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ABSTRACT 

Analysis of genome sequences is enabling identification of numerous novel 

characteristics that provide valuable means for genetic and biochemical studies. Of these 

characteristics, Conserved Signature Indels (CSIs) in proteins which are specific for a 

given group of organisms have proven particularly useful for evolutionary and 

biochemical studies. My research work focused on using comparative genomics 

techniques to identify a large number of CSIs which are distinctive characteristics of 

fungi and other important groups of organisms. These CSIs were utilized to understand 

the evolutionary relationships among different proteins (species), and also regarding their 

structural features and functional significance. Based on multiple CSIs that I have 

identified for the PIP4K/PIP5K family of proteins, different isozymes of these proteins 

and also their subfamilies can now be reliably distinguished in molecular terms. Further, 

the species distribution of CSIs in the PIP4K/PIP5K proteins and phylogenetic analyses 

of these protein sequences, my work provides important insights into the evolutionary 

history of this protein family. The functional significance of one of the CSI in the PIP5K 

proteins, specific for the Saccharomycetaceae family of fungi, was also investigated. The 

results from structural analysis and molecular dynamics (MD) simulation studies show 

that this 8 aa CSI plays an important role in facilitating the binding of fungal PIP5K 

protein to the membrane surface. In other work, we identified multiple highly-specific 

CSIs in the phosphoketolase (PK) proteins, which clearly distinguish the bifunctional 

form of PK found in bifidobacteria from its homologs (monofunctional) found in other 

organisms. Structural analyses and docking studies with these proteins indicate that the 
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CSIs in bifidobacterial PK, which are located on the subunit interface, play a role in the 

formation/stabilization of the protein dimer. We have also identified 2 large CSIs in SecA 

proteins that are uniquely found in thermophilic species from two different phyla of 

bacteria. Detailed bioinformatics analyses on one of these CSIs show that a number of 

residues from this CSI, through their interaction with a conserved network of water 

molecules, play a role in stabilizing the binding of ADP/ATP to the SecA protein at high 

temperature. My work also involved developing an integrated software pipeline for 

homology modeling of proteins and analyzing the location of CSIs in protein structures. 

Overall, my thesis work establishes the usefulness of CSIs in protein sequences as 

valuable means for genetic, biochemical, structural and evolutionary studies. 
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PREFACE 

The following work is a sandwich thesis. Chapter 1 provides an introduction to the 

different subjects to provide contexts for the significance of the manuscripts and Chapters 

described in this thesis. Chapters 2, 3, and 4 are unaltered manuscripts published in the 

years 2017 to 2019. Chapter 5 is an unaltered manuscript submitted for publication in 

November 2019. Chapter 6 describes an in-house developed software pipeline for 

homology modelling of CSI-containing proteins. Chapter 7 reflects on the presented 

studies and describes the overall usefulness and future directions of the work. References 

for Chapters 1, 6 and 7 are provided at the end of this thesis. The preface section in each 

Chapter describes the details of the published and submitted work, as well as my 

contribution to the multiple-authored articles. All the chapters have been reproduced with 

the consent of all co-authors. Irrevocable, non-exclusive license has been granted to 

McMaster University and to the National Library of Canada from all publishers. Copies 

of permission and licenses have been submitted to the School of Graduate Studies. 
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GLOSSARY 

Ancestor: Any organism, population or species from which some other organism, 

population or species is descended. 

Apomorphy: Specialized or derived character-state of an organism. 

Bifid Shunt or Fructose-6-phosphate pathway: A central carbohydrate catabolic 

pathway unique to Bifidobacteria and which relies on an enzyme phosphoketolase to 

catalyze fructose-6-phosphate (F6P). 

Bilayer:  A back-to-back arrangement of monolayers of lipid molecules with non-polar 

hydrophobic tails of the lipids faces inwards and their hydrophilic polar head groups 

arrayed on the bilayer surface. 

Bootstrapping: A statistical procedure to assess the reliability of a result (usually a 

phylogenetic tree) that involves sampling data into a given number with replacement form 

the original set. 

Choanoflagellates: Unicellular protests phylogenetically closest to the metazoans. 

Clade: A monophyletic group composed of an ancestor and all of its descendants. 

Comparative Genomics: A field of biological research that compares genomic features 

of various organisms/species such as  sequence characteristics, genes, proteins, gene 

order, regulatory sequences, and other genetic or molecular characteristics in order to 

reveal the biological and evolutionary relationships and differences between organisms. 

Conserved Signature Indel (CSI): Insertion or deletion of a specific size uniquely 

present in a specific region in gene/protein sequences of organisms from the group of 

interest and absent in all other bacterial groups. Conserved residues flanked on both sides 

ensure its reliability. 

Convergent Evolution: The independent evolution of similar traits in distantly related 

organisms due to adaptive benefits to similar environments. 

Duplication: Mechanism through which sequence is duplicated during molecular 

evolution. 

Eukaryote: One of the three domains of life, differentiated from prokaryotes by 

the presence of a nucleus or other membrane-bound organelles. 
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Fungi:  A group of saprophytic and parasitic spore-producing eukaryotic organisms that 

are grouped in a distinct kingdom within the eukaryotes. 

GUI: Graphical User Interface (pronounced Gooey), is a visual component of software 

that relies on pictures, windows, icons, and menus to direct the interaction of users with 

applications. 

Homologs or Homologous genes/proteins: Sequences that are evolutionarily related by 

descent from a common ancestor. 

Homology Model: The three-dimensional (3D) structure of a protein (query) generated 

from its amino acid sequence and experimental 3D structures of evolutionaril y related 

proteins that share a similar structure. 

Horizontal Gene Transfer: Transfer of genetic materials between organisms other than 

by descent in which transmission of DNA occurs through the generations as the cell 

divides. 

Isoforms or Genes/Proteins Isoforms: Sequences that are similar to each other and that 

have arisen from the same sequence or different sequence as a result of alternative 

splicing. 

Metazoa: Multicellular eukaryotic organisms with differentiated cells and tissues. 

Maximum likelihood tree: A phylogenetic tree built using the maximum likelihood 

method that searches for the tree topology that has the maximum probability of being 

produced by the given alignment. 

Molecular Dynamics: A computational approach that allows to study the time evolution 

of a system of interacting particles (atoms, molecules, etc.). 

Multiple Sequence Alignments (MSA): Representation of two or more sequences in 

such a way that reflects their relationships. 

Orthologs or Orthologous genes/proteins: Sequences from different species that are 

evolutionarily related by descent from a common ancestral sequence and that diverged 

from one another as a result of speciation divergent events. 

Paralogs or Paralogous genes/proteins: Sequences within the same organism/species 

and that result from duplication of one original sequence. 
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Phylogenetic tree: Representation of evolutionary relationships between a set of 

sequences, species or organisms, etc. 

Phosphoinositides: A family of minority acidic phospholipids located in the cytosolic 

face of the eukaryotic cell membranes.  

Protein Data Bank: The repository of experimentally determined three-dimensional 

structural data of large biological molecules, such as proteins, nucleic acids, and complex 

biomolecular assemblies. 

Protein Family: A group of proteins that share a common evolutionary origin, reflected 

by their related functions and similarity in sequences or structures. 

Ramachandran Plot: A scatterplot depicting the disposition of backbone phi (ű) and 

psi(ɣ) torsion angles for each residue in a protein or set of proteins. It is a fundamental 

tool in structural biology for the analysis of protein structures. 

Root Mean Square Deviation (RMSD): The measure of the average distance between 

the atoms (usually the backbone or CŬ atoms of the entire protein) of superimposed 

proteins or residues. It indicates the overall flexibility of protein during MD simulation. 

Root Mean Square Fluctuation (RMSF): The measure of the fluctuation of the atoms 

(usually the backbone or CŬ atoms of the individual residues of protein) coordinates from 

their average position. It indicates the structural flexibility of each amino acid in a protein 

during MD simulation. 

Single-gene/protein phylogenetic tree: Reconstruction of a phylogenetic tree based on 

the comparison of homologous sequences representing a single gene or protein. 

Synapomorphy: A derived character-state, and because it is shared by the taxa under 

consideration, is used to infer common ancestry. 

