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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 (CSlIs) 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 CSls which are distinctive characteristics of
fungi and other important groups of organisms. These CSls were utilized to understand
the evolutionary relationships among different proteins (species), and also regarding their
structural features and functional significance. Based on multiple CSls that | 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 CSls 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 PIPSK
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
CSls 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



CSls 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 CSls in SecA
proteins that are uniquely found in thermophilic species from two different phyla of
bacteria. Detailed bioinformatics analyses on one of these CSls 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 CSls in protein structures.
Overall, my thesis work establishes the usefulness of CSls 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 CSl-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.

XX



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 evolutionarily 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 (¢) and
psi(y) 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 Ca 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 Ca 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 (“ladder of life”) 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" century, in his book
“Naturae Sytemae” (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" century and continuing through to the first
half of the 20" 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 VVan 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™ 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 didn’t 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 “The Molecular Basis of
Evolution” wrote: “A 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.” (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
etal., 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
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al., 2017). This development marked the arrival of modern sequencing techniques, the so
called “next generation” sequencing (NGS) or “second-generation (2G)” 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



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

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
etal., 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).

10
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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

11



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

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 “distance” 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

12
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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) (CSls)
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). CSls 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 CSls are limited to a specific group of organisms, the simplest and
most parsimonious explanation for the presence of these CSls in all member of a
particular group is that the rare genetic change that gave rise to the CSls 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 CSl 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 CSls 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 CSl 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
CSlI 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 CSls 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 CSls in Protein Structure

Earlier work from our lab on a number of CSls 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 CSls are found, the structural
and functional characteristics of these CSls remains largely unknown. Analysis of
available three-dimensional (3D) structures of proteins show that most of the identified
CSls 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 CSls on surface loops also suggests that they could act both
as an “enabling loops” or a “disabling loops” (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 CSls 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 CSls 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 CSls 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 CSlIs 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-1a) of the protozoan parasite Leishmania donovani. This
deletion provides a unique binding site on the surface of L. donovani EF-1a, 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,
CSls 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 CSls 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 “map” 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
CSls, 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, CSls 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 CSls are providing some ancillary function to the
proteins or organisms in which they are found. Novel structural alterations in protein
structure resulting from the CSls 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 CSls that modify a part of protein structure remains
relatively understudied. An understanding of the peculiarities of these CSls can, therefore,
provide novel insights into the mechanism of protein evolution and as well the ancillary
function associated with these CSls.

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 CSls 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 | 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 “query
words” 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 CSl-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 CSls 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, |
describe the development of a software pipeline to streamline the creation of homology
models of proteins using MODELLER and other related programs. | 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 CSls 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 CSls 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 “GlabModeller” and
its application to study the structural features on several identified CSls 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 (Mclnnes, 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 CSls 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 | 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
fit 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
etal., 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

28



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

toward understanding the functional significance of large number of identified CSls in
protein structures (Alnajar et al., 2017; Gupta et al., 2017). As an example, in Chapter 5
of this thesis, | describe the use of efficacious protein-protein docking approaches in

predicting the functional role of CSls 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 | have utilized, in particular, a classical
molecular dynamics simulation known as a “‘computational microscope” (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 Newton’s 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
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(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 | have
described in Chapter 3 of this thesis, | 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 CSls and to generate and test a mechanistic hypothesis of
how these CSlIs function in different proteins. As most of the CSls 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

31



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

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 CSls 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 CSls present within various essential proteins in order to elucidate their
structural and functional significance.

With the aim of understanding the evolutionary significance, | 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
PIPAK/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 Il (PIP4K), and
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phosphatidylinositol-3-phosphate 5-kinase Type 111 (or PIKFYVE) (Loijens et al., 1996;
Heck et al., 2007; Brown and Auger, 2011). There are three different isoforms identified
for both PIPSK (PIP5Ka, PIP4Kp, and PIP4Ky), and PIP4K (PIP4Ka, PIP4Kp, and
PIP4KYy) 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 PIP5KSs 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
PIP4AK/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 CSls identified in the PIP4AK/PIP5K

family of proteins that is specific for the Saccharomycetaceae family of fungi.

