

Name

(publication date)

Description

Octopus

(2017)

Octopus is a tool for docking simulations of an unlimited number of compounds
into a set of molecular targets. It uses the semi-empirical method PM7 to improve
geometry approach. It integrates MOPAC2016, MGLTools, PyMOL, and AutoDock
Vina. Ligands are generated in PDB format. The simulations can be used in Our
Own Molecular Targets (OOMT) databank. Best binding energies are kept in a
standard table. Has a friendly Linux-based user interface. [102]

DUck Dynamic

DUck Dynamic UNdocking method that calculates where a ligand breaks the most

Undocking important native contact with the receptor. It evaluates structural stability. It
delivers several fold improvements. [103]

(2016)

bSiteFinder bSiteFinder is a tool to identify protein binding sites. Stability of Complex is a
new criterion in clustering algorithm to improve the accuracy. Homology and chain

(2016) length indexing increase efficiency of the structural alignment. Structural alignment
uses Combinatorial Extension (CE) algorithm that defines continuous residues
in the sequence as aligned fragment pairs (AFPs). Ligands are clustered and the
largest one is defined as the center of the binding site. Datasets are retrieved from
LIGSITEcsc. Accuracy and Matthews Correlation Coefficient (MCC) used for
evaluation. [104]

SCAR Steric- SCARs (steric-clashes alleviating receptors) tool is a docking program used to

Clashes Alleviating

design novel covalent ligands. It eliminates steric clashes between covalently

bonding atoms. Already known docking methods are modified and parameterized.
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Receptor

(2016)

[105]

VirtualToxLab

(2016)

5 -\

VirtualToxLab is a tool used to check if a potential drug is toxic, find known or
suspected side effects. Binding modes of compounds known as off-targets are
analyzed in 3D or 4D real time. Simulates interactions by using flexible docking
combined with multi-dimensional QSAR (MmQSAR). The 3D structures are
retrieved from the Cambridge Structure Database (CSD). Calculation of
descriptors related to pharmacokinetics uses the Schrodinger's QikProp
program, molecular weight (MW), polar surface area (PSA) and the VCC Lab
AlogPs algorithm. Desmond Software checks dynamic stability of molecular
interactions so that appropriate ligand targets are selected. A client—server on a
Linux cluster is used for simulations. Lipinski's rule-of-five approach is applied. It
increases likelihood for a compound. 4D analysis shows multiple poses with

different orientation and changes of side chain conformations. [106]

WATSsite

(2014)

WATSsite is a program with a graphical user interface based on PyMOL. The
results can be displayed in PyMOL and can be used for ligand docking. The
enthalpy and entropy of the water molecule are calculated and estimate the free

energy profile of each hydration site. [107]

ChemBioServer

(2012)

ChemBioServer is an online tool for mining and filtering chemical compounds. Pre
and post processing of compounds is available. It has six sections: basic search
using ChemmineR package, filtering where Lipinski Rule of Five is applied,
advanced filtering Open Babel is used to convert Simplified Molecular Input Line
Entry Specification (SMILES) files, clustering hierarchical and AP are provided
and clustering is repeated until a maximum condition is reached, customize
pipeline and visualize compounds’ properties. The application is implemented in R
language and PHP. JchemPaint and Jmol are used to visualize 2D and 3D
structures. Compound Fingerprints are generated with Open Babel. Input files are
in SDF or MOL format. [108]

Other tools:

PREDDICTA (2015), Predict DNA-Drug Interaction strength by Computing ATm and Affinity of binding.

LigMatch (2011), LigandExpo (2004)
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4.1.4.1 VirtualToxLab

Molecular docking is a method to determine compound’s binding. This method can also
find hypothetical compounds. A 3D structure target macromolecule is required.
Flexibility can be visualized.

VirtualToxLab uses the QikProp program to predict molecular properties. Can be
executed in two modes the normal and fast one in which some calculation parameters
are excluded. QikProp was developed with the following process: The BOSS program
and the OPLS-AA force field were used to perform Monte Carlo statistical mechanics.
After evaluation atom characteristics are analyzed. Properties solubility (logS) and
permeability (logP) are used to improve prediction process because. They consider
molecular space along with experimental measurements. Results can be exported in
CSV format files. QikProp predicts log BB (brain & blood) values but other outliers
cannot be fitted by any regression method. [109]

VCC Lab AlogPs algorithm provides an online prediction of logP, water solubility and
pKa(s) of compounds. Molecules are retrieved from molecules from PHYSPROP
database. The user can create his own library. The algorithm can increase its prediction
for the user's molecules up to 5 times. Also logD values are predicted. The logP
prediction accuracy is Root Mean Squared Error equal to 0.35 and Standard Mean Error
equal to 0.26. [110]

Desmond _Software checks dynamic stability of molecular interactions so that
appropriate ligand targets are selected. Minimization option can be selected to speed up
job execution. This option uses a hybrid method of the steepest decent and the limited-
memory Broyden-Fletcher-Goldfarb-Shannon (LBFGS) algorithms. To apply bond
constraints Shake algorithm is performed. Ewald method evaluates electrostatic
characteristics. Desmond Software replicates exchange simulations by copying the
simulations in different temperature. [111]
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4.1.5Molecular dynamics simulations

Molecular dynamics simulations do help understand the relationship between
macromolecular structure and their function.