Unicellular Metazoan Common Ancestor: The single-celled ancestors of metazoan 

from which all the metazoans are derived. 
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1. From Organisms to Molecular Sequences to understand Evolutionary 

Relationships 

Understanding the origin and evolutionary relationships among organisms 

constitutes a formidable challenge in biological sciences. The elements of evolutionary 

thought can be traced back to Greek philosophers like Aristotle (384-322BC) who in his 

scala nature (ñladder of lifeò) classified organisms hierarchically based on the observed 

common attributes (e.g. blooded and bloodless), with inanimate things through the plants 

to the bottom and higher animals up to man at the pinnacle of creation (Mayr, 1982; 

Kullmann, 1991; Ragan, 2009). The modern basis for the ranked-based classification of 

living systems was first purposed by Carl Linnaeus in the 18
th
 century, in his book 

ñNaturae Sytemaeò (Linneaus, 1758). However, the first systematic studies for the 

understanding of the evolutionary relationship between organisms must be assigned to the 

seminal works of Charles Darwin who provided insights into how the evolutionary 

process works to generate different life forms (Darwin, 1859). Several great steps were 

made throughout the second half of the 18
th
 century and continuing through to the first 

half of the 20
th
 century that led to the methods based solely on morphological, 

physiological and biochemical characteristics for analyzing the relationship within and 

among organisms (Cohn, 1875; Vaughan, 1906; Stanier and Van Niel, 1941; Sapp, 2009; 

Oren, 2010; Oren and Garrity, 2014; Ramasamy et al., 2014). These long-established 

methods used for the biological classification, however, began to approach their 

explanatory limits in the second half of the 20
th
 century due to the plastic, analogous, and 

often convergent nature of the examinable characteristics available to the scientists at the 
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time (Stanier et al., 1963; Woese, 1987; Gupta, 1998; Oren, 2010). The advent of the 

ability to determine nucleic acid, molecular sequences and structural data by the 

development of powerful experimental, computational and mathematical methods offered 

a novel approach to infer relationships and evolutionary history of genes and organisms 

(Watson and Crick, 1953; Crick, 1958; Sanger, 1959; Zuckerkandl and Pauling, 1965; 

Eck and Dayhoff, 1966). Since then the use of molecular data to understand the 

evolutionary relationships among organisms has proven to be a more consistent and 

objective approach to classification than morphological and biochemical approaches. By 

early 1960, the key practices of molecular evolution, which included collecting, 

comparing, and computing sequences were already developed (Sanger, 1949; Brown et 

al., 1955; Harris et al., 1956; Crick, 1958; Margoliash et al., 1959; Sanger and Tuppy, 

1951). The notion of comparing the molecular sequence to infer relationship was later 

strengthened by the work of Zuckerkandl and Pauling who put forward the compelling 

idea of using the molecular sequences as a document of the evolutionary history of an 

organism and to deduce phylogenetic relationships (Zuckerkandl and Pauling, 1965). This 

marked the beginning of the field of molecular evolution, which later acquired enormous 

momentum with a major improvement in the techniques, such as nucleotide sequencing, 

utilized to characterize the molecular basis of genetic changes (Edman and Begg, 1967; 

Sanger et al., 1977). The astonishing power of molecular data didnôt come to light until 

Woose and colleagues revelation, based on the use of sequences from an SSU rRNA (also 

known as 16S or 18S rRNA to denote size), of the presence of yet another domain of life 

besides bacteria and eukaryotes, which they called as the Archaebacteria (later termed as 
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the Archaea) (Woese and Fox, 1977; Woese et al., 1990). The significant progress in 

sequencing which brought the dawn of molecular data continues to provide the potential 

to resolve important evolutionary relationships among organisms and proteins. 

2. Impact of Molecular Sequence and Structures on Comparative Evolutionary 

Studies 

Even before the first protein structure was resolved, it was realized that the 

primary sequence of proteins carry information, and it can form structurally discrete and 

ordered motifs (secondary structure elements), which would then arrange compactly into 

the more functional three dimensional structural form (Pauling et al., 1951; Lindorff-

Larsen et al., 2012; Bragg et al., 1950). The connecting link between the sequence and 

structural relationship was hotly contested for decades and was later established by 

Christian Anfinsen and colleagues (Anfinsen et al., 1961; Anfinsen, 1973). Soon after the 

first structure of a protein was reported, Anfinsen in his book ñThe Molecular Basis of 

Evolutionò wrote: ñA comparison of the structures of homologous proteins (i.e., proteins 

with the same kinds of biological activity or function) from different species is important, 

therefore, for two reasons. First, the similarities found to give a measure of the minimum 

structure which is essential for biological function. Second, the differences found may 

give us important clues to the rate at which successful mutations have occurred 

throughout evolutionary time and may also serve as an additional basis for establishing 

phylogenetic relationships.ò (Anfinsen, 1959) pg. 143). Through their experiment on 

enzyme ribonuclease, they elegantly demonstrated that the sequence information of a 
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protein contains all the information sufficient for the folding of a protein into its native 

spatial structure (Anfinsen and Haber, 1961; Anfinsen et al., 1961; Anfinsen, 1973). The 

major breakthrough in understanding the relationship between sequence and structure of 

proteins awaited the discovery of X-crystallography and its successful application to 

nucleic acid and proteins (Bragg and Bragg, 1913; Campbell, 2002; Watson and Crick, 

1953; Bernal and Crowfoot, 1934). The first crude model of a protein 3D structure of 

myoglobin was reported by Kendrew in 1958 (Kendrew et al., 1958). Subsequently, in 

1960, the 3D structure of haemoglobin in atomic detail was solved (Perutz et al., 1960; 

Perutz, 1985). The success of myoglobin and haemoglobin structures revolutionized the 

field of structural biology and furthered our mechanistic understanding of biology. In the 

decades that followed, a barrage of structural information was obtained for several 

additional protein molecules, most notably including the atomic structure of a first 

enzyme - hen white lysozyme (Blake et al., 1965), ribonuclease (Kartha et al., 1967; 

Avey et al., 1967), carboxypeptidase A (Lipscomb et al., 1969), etc. These early 

structures, together with those of many other enzymes in the 1970s and beyond, revealed 

the mechanistic details about the protein function such as active site conformations and 

catalytic mechanisms. At the same time, the influx of structural data (e.g. X-ray 

crystallography) also created demand for computerized methods for the systematic 

examination of the complex molecules and laid the foundation of the field of Structural 

Bioinformatics. The structural information available at the time allowed comparative 

analysis to be carried out on related proteins and provided insight into the subsequent 

effects of change in amino acid sequences such as insertions and deletions in three-
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dimensional structure and function (Zuckerkandl and Pauling, 1965; Almassy and 

Dickerson, 1978; Lesk and Chothia, 1980; Chothia and Lesk, 1986). These earlier studies 

provided the basis for the understanding of the protein sequence, structure and functional 

relationship and fueled the beginning of comparative protein structure modelling 

approaches (Levinthal, 1966; Browne et al., 1969; Hartley, 1970; Greer, 1981; Perutz, 

1983; Chothia and Lesk, 1986) which would later mature into the fully automated 

pipelines with the advent of computational methods (Sali et al., 1990; Fiser, 2004). Later, 

the culmination of decades of biochemical and structural studies and growing number of 

structural data led to the foundation of the Protein Data Bank (PDB) as a repository for 

the deposition of three-dimensional (3D) coordinates of experimentally determined 

biological macromolecules (Protein Data Bank, 1971). Established in 1971 with just 

seven inaugural structures, the PDB now holds the information for 154,015 structures (as 

of July 2019) with the number growing rapidly every year (Bernstein et al., 1977; Berman 

et al., 2003; Burley et al., 2019). More recently, in addition to the wealth of structural and 

sequence data, we have witnessed the development of sensitive tools for sequence and 

structural similarity searches that are beginning to shed light on the evolution of protein 

structures and functions. 