33



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

To further understand the functional significance of CSls, | 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 “bifid
shunt” 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
CSls to the CSls 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 CSls 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 CSls 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 CSls 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, | provide novel insights into the origin, evolutionary relationship,
and diversification of PIPAK/PIP5K protein family. In this chapter, | 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 CSls that are specific for the different members of PIPAK/PIP5K family of
isoenzymes. Our CSl-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, |
describe our subsequent work on the identification and analysis of an 8 aa CSI, specific
for the Saccharomycetaceae family of fungi. Here, | 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 CSl in S. cerevisiae plays an important role in facilitating the binding of
PIP5K with a membrane surface.

In Chapter 4, | describe the identification of multiple highly specific molecular
differences in the form of CSls 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 PKSs 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 CSls 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
CSls 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 hyperthermopbhilic specific CSls, | 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 “GlabModeller” 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
CSls 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 CSls 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 PIPAK/PIP5K family of proteins. The
identified CSls 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 CSls onto the
structure of PIP4K and PIP5K proteins. My contribution toward the completion of this chapter
includes identification of all the CSls 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 CSls 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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Abstract: Members of the PIP4K/PIP5K family of proteins, which generate the highly important
secondary messenger phosphatidylinositol-4,5-bisphosphate, play central roles in regulating diverse
signaling pathways. In eukaryotic organisms, multiple isozymes and subfamilies of PIP4K/PIP5K
proteins are found and it is of much interest to understand their evolution and species distribution and
what unique molecular and biochemical characteristics distinguish specific isozymes and subfamilies
of proteins. We report here the species distribution of different PIP4K/PIP5K family of proteins
in eukaryotic organisms and phylogenetic analysis based on their protein sequences. Our results
indicate that the distinct homologs of both PIP4K and PIP5K are found in different organisms
belonging to the Holozoa clade of eukaryotes, which comprises of various metazoan phyla as well as
their close unicellular relatives Choanoflagellates and Filasterea. In contrast, the deeper-branching
eukaryotic lineages, as well as plants and fungi, contain only a single homolog of the PIP4K/PIP5K
proteins. In parallel, our comparative analyses of PIP4K/PIP5K protein sequences have identified six
highly-specific molecular markers consisting of conserved signature indels (CSIs) that are uniquely
shared by either the PIP4K or PIP5K proteins, or both, or specific subfamilies of these proteins. Of these
molecular markers, 2 CSIs are distinctive characteristics of all PIP4K homologs, 1 CSI distinguishes the
PIP4K and PIP5K homologs from the Holozoa clade of species from the ancestral form of PIP4K/PIP5K
found in deeper-branching eukaryotic lineages. The remaining three CSIs are specific for the PIP5Ke,
PIP5Kp, and PIP4Ky subfamilies of proteins from vertebrate species. These molecular markers
provide important means for distinguishing different PIP4K/PIP5K isozymes as well as some of their
subfamilies. In addition, the distribution patterns of these markers in different isozymes provide
important insights into the evolutionary divergence of PIP4K/PIP5K proteins. Our results support
the view that the Holozoa clade of eukaryotic organisms shared a common ancestor exclusive of the
other eukaryotic lineages and that the initial gene duplication event leading to the divergence of
distinct types of PIP4K and PIP5K homologs occurred in a common ancestor of this clade. Based on
the results gleaned from different studies presented here, a model for the evolutionary divergence of
the PIP4K/PIP5K family of proteins is presented.

Keywords: phosphatidylinositol phosphate kinases; conserved signature indels; molecular signatures
for the pip4k/pip5k isozymes and isoforms; phylogenetic analysis; species distribution of pip4k/pip5k
proteins; holozoa clade of eukaryotic organisms; evolution of the PIP4K/PIP5K family of proteins;
protein evolution
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1. Introduction