A protein must be flexible. The folded shape is an ensemble of multiple conformers and
is referred to as proteins conformation or structure. Statistics can be used to find side
chain conformational flexibility. Smaller chains tend to favor B-sheets while longer
chains tend to favor the a helix.

Protein side-chain conformation is related to their biological functions. The side-chain
prediction is used in protein design and docking and structure optimization. [101]

Table 6: Molecular dynamics simulations

Tools

Name

(publication date)

Description

PrimaDORAC

(2017)

PrimaDORAC is a reliable online Interface for the Assignment of Partial Charges,
Chemical Topology, and Bonded Parameters in Organic or Drug Molecules. The
interface is written in FORTRAN90 and works on the last Generalized Amber
Force Field parameter set (GAFF2). The Public Domain MOPAC7 program is
used to compute Bond charge corrections (BCC). Creates small molecule drugs
(SMDs) topology and parameter files. Increases the accuracy and can be helpful

in MD simulation process. [112]

ReFOLD

(2017)

ReFOLD is a tool that identifies and fixes errors in user supplied 3D models of
proteins. The user can analyze the refined models by visualizing the residue
locations that were improved and compare specific regions between those
models. It was initially developed for the CASP12 experiment. The approach
combines molecular dynamics simulations with NAMD and refinement with
i3Drefine. It uses the quality estimation method ModFOLD. CHARMMZ22/27 was
used as the parameter file combined with default TIP3P water model. Scores are

ranked. For the visualization JSmol/HTML5 framework are used. [113]

Bio3D-web

(2016)

A web application that is based on the Bio3D and Shiny R packages and used for
analyzing the sequence, structure and conformational heterogeneity of protein
families. The results are input information for analysis, mapping, clustering and

prediction of structural dynamics. Bio3D-web provides principal component
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analysis (PCA) for relationship mapping and ensemble normal mode analysis
(eNMA) to predict internal dynamics between protein families. No programming
knowledge is required. Structure and sequence annotations are retrieved derived
from RCSB, PDB and PFAM databases. Available sections are: Search tab
identifies sequence similar structures, Align tab selects structures for multiple
alignment, similarity and conservation analysis, Fit tab provides superimposed
structures which means conservation analysis and RMSD based clustering, PCA
tab displays the relationship between all structures in terms of the principal
displacements, and eNMA tab displays dynamics of nucleotide exchange. [114]

Other tools:
FATSLIM (2017), Fast Analysis Toolbox for Simulations of Lipid Membranes.
MD-TASK (2017), a software suite for analyzing molecular dynamics trajectories.

WAXSIS (2015), a web server for the calculation of SAXS/WAXS curves based on explicit-solvent

molecular dynamics.

do_x3dna (2015), a tool to analyze structural fluctuations of dsDNA or dsRNA from molecular dynamics

simulations.

GalaxyRefine (2016), GROMACS (2015), pyMDmix - python Molecular Dynamics simulations with
mixed solvents (2014), MEMBPLUGIN MEMBrane PLUGIN (2014), g_mmpbsa (2014), AMBER
Assisted Model Building with Energy Refinement (2013), MDWeb provides most popular MD
packages (2012), MOIL (2011), Meredys MEsoscopic REaction DYnamics Simulator (2010), Abalone
(2010), Desmond
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4.1.6 Protein conformers / Side chain angle

A protein must be flexible. The folded shape is an ensemble of multiple conformers and
is referred to as proteins conformation or structure. Statistics can be used to find side
chain conformational flexibility. Smaller chains tend to favor B-sheets while longer
chains tend to favor the alpha helix.