3. The rise of the Genomics Era and its Implication on Comparative Genomics and 

Evolutionary Systematics 

The first revolution in DNA sequencing took place nearly four decades ago 

(Heather and Chain, 2016; Shendure et al., 2017). Two methods, the Maxam-Gilbart 
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chemical cleavage, and the Sanger-Coulson chain termination marked an important early 

landmark that would forever alter the development of sequencing technology (Maxam 

and Gilbert, 1977; Sanger et al., 1977; Gilbert and Maxam, 1973). Despite the extremely 

complex and laborious nature of these early techniques, they greatly enhanced the 

throughput sequencing of DNA. In the following several decades, these methods were 

commercialized and scaled up through the concerted efforts of several research groups 

bringing them to dominate the field of DNA sequencing. This in turn allowed for the 

sequencing of the several landmark genomes (Staden, 1979; Messing et al., 1981; Sanger 

et al., 1982; Smith et al., 1986; Connell et al., 1987). This was followed by exponential 

growth in sequence data from various genes/proteins and organisms, and motivated 

researchers for the creation of central open access data repositories, such as GenBank 

(Burks et al., 1985; Kneale and Bishop, 1985; Bilofsky and Burks, 1988) and European 

Molecular Biology Laboratory (EMBL) data library (Kneale and Kennard, 1984; 

Cameron, 1988). The later development and implementation of various search algorithms 

such as BLAST (Altschul et al., 1990; Butler, 1993), greatly enriched the spirit of data 

sharing and the value of each deposited sequences. By 1995, the first complete genome of 

Haemophilus influenzae was available, which marked the beginning of a genomic era 

(Fleischmann et al., 1995). As of present writing of this thesis, almost 25 years after the 

sequencing of H. influenzae, over 100,000 complete and draft bacterial genomes can be 

found in the GenBank database. Sequencing of the draft human genome was not 

completed until the turn of the millennium and ultimately cost over 2.7 billion USD and 

took over decades to complete (Yamey, 2000; Hood and Rowen, 2013; Emmert-Streib et 



Ph.D. Thesis - Bijendra Khadka                                  McMaster University - Biochemistry                
 
 

8 
 

al., 2017). This development marked the arrival of modern sequencing techniques, the so 

called ñnext generationò sequencing (NGS) or ñsecond-generation (2G)ò methods such as 

the Illumina DNA sequencing platforms, HiSeq and MiSeq (van Dijk et al., 2014; 

Caporaso et al., 2012). In the following years, these breakthrough platforms were rapidly 

joined by complimentary third-generation (3G) methods, such as Pacific Biosciences 

(PacBio) single-molecule real-time (SMRT) sequencing approach (Eid et al., 2009; 

Schadt et al., 2010; van Dijk et al., 2018) and to fourth-generation (4G) methods, such as 

Oxford Nanopore Technologies nanopore-based single molecule sequencing technology 

(Ke et al., 2016; Jain et al., 2018; van Dijk et al., 2018). The development of more 

efficient screening platforms and the growing competition among several vendors to 

develop faster and more cost-effective machines has led to a steady decline in sequencing 

cost and increase in sequencing speed by several orders of magnitude. This ultimately 

contributed to the fulfillment of the original goal of sequencing the genome for less than 

$1000 USD (Schloss, 2008; van Dijk et al., 2014). Recent progress in efficient 

sequencing methods has led to a remarkable feat of sequencing the whole human genome 

in 19 hours (Clark et al., 2019). The rapid reduction in sequencing cost and time has led 

to its democratization, bringing the genome sequencing technology within reach of small 

laboratories and researchers around the globe and resulting in the generation of complete 

genome sequences from a wide range of biologically and medically important organisms 

(Shendure and Ji, 2008; Kyrpides, 2009; Parkhill and Wren, 2011; Shendure et al., 2017). 

With well over 100,000 bacterial genomes and hundreds of eukaryotic genomes 

sequences currently available on public repositories and many thousands more from 
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diverse organisms in the pipeline, the information for genome sequences will continue to 

grow in years to come.  

This growing wealth of genomic data has allowed for the development of several 

novel and powerful analysis methods with a multitude of potential current and future 

applications. It has also provided a new dimension for understanding the evolutionary 

relationship between organisms (Gupta, 1998; Koonin et al., 2000; Charlesworth et al., 

2001; Wei et al., 2002; Chun and Rainey, 2014; Tyzack et al., 2017). One such method of 

analysis is comparative genomics, which incorporates both the creation of computational 

tools and using those tools to delimit the genetic basis of diversity of organisms and 

strains (Wei et al., 2002). Another important aspect of comparative genomics is that it 

provides insights on the pathogenesis of organisms, and also offers vast potential toward 

identification of novel drug targets for the development of novel antimicrobial agents 

(Moir et al., 1999; Loferer, 2000; Cole, 2002; Kramer and Cohen, 2004; Klemm and 

Dougan, 2016; Sharma et al., 2019). 

Among the most widely used comparative genomics methods include examining 

the overall nucleotide statistics (e.g. overall (G+C) content) (Alm et al., 1999), the 

analysis of syntentic relationships, the comparison of gene locations, relative gene order 

and regulation (Snel et al., 1999; Belda et al., 2005), the comparison of protein content 

(Pellegrini et al., 1999; Tatusov et al., 1997), core and pan-genome analysis (Tettelin et 

al., 2005; Medini et al., 2005; Tettelin et al., 2008),  the identification of genome 

signatures (Campbell et al., 1999; Gusev et al., 2014) and the construction of supertree 

and super-matrix based phylogenetic trees (Sanderson et al., 1998; de Queiroz and 
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Gatesy, 2007). Comparative genomics also involves analysis of events such as gene loss, 

gene duplication and horizontal gene transfer (HGT) (Tatusov et al., 1997; Li et al., 

2019). These types of analyses are aimed at extending beyond a mere description of 

differences and similarities between organisms and are focused toward developing the 

models and theories that could explain such phenomenon. The growing availability of 

multiple genome sequences from diverse model and non-model organisms has allowed 

comparative genomic analysis to be carried out at increasingly larger scales in recent 

years, shedding light on various functional and evolutionary questions that were 

previously out of reach. These approaches have proven useful for inferring complex 

evolutionary history and phylogenetic relationships among organisms, which is central to 

the advancement of our understanding of organism diversity and evolution. Although, the 

available comparative methods are useful for inferring relationships among organisms, 

however, they are all based on the principle of measuring the degree of relatedness or 

similarity of genomes, rather than providing unique distinguishing characteristics features 

that may differentiate a group of related organisms. In this light, there is a need for the 

identification of novel specific molecular, biochemical and genetic characteristics derived 

from the growing genome sequences which can serve as distinctive molecular markers for 

a robust interpretation of the relationship between a related group of organisms (Sutcliffe 

et al., 1992; Gupta, 1998; Gupta and Griffiths, 2002; Klenk and Goker, 2010; Verma et 

al., 2013; Whitman, 2015; Gupta, 2016a; Chun et al., 2018; Sutcliffe, 2015). 
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4. Evolutionary Studies Using Molecular Sequences and Phylogenetics  

Several decades before DNA sequencing became feasible, it was realized that 

analysis of amino acid or nucleic acid sequences data could be used to decipher the 

evolutionary history of molecules (Eck, 1962; Zuckerkandl and Pauling, 1965; Eck and 

Dayhoff, 1966). The pioneering work of the late Margaret Dayhoff and other researchers 

during the 1960s had already enabled an early form of bioinformatics, allowing 

researchers to utilize computation in sequence determination and comparing sequences 

from multiple organisms (Dayhoff, 1965; Fitch and Margoliash, 1967; Needleman and 

Blair, 1969; Doolittle and Blombaeck, 1964). Since then, the application of 

bioinformatics approaches has been increasingly involved in studying protein structure, 

function, and evolution (Hagen, 2000). These bioinformatics approaches include 

methods, tools, and algorithms for efficient sequence alignment, database searches to 

identify homologous sequences and structures, and to the generation of phylogenetic trees 

to decipher evolutionary relationships. In recent years, unparalleled advancements in 

computing methods and algorithms in combination with cheap sequencing costs have led 

to the accumulation of an abundance of genomics data. This wealth of information has 

further enhanced our ability to carry out more powerful comparative analysis to address 

various key biological and evolution related research questions (Tatusov et al., 1997; Wei 

et al., 2002).  

Modern phylogenetic analyses most often relied on the usage of both nucleotide 

and protein sequences. However, protein-based phylogenetic analyses are thought to be 

more reliable than nucleotide-based analyses. This is due to the fact that some 
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phylogenetic trees based on nucleotide sequences are suggested to be misleading due to 

factors such as the difference in G+C content among lineages and the effect of the 

degeneracy of genetic codes on nucleotide sequences (Karlin et al., 1995; Gupta and 

Johari, 1998). Phylogenetic analysis using protein sequences usually starts with the 

identification of homologs/orthologs from related family members in the protein 

databases. Once the sequences are retrieved, they are aligned, and the multiple sequence 

alignment (MSA) obtained forms an essential preliminary for phylogeny reconstruction. 