The members of the PIP4K/PIPS5K family of proteins play key roles in the synthesis
and regulation of various phosphoinositides (PIs), which act as a secondary messenger for
controlling diverse cellular processes in eukaryotes [1-3]. These proteins (or isozymes) are
classified into three distantly related groups of proteins viz. (i) Phosphatidylinositol-4-phosphate
5-kinase Type I (PIP5K), (ii) phosphatidylinositol-5-phosphate 4-kinase Type II (PIP4K), and
(iii) phosphatidylinositol-3-phosphate 5-kinase Type III (or PIKFYVE) [4,5]. The PIP5K family
of isozymes, which catalyze the conversion of phosphatidylinositol-4-phosphate (PI4P) to
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P;), are mainly localized to the plasma membrane,
Golgi complex, and nucleus in mammalian cells [6,7]. In vertebrates, three subfamilies or isoforms
(encoded by separate genes) of PIP5K (viz. PIP5K«, PIPSKB, and PIP5Ky) are present along with
multiple splice variants of these isoforms generated as a result of alternative splicing [8]. For instance,
in humans, three splice variants of PIP5K«, four splice variants of PIPSKp, and three splice variants of
PIP5Ky have been reported [5,8,9]. The PIP4K on the other hand, which catalyzes the phosphorylation
of the 4-hydroxyl group of phosphatidylinositol-5-phosphate (PI5P), are diffusively localized in the
cytoplasm, endoplasmic reticulum, actin cytoskeleton, and nucleus [10]. As with the PIP5K, three
subfamilies of PIP4K (viz. PIP4K«, PIP4K[3, and PIP4Ky encoded by separate genes) are also found in
vertebrates [4,11]. The presence of multiple distinct isoforms of PIP4K/PIP5K in vertebrate species is
predicted to enable these organisms to coordinate the regulation of PI(4,5)P; production for specific
processes, either by differential regulation or selective subcellular localization of the individual
copies of these enzymes and their isoforms [3,5,8,10,12]. In both PIP5K and PIP4K families, the core
kinase domain is highly conserved whereas the regions outside this domain show limited sequence
similarity [4,13].

Unlike vertebrates which contain multiples subfamilies of both PIP4K and PIP5K, all invertebrates
including Coelomates (Deuterostomes, Protostomata), and Pseudocoelomate have been reported to
contain only a single homolog of both these proteins [4]. In fungi, a single homolog of PIP4K/PIP5K
showing similarity to both PIP4K and PIP5K is found (referred to as a multiple-copy suppressor
of stt4 mutation, MSS4 protein) [14,15]. Plants also contain multiple copies of a protein showing
similarity to both PIP4K/PIP5K [16-18]. However, the plants and fungi proteins contain distinct
structural features/domains, which are not found in the PIP4K/PIP5K homologs from vertebrates and
invertebrates species, suggesting that they perform additional novel functions which are specific for
these organisms [17-19]. The PYKFYVE, which catalyzes the phosphorylation of PI3P to PI(3,5)P; [20],
is considerably larger than the PIP4K and PIP5K homologs and it shows very limited similarity to the
PIP4K/PIP5K proteins, restricted to the kinase domain.

Due to their important cellular roles, the PIP4K/PIP5K family of isozymes have been studied
extensively [21-23]. However, a detailed understanding of the species distribution of these proteins,
how the different isozymes and subfamilies of these proteins have evolved and diversified, and
novel sequence features that are specific for these two isozymes or their different forms which are
present in vertebrate species, remain largely enigmatic and unexplored. In recent years, genome
sequences have become available from diverse eukaryotic organisms providing a valuable resource for
identifying novel molecular markers/characteristics that are uniquely found in specific proteins from
an evolutionarily related group of organisms, or those that are commonly shared by members from a
related group/family of proteins. One important class of molecular markers discovered by genome
sequence analysis, which has proven very useful for evolutionary, genetic and biochemical studies, is
comprised of conserved signature indels (insertions/deletions) (CSls) in gene/protein sequences [24-29].
The CSIs in gene/protein sequences generally result from rare genetic changes and based upon their
presence or absence in different species or homologs, important inferences regarding evolutionary
relationships can be derived. In our recent work, multiple CSIs were identified within the catalytic
domain of the diacylglycerol kinase (DGK) family of isozymes which were either specific for a particular
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class of isozyme or commonly shared by two or more classes of DGK isozymes, thereby providing
important insights into the evolutionary history of this protein family [30].

In the present study, we have used a combination of phylogenetic approaches and the CSI
identification strategy to understand the evolutionary relationships and the origin/distribution of the
PIP4K/PIP5K family of proteins. Our analyses of this protein family have identified six CSIs that are
specific characteristics of either all or particular types and subfamilies of the PIP4K/PIP5K proteins
revealing their novel sequence features and providing important insights into their evolutionary history.
The identified CSIs provide novel tools for functional studies on these proteins and we discuss here
the implications of the results presented here for the origin and evolutionary diversification of the
PIP4K/PIP5K family of proteins.