Protein side-chain conformation is related to their biological functions. The side-chain
prediction is used in protein design and docking and structure optimization. [101]

Table 7: Tools for analyzing Protein conformers

Tools

Name Description

(publication date)

IBS lllustrator of lllustrator of Biological Sequences (IBS), a user-friendly Java software package
Biological Sequences | with a dual-mode user interface. User can produce their own illustrative diagrams
(2015) for either protein or nucleotide sequences. Provides graphical elements, such as
polygons, brackets, curves and polylines to represent functional elements or
regulatory molecules. Multiple options are available and biological sequences can
be manipulated, recolored or rescaled. Protein mode: the protein sequences and
their functional domains can be defined by specifying the starting and ending
positions. Annotations are retrieved from UniProt database, NCBI GenBank and
TCGA. Nucleotide mode: the color and thickness of polylines do represent
different gene functionality. Image formats JPEG, PNG and TIFF are supported.
The schematic diagram can be exported as a vector image in SVG format. All
drawing details can be stored in a .xml file. The standalone package of IBS was
implemented in JAVA and is supported by Windows, Linux and Mac OS. The web
application was implemented in HTML5 and JavaScript. [115]

Jzy3d Jzy3d is an open source java library that provides an application programming
interface (API) to draw 3D data into surfaces, multiple scatter plots and bar charts,
(2014) 2D and 3D graphs charts, spheres, triangles, polygons. Can easily deploy native
OpenGL charts on Windows, UNIX, and MacOs and integrate into Swing, AWT,
SWT or JavaFX. Jzy3d is available for other languages or platforms such as

Scala, Groovy, Matlab, C#.

Algorithms used are: Grid based and Delaunay surface pattern methods, 3D

structure, 2D envelopes (Convex hulls), Polygon ordering for improved
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transparency rendering. Dual depth peeling: scene graph order independent
transparency, Matlab-like array processors and statistics tools, Experimental

Support Vector Machine integration (Svm3d). [116]

GOAP Generalized
Orientation-
dependent All-atom

Potential

(2011)

Generalized Orientation-dependent all-Atom Potential (GOAP) statistical potential
for protein structure prediction that depends on the relative pairwise atoms
orientation. GOAP has distance and angle dependent contributions. DFIRE,
RWplus and dDFIRE are worse than GOAP for the distance-dependent
component. The GOAP potential is extracted from known protein structures based
on the inverse Boltzmann equation. A Monte Carlo simulation is used. Alanine
peptide bond lengths and angles taken from CHARMM. GOAP can be included in
the QMEAN score. [117]

GASV Geometric
Analysis of Structural

Variants

(2009)

Geometric Analysis of Structural Variants (GASV), a tool for identifying structural
variants from paired-end sequencing data. GASV identifies, classifies and
compares structural variants. Structural variant is represented as a polygon and
intersections are computed. Two techniques have been used to identify structural
variants in the human genome: array comparative genomic hybridization (aCGH)
and paired-end mapping. Neither of them measure the breakpoints of a structural
variant exactly. A breakpoint is localized only to the distance between the genomic
probes. The plane sweep algorithm is performed to determine whether n line

segments in the plane have any intersections. [118]

VTK Visualization
Toolkit

(2008)

Generates 3D computer graphics, image processing, and visualization. VTK
supports a wide variety of visualization algorithms. The toolkit supports parallel
processing and integrates with various databases on graphical user interface
(GUI) toolkits. Three conceptual stages: Modality-dependent Segmentation,
Modality-independent Segmentation, Intermediate Slice Interpolation. Uses a
method based on active geodesic contours. Segmentation effort is based on a
variant of Voronoi diagram. Delaunay triangles dual to the Voronoi map is used.
Estimation uses Bayesian formulation. The images are categorized based on
statistical shape models using Leventon. Framework is implemented using the
National Library of Medicine’s (NIH/NLM) Insight Segmentation and Registration
Toolkit (ITK) and the Visualization Toolkit (VTK) from Kitware Inc. 2.5GHz

Pentium machines running Linux with 1GB main memory. [119]

ArchPRED

(2006)

An online application for predicting loop conformations. Algorithm selects

candidate loop fragments, exhaustive conformational fragments, from a

multidimensional library called “Search Space”. The library is updated by
analyzing all structures in Protein Data Bank (PDB). Structures are organized in a

three level hierarchy and defined by DSSP. Basic method steps are Selection:
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selection conditions are length of loop, motif geometry, distance of ending points,
Filtering: apply filters such as fit accessed by Root Mean Square Deviation
(RMSD) of stem regions, steric fitting, Ranking: composite Z-score. Provides a
higher coverage compared to FREAD. Implemented on an Apache server running
Fedora core 3 operating system. CGI Perl and java script coded web interface.
Data stored in a MySQL relational database, DBI-DBD (Database Interface—
Database Driver). [120]
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5. CONCLUSIONS

In this study through a literature review approaches based on molecular cavity
detection, analysis and visualization have been reviewed and organized.

The primary target was to find the tools used in these approaches and give a brief
description of the algorithms and methods they perform on cavity detection and
analysis. Several tools have been developed to date.

Direct comparison of the results obtained from the literature research with the work
previously performed by Mr. Fotopoulos and Mr. Papathanasiou showed that
multidimensional k-means clustering is a competitive advantage. This algorithm uses
superposition of the protein and does not compare pairwise differences, leading to a
faster computation. It should be noted that a one-to-one residue matching is a greedy
approach and more time-consuming.