The alignment step constitutes a very crucial step for evolutionary study of proteins, as 

the improvement in MSA have been shown to improve the phylogenetic accuracy, 

although these improvements are minor (Cantarel et al., 2006; Hall, 2005; Ogden and 

Rosenberg, 2006). Despite these challenges, several MSA algorithms exist with improved 

speed and reasonable accuracy such as Clustal series of programs (e.g. ClustalX and 

Clustal Omega) (Sievers et al., 2011; Chenna et al., 2003), MUSCLE (Edgar, 2004), 

MAFTT (Katoh et al., 2005) and T-Coffee (Notredame et al., 2000). For phylogenetic 

reconstructions, the most commonly applied methods include distance-matrix methods 

and character-based methods. Distance-matrix methods compute a matrix of pair-wise 

genetic ñdistanceò between sequences and summarize it using the hierarchical clustering 

algorithm such as Unweighted Pair-Group Method with Arithmetic Mean (UPGMA) 

(Sneath and Sokal, 1973) or Neighbor-Joining (NJ) (Saitou and Nei, 1987). Compared to 

other methods, NJ or UPGMA have the advantage of being rapid and are therefore the 

method of choice when carrying out large-scale phylogenetic analyses. In contrast, 

character-based methods attempt to infer the phylogeny based on all the individual 
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characters in a simultaneously compared alignment of sequences. These methods include 

maximum parsimony (MP), which strives for the tree with an overall minimum number of 

overall genetic changes between the taxa by randomly changing the topology of the tree 

until the parsimony is no longer improved (Fitch, 1971), the Maximum-likelihood (ML), 

strives for the tree with the maximal likelihood to produce the variation observed in the 

given set of sequence data (Felsenstein, 1981), and the Bayesian inference method, which 

seeks to obtain the full posterior probability distribution of all possible phylogenies by 

combining the prior probability distribution with the tree likelihood of evolutionary 

parameters (Huelsenbeck et al., 2001). When considering the inferring process of 

sequence evolution, the ML method possesses a clear advantage over a distance or 

parsimony methods, as it utilizes more of the information content of the underlying 

sequences, such as positional variability, transitions/transversion ratio, character state 

probability per position and many others (Felsenstein, 1981). The major drawback of the 

ML method, however, is that it is computationally demanding. Since the inference from 

the individual phylogenetic outcomes from most of the aforementioned methods has been 

suggested to be affected by several factors, the most common practice is to include 

statistical tests such as bootstrapping as a part of a tree evaluation method for a through 

phylogenetic analysis (Felsenstein, 1985; Efron, 1992; Tateno et al., 1994). Bootstrapping 

is a statistical approach to measure the robustness of a phylogenetic tree that involves 

random sampling of data into a given number of bootstrap sets with replacement from the 

original data. One major advantage of this approach is that it can be applied to distance, 

parsimony, likelihood and just about any of the other tree-constructions methods, 
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although it must be noted that applying this method can be computationally intensive due 

to the increase in the number of bootstrap samples requested.  

A phylogenetic tree based upon a single gene or its protein sequence only reflects 

the evolution of that particular gene, not the evolutionary history of the organisms from 

which the gene or proteins was isolated. The true phylogenetic history of organisms can 

be more accurately elucidated using the sequence data from multiple genes as well as 

using the biochemical, morphological and physiological characteristics of organisms. 

Overall, the use of phylogenetic analyses using molecular sequences has been central for 

several evolutionary studies. In addition to the conventional taxonomic use to infer the 

evolutionary relationships between organisms, phylogenetic trees are often applied, 

among many others, to detect horizontal gene transfers (HGT) (Bielawski and Yang, 

2004; Ravenhall et al., 2015), to infer orthology and paralogy relationships between 

proteins (Fitch, 2000; Gabaldon and Koonin, 2013), to investigate gene duplication events 

(Donoghue and Mathews, 1998; Philippon et al., 2015) or to infer the ancestral state of 

genes/proteins (Chang et al., 2005; Hall, 2006).   

5. Conserved Signature Indels as a Tool for Evolutionary Studies 

The advent of DNA sequencing technology, coupled with advanced computational 

methods in the past two decades has led to the acquisition of a significant abundance of 

genome sequence information from diverse organisms (McPherson, 2014). The wealth of 

genomic information provides an unparalleled opportunity to carry out various studies to 

discover novel molecular characteristics specific for a related group of organisms. These 
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shared molecular signatures that are ideal for evolutionary studies should be homologous 

apomorphic characters introduced only once during the course of evolution  

(Stackebrandt and Schumann, 2006; Gupta, 2014). One class of such molecular markers 

that our lab has pioneered the discovery and usage of, and has been a focus of recent 

evolutionary studies, is Conserved Signature Insertions and deletions (viz. Indels) (CSIs) 

that are found in a conserved region of the protein homologs from a particular group of 

organisms (Rivera and Lake, 1992; Baldauf and Palmer, 1993; Gupta, 1998; Rokas and 

Holland, 2000; Gupta and Griffiths, 2002; Gupta, 2014; Naushad et al., 2015; Gupta, 

2016b; Zhang et al., 2016a). CSIs that serve as a useful molecular markers are the regions 

in sequence alignments where a specific change is observed in the primary structure of 

particular proteins in all members of one or more defined groups of species but not in 

other groups (Gupta, 1998). The signatures must be flanked on both sides by conserved 

regions to ensure their reliability and to rule out alignment artifacts or errors (Gupta, 

2014). Since these CSIs are limited to a specific group of organisms, the simplest and 

most parsimonious explanation for the presence of these CSIs in all member of a 

particular group is that the rare genetic change that gave rise to the CSIs occurred once in 

a common ancestor and it was then vertically inherited by various descendants (Rivera 

and Lake, 1992; Baldauf and Palmer, 1993; Gupta, 1998; Rokas and Holland, 2000; 

Gupta and Griffiths, 2002; Gupta, 2014) Additionally, based on the presence or absence 

of these signatures in different out-group species, it is also possible to infer whether a 

given CSI is an insertion or a deletion (Gupta, 1998; Gupta, 2014). However, it is also 

important to consider the possibility that, in some cases, the shared presence of these CSI 
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could also result from non-specific mechanisms such as lateral gene transfer (LGTs) or 

from independent occurrence of similar genetic change in evolutionary unrelated lineages 

(convergent evolution) (Gupta et al., 2017; Gupta, 2018).  

A well-defined CSI in a particular protein also serves as an important milestone 

for evolutionary events, since all the descendent containing this protein are expected to 

share the CSI whereas the homologous protein in all other organisms which existed 

before this event will lack the CSI (Rivera and Lake, 1992; Baldauf and Palmer, 1993; 

Gupta, 1998; Rokas and Holland, 2000; Gupta and Epand, 2017). Further, the presence or 

absence of CSIs in various lineages or proteins is generally not affected by factors such as 

differences in evolutionary rates among lineages or proteins, variable artifacts affecting 

the construction of phylogenetic trees (Gupta, 1998; Rokas and Holland, 2000; Gupta, 

2016b). Therefore, even a CSI of 1 aa length provides a very useful and reliable marker 

for evolutionary studies (Gupta, 1998; Singh and Gupta, 2009). In some cases, when two 

proteins are evolved as a result of ancient gene duplication, the presence or absence of the 

CSI in the homologous protein has also proven useful to ensure whether the observed CSI 

is an insertion or a deletion (Gupta, 1998; Valas and Bourne, 2009). Over the last couple 

of decades, Dr. R. S. Gupta and his group has utilized these CSIs to resolve important 

aspect of the microbial phylogeny and systematics (Gupta, 1998; Rokas and Holland, 

2000; Gupta, 2014; Gupta, 2016b; Gupta et al., 2017; Khadka et al., 2017; Khadka and 

Gupta, 2019). The utility of CSI to shed insight into a number of important evolutionary 

questions is discussed in Chapters 2, 3, 4 and 5 of this thesis. 
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6. Importance of Structural and Functional Studies on CSIs in Protein Structure 

Earlier work from our lab on a number of CSIs in essential proteins (e.g., Hsp70 

and Hsp60) has provided substantial evidence that they play a critical for cell growth in 

the organisms for which they are found (Singh and Gupta, 2009). However, due to a lack 

of structural information for most of the proteins in which CSIs are found, the structural 

and functional characteristics of these CSIs remains largely unknown. Analysis of 

available three-dimensional (3D) structures of proteins show that most of the identified 

CSIs are generally found on the surface loops of proteins and that they are usually located 

away from the active site which suggests that they do not disrupt the core function of a 

protein  (Singh and Gupta, 2009; Gupta, 2010; Gao and Gupta, 2012; Gupta, 2014; Gupta 

and Khadka, 2015; Gupta, 2016b; Gupta et al., 2017; Khadka and Gupta, 2017; Alnajar et 

al., 2017). The occurrence of CSIs on surface loops also suggests that they could act both 

as an ñenabling loopsò or a ñdisabling loopsò (Akiva et al., 2008). The enabling features 

of indels could be useful to mediate specific interaction (e.g., dimer stabilization, or 

binding to some other proteins or ligands), whereas the disabling features of indels could 

prevent interactions with unwanted partners (Akiva et al., 2008; Hashimoto and 

Panchenko, 2010; Gupta, 2016b; Alnajar et al., 2017).  

In addition to the role of surface exposed loops in ligand and protein-protein 

binding, they can also play an essential role as anchor to help peripheral protein binding 

or sensing the membrane bilayer surfaces (Kalli and Sansom, 2014; Kalli et al., 2014; 

Chavent et al., 2016; Xu et al., 2016; Khadka and Gupta, 2017). Recent studies on 

number of different CSIs in several essential proteins such as DNA Gyrase B, DNA 
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dependent RNA polymerase Beta Subunit (RpoB), Phosphatidylinositol-4-Phosphate-5-

Kinase (PIP5K), Phosphoketolase (PK), Ribonucleotide Reductase (RNR), that are 

specific for a number of bacterial phyla support the view that these CSIs are involved in 

conferring ancillary functions on these proteins that are expected to be vital for the 

organism in which they are found (Griffiths and Gupta, 2004b; Schoeffler et al., 2010; 

Alnajar et al., 2017; Gupta et al., 2017; Khadka and Gupta, 2017). 

Moreover, the structural difference created by CSIs on the surface of protein could 

act as a unique site that can provide a high-affinity binding site for a specific substrate, 

ligands, peptides or drug molecules (Cherkasov et al., 2005; Nandan et al., 2007). A 

preliminary application of CSIs in designing drug compounds has been shown by Nandan 

et al. (2007), who identified a compound that targeted a 12 aa residues deletion in the 

Elongation factor-1 alpha (EF-1Ŭ) of the protozoan parasite Leishmania donovani. This 

deletion provides a unique binding site on the surface of L. donovani EF-1Ŭ, thereby 

allowing selective targeting by drug compounds that exhibit greater inhibition of the 

target Leishmania protein than the human homologs (Nandan et al., 2007). Therefore, 

CSIs could also represent a previously underutilized class of drug targets and should 

prove useful in the development of novel classes of therapeutics that would selectively 

target a specific group of pathogenic organisms (e.g. Mycobacterium tuberculosis) in 

which the CSIs are present (Gupta, 2018). 
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7. Conserved insertions and deletions (Indels) in Protein Structure and 

Understanding their Function from Bioinformatics and Computational Perspective 

An insertion or deletion (indel) in protein sequences represents an important 

source of genetic variations that shapes an evolution of a protein (Pascarella and Argos, 

1992; Benner et al., 1993). However, the mechanisms of indel evolution and their 

influence on protein structures have been relatively understudied. An indel event in a 

given protein not only alters the length of its primary sequence but also brings changes 

within the region of protein domains in which they occur. This, in turn, can influence the 

structural features and interactions associated with protein region or domain and as a 

consequence may impair or improve its stability or functions (Pascarella and Argos, 

1992; Overington et al., 1992; Benner et al., 1993; Matsuura et al., 1999; Chow et al., 

2003; Akiva et al., 2008; Hashimoto and Panchenko, 2010).  Indels rarely change the core 

of a protein structure and are most often found in loops and turns as in those locations 

they are less likely to disrupt the core or the fold of a protein. The likelihood of 

occurrence of indels on the surface of the protein is also due to the fact that residues 

proximity to the core functions are known to impose additional functional constraints on 

amino acid substitutions or properties (Russell et al., 1997; Chelliah et al., 2004; Jack et 

al., 2016). The occurrence of indels in the outer surface region in protein structures is 

considered responsible for the functional divergence of homologous proteins (Reeves et 

al., 2006; Hashimoto and Panchenko, 2010). Previous studies have shown that vast 

majorities of protein indels are short typically with a size ranging from 1-6 aa residues in 

length and mostly occur in surface loops (Pascarella and Argos, 1992; Hsing and 
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Cherkasov, 2008; Ajawatanawong and Baldauf, 2013). Large indels, however, are most 

often found to constitute separate secondary structure features forming the regulatory 

domain (Griffiths and Gupta, 2004b; Chlenov et al., 2005; Hashimoto and Panchenko, 

2010; Schoeffler et al., 2010; Gao and Gupta, 2012; Alnajar et al., 2017).  

The increasing availability of sequence and structural data have allowed large- 

scale analyses of the insertions and deletions in proteins using sequence or structural 

alignment methods and to infer the influence of indels on protein structure or to 

understand the evolutionary relationships (Hsing and Cherkasov, 2008; Kim and Guo, 

2010; Zhang et al., 2011; Zhang et al., 2012). For instance, if the structural information of 

closely related homologous proteins in alignment is available then by analyzing the 

alignments or by creating homology models it is possible to infer or ñmapò the features of 

indels from the alignment or protein models. Using this approach it is possible to 

investigate how these genetic changes in the form of indels influence the secondary 

structure or surface accessibility within the protein structure. It is important to note that, 

albeit some protein structures, which are useful for structural analyses or homology 

modelling, may diverge from the physiological reality, most of the available crystal 

structures offer significant and applicable knowledge about the proteins. Therefore, these 

kinds of sequence-structure analysis approach has been useful for gaining functional clues 

for a large number of sequenced proteins that contain indels and for which the structural 

or experimental information are not yet available (Kristensen et al., 2008; Erdin et al., 

2010; Furnham et al., 2012; Furnham et al., 2016).   
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In the past, some authors have reported databases that provide information about 

different randomly distributed indels in various proteins (Hsing and Cherkasov, 2008; 

Zhang et al., 2011; Zhang et al., 2012; Hsing and Cherkasov, 2008). However, unlike the 

CSIs, most of the indels in those databases are not lineage-specific and are also not 

present in conserved regions. Thus, these indels are less likely to possess any 

evolutionary or broad functional significance. In contrast, CSIs are found in conserved 

regions of the proteins and are unique for the group of organisms in which they are found. 

Because of their uniqueness and their presence in highly conserved regions of proteins, it 

is reasonable to infer that most of these CSIs are providing some ancillary function to the 

proteins or organisms in which they are found. Novel structural alterations in protein 

structure resulting from the CSIs may contribute to dimer stability, ligand-binding or 

protein-protein interactions and thus are predicted to confer new characteristics unique to 

specific group of organisms (Griffiths and Gupta, 2004b; Chlenov et al., 2005; Akiva et 

al., 2008; Hashimoto and Panchenko, 2010; Schoeffler et al., 2010; Gao and Gupta, 2012; 

Alnajar et al., 2017; Khadka and Gupta, 2017). Despite their predicted significance, the 

functional significance of most of the CSIs that modify a part of protein structure remains 

relatively understudied. An understanding of the peculiarities of these CSIs can, therefore, 

provide novel insights into the mechanism of protein evolution and as well the ancillary 

function associated with these CSIs.  

During the last two decades, global structural genomics efforts have resulted in 

the development of powerful new in vitro and in silico technologies and high-throughput 

pipelines that are capable of generating hundreds of different protein structures annually 
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from diverse organism sources (Chance et al., 2004). In addition to the remarkable growth 

in the sequence and structural data combined with other biological information, the 

tremendous improvement in computational power and resources have helped build the 

stronger foundation for the implementation of various computational methods for 

interpolation between hypothesis and experimental results. As a result, computational 

approaches utilizing sequence, structural and functional data are now well suited and 

playing an increasingly important role for studying a wide range of computational 

experiments, such as mapping the structural features and predicting the functional 

significance of CSIs in protein structure (Kinoshita and Nakamura, 2003; Watson et al., 

2005; Lee et al., 2007; Gherardini and Helmer-Citterich, 2008; Alnajar et al., 2017; Gupta 

et al., 2017; Khadka and Gupta, 2017). A summary of the major computational tools and 

techniques that I have utilized throughout my thesis work are briefly described in the 

following sections. These include BLAST/PSI-BLAST, homology modelling, protein-

ligand docking, protein-protein docking, and molecular dynamics simulations. 

7.1 BLAST and PSI-BLAST 

BLAST (Basic Local Alignment Search Tool) is the most widely used and cited 

sequence similarity search algorithm; it provides a simple and robust method for 

searching nucleotide or protein sequence databases to identify significant matches 

(Altschul et al., 1990). BLAST works by seeking near perfect word-matches ñquery 

wordsò of a given length between the query and database of sequence. If the matches 

score above a given threshold, the comparison is extended in both directions. Finally, hits 

in the search results are reported if the extended alignments meet or exceed the user-
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specified BLAST cut-offs scores for significant matches. Although BLAST enables 

searches of large databases for a similar sequence in a relatively short time, it has limited 

sensitivity in detecting distant homologs.  