Performance and accuracy are crucial in the protein prediction process. Multiple
structural features are included in prediction calculation and an approach like
superposition of a protein, using secondary elements such as a-helices and 3-sheets,
show a strong predictive performance and is less time-consuming. 3D visualization
techniques are used to analyze workflows. Color coded distance maps display
interactions and are more user friendly. No tool was found that visualizes structural
boundaries using polygon shapes.

It is concluded that some tools such as Scikit-learn and UCSF Chimera provide a wide
variety of methods, techniques and algorithms. In general, a platform that offers a
package of tools can be most helpful in drug design approaches.

The results of the present study confirm that molecular topology and molecular
geometry are important as it has been previously reported in the literature. Structure,
shape, location, distances and angles of binding sites may affect ligand binding affinity.
A number of factors also, most of which are interconnected affect the binding site
process. Since different parameters should be thoroughly investigated further analysis
of the impact that alteration of each of these may have is required in order to assess
whether a binding pocket should be targeted for applying the method of structure-based
ligand design.
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APPENDIX |

DRUG DEVELOPMENT & PROTEIN STRUCTURE
Drugs are chemicals and affect each body differently. A major problem is their side
effects. Drug design is focused on this part.

Essentially a drug is a molecule that bounds in different cell areas, that is why drug
design is also known as ligand design.

It enables or disables a biomolecular function such as a protein, receptor, enzyme,
channel etc.

The objective of drug design is to find, meaning predict, and binding affinity.

Two approaches exist a) computer-based and b) structure-based drug design.

The computational approach is referred to as computer-aided drug design. The other
one depends on the 3D biomolecular target and is referred to as structure-based drug
design.

Their purpose of computer-aided drug design is to upgrade features like affinity,
selectivity and stability of proteins. It estimates how strong a molecule binds to the
target. This process is called molecular dynamics.

The activation or inhibition of a biomolecular function requires analysis of pathways of a
disease or pathology condition. The target molecule is under investigation.

Firstly we need to find a target molecule that is disease or pathology related and check
if it is “druggable”.

These molecules can be found in libraries of potential drug compounds. The purified
protein can be visualized. Scoring methods are performed for evaluation. Scoring
methods are linear regression, machine learning, and neural networks. The consensus
scoring and cluster analysis play an important key role.

Structure-based drug design as the name itself says is based on the 3D protein
structure. Receptors can be found in 3D structures of small molecules libraries. Docking
programs check and find new binding pockets. Known ligands can be optimized by
evaluating binding cavity. [122]

It is helpful to mention some definitions of molecular geometry and protein structure.
Molecular geometry is the 3D placement of the atoms that form a molecule.

Covalent bonds held molecules like a glue.
Types of bonds are shown in Figure 7.
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Figure 7: molecule bonds [123]

Isomers are types of molecules that use a chemical formula and do have different
geometry viz different properties. [123]

Isomers
HiH
H-C-C-C-H :
HHH Constitutional Stereoisomers
HHH (structural) isomers (spatial isomers)
[
Hecar | A
HHH | Diastereomers | | Enantiomers | | |
/.‘C ~E | ™ c-\\\
B \d o r
HC CH, H CH, o
2 3 o X
c=0C :/C_C\ Conformers chy  H "
H H o HE H
ds2futene trans-Z bubene H H H

Figure 8: different types of isomers [123]

Steric collisions do forbid some combinations of the phi and psi angles of an alpha
carbon atom. These combinations are represented in a two dimensional plot knows as
Ramachandran plot. [2]
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Protein Structure
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Figure 9: protein structure [3]

Proteins are made up of chains of amino acids and they determine protein's shape and

interaction.

There are 20 common amino acids.

They consist of an amino group, a carboxyl group and an alpha carbon. On the alpha
carbon bonds a group known as R group that defines the variety of amino acids. This
side chain influences the protein structure.

Amino group Carboxyl group

« carbon ~1

/

R

Side
chain

Figure 10: amino acid [3]

A peptide is an ensemble of amino acids and they are connected by peptide bonds. The

peptide bonds can rotate.
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Figure 11: protein rotation [3]

Four level of protein structure do exist. The first one is the primary structure and it is
the sequence of the amino acids. How a polypeptide is bend to do the things that it is
need to do. The secondary structure is due to interactions of the peptide backbone.
Beta pleated sheet. The backbone is going in a helical structure. Hydrogen bonds are

between the different layers of the helix. So called a-helix.
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Figure 12: secondary structure [3]

The tertiary structure is due to interactions of side chains.

Polypeptide backbone
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Figure 13: tertiary structure [3]

For more than one polypeptide this is the quaternary structure how the come together.

Arrangement of multi-peptide chain.
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