The PSI-BLAST (Positions-Specific Iterative BLAST), which is an extension of 

the original BLAST, is more sensitive in searching a database for more evolutionary 

divergent proteins (Altschul et al., 1997). Iterative search methods such as PSI-BLAST 

initially generate Position-specific Scoring Matrix (PSSM) constructed from multiple 

sequences by utilizing the multiple alignment results from normal BLAST. The PSSM 

stores the conservation pattern for each position in the alignment as a matrix of scores by 

providing high to low scores relative to their conservation. The new profile is then used to 

further search the database and this process is then iterated until no additional sequences 

are found above the predefined threshold. This iterative process makes PSI-BLAST more 

sensitive in finding remotely related sequences. Due to its effectiveness in finding 

distantly related sequence, several modifications and improvement have been proposed 

since its first release in 1997, including employing composition-based statistics (Schaffer 

et al., 2001), employing pesudocount (Altschul et al., 2009), optimizing  cache utilization 

(Aspnas et al., 2010) and improving sequence weighting method (Oda et al., 2017).  

I have utilized both BLAST and PSI-BLAST extensively throughout my thesis 

work for tasks ranging from identifying homologs/orthologs for species distribution 

analysis to identifying homologs with known structures for studying the structural 

features of CSI-containing proteins that lack structural information. 
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7.2. Homology Modelling for the Prediction of Protein Structures 

Over the past few decades, advances in genome sequencing have led to a massive 

increase in the number of protein sequence data (McPherson, 2014). At the same time, the 

numbers of protein structures solved by experimental methods lag far behind. As a result, 

there is a huge and growing gap between the known protein sequences and solved protein 

structures (Mistry et al., 2013; Rose et al., 2015). In the absence of atomic-resolution 

experimental structures, exploring the structural features and functional significance of a 

large number of CSIs in various proteins remains a crucial challenge. Computational 

approaches such as homology modelling, using an alignment of a novel sequence to that 

of a sequence with a known protein structure to infer novel structural features, are playing 

an increasingly important role to bridge this sequence-structure gap (Baker and Sali, 

2001; Jaroszewski, 2009; Schwede, 2013).  

One of the most commonly used tools for homology modelling is MODELLER 

(Sali and Blundell, 1993). It is a command line-based tool, which uses python for its 

control language and requires all its input scripts as python scripts. The process of model 

generation using MODELLER requires setting up of input files and editing of python 

scripts for its different steps, which can be both time-consuming and has the potential to 

introduce errors when working with numerous models. In Chapter 6 of this thesis, I 

describe the development of a software pipeline to streamline the creation of homology 

models of proteins using MODELLER and other related programs. I have utilized this 

pipeline in order to determine and analyze the structural features of a number of CSI-

containing proteins without structural information. Structural studies using homology 
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models have provided a wealth of information to help understand structure-functional 

relationships of a number of CSIs identified in various proteins (Gao and Gupta, 2012; 

Gupta et al., 2017; Alnajar et al., 2017; Khadka and Gupta, 2017; Khadka et al., 2017; 

Hassan and Gupta, 2018; Khadka and Gupta, 2019). The utility of homology modelling to 

unravel the structural features of a large number of CSIs identified in various proteins will 

only continue to grow with the increasing experimental structural knowledge from a wide 

range of protein families. The significance of the integrated pipeline ñGlabModellerò and 

its application to study the structural features on several identified CSIs are discussed in 

detail in Chapter 6 of this thesis.  

7.3. Protein-ligand Docking 

Protein-ligand docking, first reported in the early 1980s, is a computational 

approach that aims to predict binding modes of protein-ligand complexes (Kuntz et al., 

1982). A docking process comprises two major components, a search algorithm to 

investigate the possible binding conformations of a ligand in target protein, and an energy 

scoring functions to evaluate and rank the quality of generated conformations using 

scoring functions (Hoffmann et al., 1999; Halperin et al., 2002; Meng et al., 2011). The 

scoring functions utilized by most docking programs can be broadly classified into three 

categories: (i) Empirical scoring function, approximates protein-ligand binding by adding 

up the individual weighted terms each representing a key energetic factor in protein-

ligand binding (Bohm, 1994; Friesner et al., 2004; Liu and Wang, 2015)  (ii) Knowledge-

based scoring function, which is developed with training sets of high-resolution structures 

and searches protein-ligand complexes with an optimal score. It is designed to replicate 
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experimental structural complexes rather than binding energies (Gohlke et al., 2000; 

Muegge, 2002) (iii) Force field-based or Physics-based, utilizes the force field parameters 

to calculate the binding energy of protein-ligand complexes (Huang and Jacobson, 2007).  

A great degree of progress has been made over the last few decades in protein-

ligand docking programs which exhibit a different level of accuracy and computational 

efficiencies. Among the several available programs, AutoDock tools (Goodsell and 

Olson, 1990; Morris et al., 2009) and AutoDock Vina (Trott and Olson, 2010) are 

arguably the two most popular and highly successful docking tools for protein-ligand 

docking studies available today. Both these tools are open source and maintained at the 

Scripps Research Institute (Trott and Olson, 2010). Due to their usefulness in screening 

libraries of millions of compounds, such tools are becoming an increasing source of lead 

molecules for drug discovery (McInnes, 2007). Despite the progress, protein-ligand 

docking still faces many computational challenges, specifically when considering the 

ligand or receptor flexibility (Sousa et al., 2006). Most docking methods employ rigid 

docking, where the ligand is treated flexible and receptors are considered rigid, in order to 

reduce the potential conformational search space to save computational cost and time. 

Although this allows protein-ligand docking to be carried out at a significantly faster 

pace, it is considered to be less accurate when compared to the flexible docking. It is 

therefore important to consider the possible effects of these limitations when employing a 

protein-ligand docking approach. Nevertheless, due to the significance of these methods 

to provide an understanding of the key interactions made by ligands or to analyze the 

potentially novel interaction between small molecules and target site in the protein 
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structure, they have become extremely desirable tool for studying the possible functional 

role of CSIs in protein structure. 

7.4. Protein-protein Docking 

Protein-protein docking is a computational approach that aims to predict the 

binding conformation of macromolecular complex starting from the individual structure 

of the component proteins (Levinthal et al., 1975; Wodak and Janin, 1978).  Similar to 

protein-ligand docking, the docking process is composed of two major steps. First, a 

rigid-body search to sample the possible binding conformation with favorable 

complementary surfaces and suitable electrostatic and desolvation properties. Second, a 

refinement step where a suitable scoring function is employed to rank the sampled 

conformation (Vajda and Camacho, 2004). As with protein-ligand docking, flexibility 

still constitutes a vital challenge in protein-protein docking due to large computational 

time that is needed and also due to the lack of sophisticated docking algorithms that allow 

better treatment of flexibility (Zhang et al., 2016b). Despite these limitations, protein-

protein docking methods have improved substantially in recent years and several web-

based powerful docking programs are now available to provide an efficient and powerful 

means for large scale protein-protein docking experiments (Ritchie, 2008; Janin, 2010; 

Moreira et al., 2010; Lensink et al., 2017). Among these, the tools that are widely used for 

computational protein-protein studies and that I have utilized during my thesis work 

includes, PatchDock (Schneidman-Duhovny et al., 2005), ZDOCK (Pierce et al., 2011), 

ClusPro (Comeau et al., 2004) and RosettaDock (ROSIE) (Lyskov et al., 2013).  
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PatchDock is an efficient molecular docking algorithm that employs a geometry-

based shape complementarity approach which aims to yield refined atomic contacts of 

protein-protein complexes. It's scoring function takes into consideration both geometric 

fi t and atomic desolvation energy (Schneidman-Duhovny et al., 2005).  ZDOCK utilizes 

grid-based fast Fourier transform (FTT) for efficient global search of docking orientation 

between two proteins (Pierce et al., 2011). Its scoring function is based on pairwise shape 

complementarity, electrostatics, and a pairwise atomic statistical potential developed 

using contact propensities of transient protein complexes (Chen and Weng, 2003; Pierce 

et al., 2011). ClusPro utilizes PIPER, a rigid body docking program, which is based on a 

novel Fast-Fourier Transform (FFT) docking approach with pairwise potential. Its scoring 

function is thus based on pairwise interaction potentials (Comeau et al., 2004; Kozakov et 

al., 2006). RosettaDock (ROSIE), utilizes a Monte Carlo-based algorithm, to search for 

the rigid-body and side-chain conformational space of two interacting macromolecules 

and finds their structure complex with minimum free-energy (Gray et al., 2003; Lyskov 

and Gray, 2008; Lyskov et al., 2013). These protein-protein docking servers provide a 

platform to carry out extremely fast docking experiments without requiring significant 

computational time and resources. Further, the applicability and utility of protein-protein 

docking will continue to grow as the structural genomics initiatives continue to populate 

the space of 3D structures knowledge of many cellular complexes. In most cases, it is 

likely that many such structures will contain in their structure these unique molecular 

markers (CSIs), and an efficacious protein-protein docking approach in combination with 

other computational approaches such as homology modelling, would provide a path 
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toward understanding the functional significance of large number of identified CSIs in 

protein structures (Alnajar et al., 2017; Gupta et al., 2017). As an example, in Chapter 5 

of this thesis, I describe the use of efficacious protein-protein docking approaches in 

predicting the functional role of CSIs in the Phosphoketolase proteins. 

7.5. Molecular Dynamics Simulations 

In addition to the knowledge of 3D structure of a protein, a fundamental 

appreciation for insights into the protein function requires understanding the relationship 

between 3D structure of a protein and its dynamics (Levitt and Warshel, 1975; 

McCammon et al., 1977; Karplus and Kuriyan, 2005). Computational methods such as 

molecular dynamics (MD) simulations play an increasingly important role by providing a 

link between protein structure and dynamics (Karplus, 2002; Karplus and Kuriyan, 2005; 

Freddolino and Schulten, 2009; Klepeis et al., 2009; Bermudez et al., 2016; 

Hollingsworth and Dror, 2018). In my thesis work I have utilized, in particular, a classical 

molecular dynamics simulation known as a ñcomputational microscopeò (Lee et al., 

2009) to investigate the molecular interaction of biomolecular systems with an aim to 

shed light into the structural and functional significance of CSIs.  

The basic principle behind classical MD simulations is to predict the behavior of 

an individual atom in a protein or other molecular systems using the physics governing 

interatomic interactions over the function of time (Karplus, 2002). The concept is that, 

given the position of all the atoms in a given biomolecular system, which may involve 

protein solvated by waters molecules or embedded in a lipid bilayer membrane model, it 

is possible to estimate the force excreted on each atom by all other atoms in the system 
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using Newtonôs second law or equation of motion. Based on the knowledge of those 

forces, spatial position or acceleration and velocity of each atom in a system as a function 

of time can then be calculated. The trajectories thus obtained can be used to generate 

astonishingly detailed 3D representations of how a biomolecule behaves over time under 

a variety of tunable conditions. Recent extensive comparison of a variety of experimental 

data with simulations suggests that force fields have improved significantly over time but 

certain deficiencies still persist requiring future improvement (Lindorff-Larsen et al., 

2012). Therefore when analyzing the results from the MD approach, it is important to 

consider the possible effects of these limitations (Lindorff-Larsen et al., 2012; Poger et 

al., 2016; Nerenberg and Head-Gordon, 2018). 

Cognizant of these limitations, MD simulations have greatly expanded the scope 

of biomolecular science, drug discovery and several other fields of science. It has been 

used successfully to study the conformational changes of a number of different proteins, 

which otherwise would have been difficult or impossible to determine by experimental 

techniques (Ma et al., 2000; Holyoake and Sansom, 2007; Freddolino and Schulten, 2009; 

Klepeis et al., 2009; Bermudez et al., 2016; Hall et al., 2019). Specifically, membrane-

associated proteins (i.e. both integral and peripheral), for which the structural information 

is very scarce due to barriers associated with their expression and crystallization 

(Vattulainen and Rog, 2011; Biggin and Bond, 2015) have greatly benefited from the MD 

approach. This growing application potential have led to the implementation of MD 

simulation in several software packages which include AMBER (Case et al., 2005), 

CHARMM (Bernard et al., 1983), DESMOND (Shivakumar et al., 2010), GROMACS 



Ph.D. Thesis - Bijendra Khadka                                  McMaster University - Biochemistry                
 
 

31 
 

(Van Der et al., 2005), LAMPS (Plimpton, 1995) and NAMD (Phillips et al., 2005). 

Among these programs, GROMACS (GROningen MAchine for Chemical Simulations) 

stands out from others due to its efficiency, using an ensemble method to make the best 

possible usage of scarce computational resources (Abrahama et al., 2016). 

Over the last few years, substantial progress has been made in computer hardware, 

specifically the graphics processing units (GPUs), which have fueled the remarkable 

improvement in speed and accuracy of computing software and MD algorithms. These 

improvements now allows powerful simulations to be run locally for longer time at a very 

affordable cost (Klepeis et al., 2009; Friedrichs et al., 2009; Luttmann et al., 2009; 

Mashimo et al., 2013; Kutzner et al., 2015; Hollingsworth and Dror, 2018; Larsson et al., 

2019). It is important to note that, although a longer time simulation run provides high-

resolution atomic details of macromolecular behaviour, however, they are 

computationally too intensive. As a result, for the MD simulation studies that I have 

described in Chapter 3 of this thesis, I have utilized a very reasonable length of simulation 

which makes comprehensive simulation studies very feasible. Nonetheless, the 

cumulative efficiency and availability make MD simulation particularly useful for 

analyzing the large number of CSIs and to generate and test a mechanistic hypothesis of 

how these CSIs function in different proteins. As most of the CSIs are found to be located 

on the surface loop of the proteins, the analysis of the loops in terms of their 

conformational changes during MD simulation is vital to unravel their potential function. 

For instance, analyses of an array of binding events during protein-ligand and/or protein-

protein or protein-membrane interaction processes, the role of water molecules. and also 
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the effects of mutations and the modification of protein ensembles and their functions (Gu 

et al., 2009; Dror et al., 2011; Buch et al., 2011; Gu et al., 2015; Bermudez et al., 2016; 

Khadka and Gupta, 2017; Wacker et al., 2017; Rudling et al., 2018).  

8. Research Objectives 

The major focus of my graduate research work has been two-fold: 1) 

identification and analysis of CSIs which are distinctive characteristics of fungi as well as 

of the multiple important groups of microorganisms, and utilization of phylogenomic and 

comparative genomic approaches to elucidate their evolutionary history and relationships. 

2) utilization of various computational and bioinformatic approaches to investigate the 

identified CSIs present within various essential proteins in order to elucidate their 

structural and functional significance.   

With the aim of understanding the evolutionary significance, I have utilized a 

combination of phylogenetic analysis and CSI identification to provide important insight 

into the evolutionary history of the PIP4K/PIP5K family of proteins. The members of 

PIP4K/PIP5K family are key players in the regulation of the metabolism of 

phosphatidylinositides (PI), which act as a secondary messenger for controlling diverse 

cellular processes in eukaryotes (Majerus, 1992; Martin, 1998; Di Paolo and De Camilli, 

2006; van den Bout and Divecha, 2009; Kutateladze, 2010; Epand, 2017). This family of 

proteins, that shares sequence identity within the kinase domain, are classified into three 

distantly related groups of proteins viz. Phosphatidylinositol-4-phosphate 5-kinase Type I 

(PIP5K), phosphatidylinositol-5-phosphate-4-kinase Type II (PIP4K), and 
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phosphatidylinositol-3-phosphate 5-kinase Type III (or PIKFYVE) (Loijens et al., 1996; 

Heck et al., 2007; Brown and Auger, 2011).  There are three different isoforms identified 

for both PIP5K (PIP5KŬ, PIP4Kɓ, and PIP4Kɔ), and PIP4K (PIP4KŬ, PIP4Kɓ, and 

PIP4Kɔ) in vertebrates (Ishihara et al., 1996; Ishihara et al., 1998). However, 

invertebrates have been reported to contain only a single homolog of both these proteins 

(Brown and Auger, 2011). Similarly, in fungi, a single copy homologs of PIP5Ks are 

found that shows similarity to both PIP4K and PIP5K (Desrivieres et al., 1998), whereas 

in plants multiple homologs that show similarity to both PIP5K and PIP4K are present 

(Okazaki et al., 2015; Heilmann, 2016). Due to the important roles played by the 

PIP4K/PIP5K family of proteins in many critical processes involved in pathological 

conditions these proteins are becoming an increasingly interesting class of molecular 

targets for cancer (Emerling et al., 2013; Semenas et al., 2014), chronic pain (Wright et 

al., 2015), diabetes (Voss et al., 2014), and autoimmune diseases (Hayakawa et al., 2014). 

Despite their important roles in the regulation of many cellular processes, our 

understanding of the overall evolutionary relationships between and among different 

members of the PIP4K/PIP5K families and subfamilies of proteins and the presence of 

any unique genetic/biochemical characteristics that can serve to distinguish different 

members of this protein family remains largely enigmatic and unexplored. In my 

subsequent work to investigate the functional differentiation of the different members of 

the PIP4K/PIP5K family, I have utilized one of the CSIs identified in the PIP4K/PIP5K 

family of proteins that is specific for the Saccharomycetaceae family of fungi.  
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To further understand the functional significance of CSIs, I have also studied the 

Phosphoketolase (PKs) enzyme from Bifidobacteria, which constitute an important group 

of commensal bacteria that inhabit the gastrointestinal tracts of humans, other mammals, 

as well as insects (Biavati et al., 2000; Turroni et al., 2011; Ventura et al., 2014). 

Bifidobacteria are known to exert several health-promoting benefits on their host 

(Pokusaeva et al., 2011; Sanchez et al., 2017). One important characteristic of 

bifidobacteria is the presence of a unique fermentation pathway known as the ñbifid 

shuntò for the metabolism of different carbohydrates (Meile et al., 2001; Takahashi et al., 

2010). The key enzyme involved in this pathway is phosphoketolase (PKs) and unlike 

phosphoketolase (XPKs) from other bacteria, which shows specificity only for only 

Xylulose-5-phosphate (X5P), the bifidobacteria phosphoketolase (XFPK) possess an 

unique ability to metabolize both X5P and Fructose 6-phosphate (F6P) (Meile et al., 

2001; Yin et al., 2005; Takahashi et al., 2010; Henard et al., 2015). Despite the well-

known differences in the biological activities of PKs between bifidobacteria and other 

bacteria, very little is known about the molecular or biochemical and/or structural 

characteristics accounting for the important differences in the two forms of PKs.  

I have also extended my analysis of the structural and functional significance of 

CSIs to the CSIs identified in the SecA proteins that are unique to some thermophilic and 

hyperthermophilic group of bacteria. SecA, a conserved ATPase, is a multifunctional 

dynamic protein that forms a key component of bacterial Sec-translocation system (Mori 

and Ito, 2001; Vrontou and Economou, 2004). SecA is essential for the survival of broad-

spectrum bacteria, as well as archaea, and plays an indispensable role in the secretion of a 
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wide variety of bacterial proteins (Schmidt and Kiser, 1999; Gil et al., 2004). Earlier 

studies using comparative genomic analysis had led to the identification of a large 

number of CSIs that served as a unique molecular characteristics for the orders 

Thermotogales, Acquificales and Thermales  (Griffiths and Gupta, 2006; Gupta and 

Bhandari, 2011) which contains some of the most hyperthermophilic species of bacteria 

known to date, with an upper temperature limit of growth up to 95°C (Vieille and Zeikus, 

2001). Although previous biochemical and structural studies have contributed 

significantly towards understanding the overall architecture and function of the SecA 

protein (Zimmer and Rapoport, 2009; Chen et al., 2015; Milenkovic and Bondar, 2016). It 

remains yet unclear whether the unique presence of these large CSIs contributes to the 

stability of SecA or it may be important for the SecA to function at high temperatures in 

thermophilic bacteria.  

9. Outline of this Thesis 

The analysis completed in my thesis work has provided novel insights into the 

understanding of evolutionary significance as well as the unique structural and functional 

aspect of several CSIs in key proteins involved in essential pathways in different 

organisms (Gupta et al., 2017; Khadka and Gupta, 2017; Khadka and Gupta, 2019). In 

Chapter 2 of this thesis, I provide novel insights into the origin, evolutionary relationship, 

and diversification of PIP4K/PIP5K protein family. In this chapter, I described in-depth 

analyses of species distribution and have carried out detailed phylogenetic studies and 

comparative analyses of protein sequences to identify many molecular markers in the 
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form of CSIs that are specific for the different members of PIP4K/PIP5K family of 

isoenzymes. Our CSI-based approach in conjunction with the results obtained from the 

BLASTp searches for the distribution of these isoenzymes provides novel insights into 

the evolutionary history of PIP4K/PIP5K family of protein. In Chapter 3 of this thesis, I 

describe our subsequent work on the identification and analysis of an 8 aa CSI, specific 

for the Saccharomycetaceae family of fungi. Here, I describe the analysis of this CSI 

present in a core conserved region of PIP5K, a key enzyme in the phosphatidylinositol 

signaling pathway essential for multiple cellular processes (Di Paolo and De Camilli, 

2006; Balla et al., 2009; Balla, 2013; Epand, 2017). Based on our results from structural 

analysis and molecular dynamics (MD) simulation studies, we provided useful insights 

concerning the mechanism of the interaction of PIP5K with lipid bilayer and support the 

idea that the 8 aa CSI in S. cerevisiae plays an important role in facilitating the binding of 

PIP5K with a membrane surface.  

In Chapter 4, I describe the identification of multiple highly specific molecular 

differences in the form of CSIs that clearly distinguish the phosphoketolase of 

bifidobacteria from the phosphoketolase homologs found in most other bacteria. We also 

provide evidence, based on the analyses of the branching pattern from phylogenetic tree, 

that the PKs in bifidobacteria (XFPK) are specifically related to those found in the 

Coriobacteriales, indicating that the gene for this protein was horizontally transferred 

between these two groups. Additionally, we also describe in this chapter the utilization of 

molecular modelling, structural analyses and protein-protein docking studies to unravel 

that the Bifidobacteriales/Coriobacteriales specific CSIs are located on the surface 
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exposed loop region at the subunit interface in the XFPK structure and that they are 

involved in the formation/stabilization of XFPK dimer.  

Chapter 5 of this thesis describes the identification and analysis of several large 

CSIs in SecA proteins that are uniquely shared by the members of the order 

Thermotogales, Aquificales, and Thermales, which represent the major thermophilic 

phyla. In this chapter, I describe the sequences and phylogenetic analyses of these 

proteins which provide suggestive evidence for convergent evolution resulting in the 

origin of the insertions in these distantly related groups and were likely retain due to their 

selective advantageous functional roles. To further unravel the functional significance of 

thermophilic and hyperthermophilic specific CSIs, I explore the molecular dynamics 

(MD) simulations using the Thermotoga maritima SecA structure with and without CSI at 

various temperature setting. The results from MD studies identified a conserved network 

of water molecules and conserved residues within the CSI that make key contributions 

toward these interactions.  Chapter 6 in this thesis describes an interactive graphical 

pipeline program called ñGlabModellerò which provides an easy-to-use graphical user 

interface (GUI) for Modeller, a homology modelling program, and a number of 

subsequent steps involved in the model refinement and validation process. The utility of 

this tool to study the mapping of the structural location and structural features of various 

CSIs is evident in Chapter 2, Chapter 3, Chapter 4 and Chapter 5 of this thesis. Finally, 

Chapter 7 describes the overall significance of the evolutionary, structural and functional 

studies on CSIs described in this thesis, usefulness of the integrated pipeline program, and 

the potential future direction for this work.  
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CHAPTER 2 

 

Novel Molecular Signatures in the PIP4K/PIP5K Family of Proteins Specific for 

Different Isozymes and Subfamilies Provide Important Insights into the 

Evolutionary Divergence of this Protein Family 

 

 

This chapter describes the applications of the comparative genomics approach for the 

identification of CSIs unique to the members of the PIP4K/PIP5K family of proteins. The 

identified CSIs in conjunction with species distributions and phylogenetic analyses based on their 

protein sequences shed light on the origin and evolutionary history of this protein family. This 

chapter also describes the mapped locations and structural features of all identified CSIs onto the 

structure of PIP4K and PIP5K proteins. My contribution toward the completion of this chapter 

includes identification of all the CSIs shown and confirmation of their species specificities, 

analyses of the species distribution of PIP4K/PIP5K homologs, construction of the phylogenetic 

tree, generation of the homology models and the analyses of the structural features and 

localization of the identified CSIs in the protein structures, the writing of drafts and revision of 

the manuscript, and production of all main and supplemental figures and tables in the manuscript. 

 

 

 

Due to limited space, supplementary materials (figures and tables) are not included in the chapter but can be 

accessed along with the rest of the manuscript at: 

Khadka, B., & Gupta, R. S. (2019). Genes, 10(4), 312. 
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