2. Materials and Methods

2.1. Identification of Conserved Signature Indels and Phylogenetic Analysis

Protein sequences for the PIP4K/PIP5K family were obtained from the NCBI database [31].
Identification of CSIs (insertions/deletions) in the sequence alignments of these proteins was carried
out as described in our earlier work [30,32,33]. In brief, homologs of the PIP4K/PIP5K family proteins
from [4,9,13] representative species from major eukaryotic groups were retrieved from the NCBI
database and multiple sequence alignments of these proteins were created separately and in combination
using the Clustal X program [34]. The «, 3, and y isoforms or subfamilies of the PIP4K and PIP5K
proteins present in vertebrates that were analyzed in the present work are encoded for by distinct genes.
Although the term isoform is commonly used to refer to these proteins, these proteins are products of
separate genes and not derived using alternative splicing. Sequence alignments of the proteins were
visually inspected for the presence of CSIs that were flanked on both sides by at least 3—4 conserved
amino acids in the neighboring 40-50 amino acids. Indels which were not flanked by conserved regions
were not further studied. For all conserved indels thus identified, detailed BLASTp searches were
carried out on short sequence segments containing the indel and its flanking conserved regions (60-100
amino acids long) to determine the specificity and species distribution of the indels in PIP4K/PIP5K
homologs from different organisms. The CSIs figures shown here were generated using SIG_CREATE
and SIG_STYLE programs (from www.GLEANS.net) as described in our earlier work [32,35]. Due
to space constraints, sequence information for the PIP4K/PIP5K homologs is shown in the presented
figures for only representative species from different groups of organisms. However, unless otherwise
indicated, the identified CSIs are specific for the indicated PIP4K/PIP5K isozymes/isoforms for the
indicated groups of eukaryotic organisms and detailed information regarding the species distribution
of different described CSls is provided in Figures 52-57.

For the construction of the phylogenetic tree, sequences for the PIP4K, PIP5K, and PIP4K/PIP5K
proteins from different organisms were trimmed to correspond to the core catalytic kinase domain,
which is conserved among these homologs. Multiple sequence alignment of the core catalytic kinase
domain which consisted of 217 aligned amino acid positions was used for phylogenetic analysis.
A maximum-likelihood phylogenetic tree based on 100 bootstrap replicates of this sequence alignment
was constructed using MEGA 6 [36] based on the Jones-Taylor-Thornton (JTT) model [37], as detailed
in our earlier studies [30,33,38].

2.2. Homology Modelling and Structural Analyses

Homology modeling of the CSI-containing and CSI-lacking PIP5K family of proteins was carried
out as described in earlier work using an in-house pipeline, “GlabModeller,” for comparative protein
structure modeling [33,38,39]. Initially, to identify appropriate templates for homology modeling,
PSI-BLAST [40] searches were carried out against the Protein Data Bank (PDB) [41] using protein
sequences from the PIP4K/PIP5K homologs. The suitable templates identified by blast searches
include, PIP5K-cx (Danio rerio) (PDB ID: 4TZ7, chain “A”), PIP4K-p (Homo sapiens) (PDB ID: 1BO1,
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chain “B”), PIP4K-y (H. sapiens) (PDB ID: 2GK9, chain “A"), PIP4K-« (H. sapiens) (PDB ID: 2YBX,
chain “A") [42,43] and exhibits sequence identities of 71%, 33%, 32%, 30% with the whole sequence
of PIP5K[3 (H. sapiens) (Accession number: AAH30587.1). For homology modeling, the sequence
alignments between target and template proteins were carried out using the align 2D module from
the Modeller, which is integrated and streamlined in GlabModeller tool. The resulting alignments
obtained were then carefully analyzed and modified manually to ensure the reliability of the location
of insertion and deletions. For each target protein, 500 models were generated initially and ranked and
selected using the discrete optimized potential energy (DOPE) score [44] as implemented in Modeller
v9.15 [45]. The models with high DOPE scores are then submitted to the ModRefiner program to obtain
atomic-level energy minimization and to obtain a model with reliable stereochemistry quality [46].
The illustrative approach was utilized to improve the overall quality of the final model. Loop regions
are refined using the ModLoop server [47]. The qualities of the final models were analyzed using a
number of different independent protein model validation servers/tools which are integrated into the
GlabModeller. The servers/tool for validation utilized include RAMPAGE [48], ProSA [49,50], and
QMEAN [51]. Visualization and structural analysis of structural models of PIP4K/PIP5K proteins were
carried out using the molecular visualization program PyMOL (www.pymol.org).

3. Results

3.1. Species Distribution and Phylogenetic Analysis of PIP4K/PIP5K Protein Family

As noted in the introduction, in contrast to all vertebrates and some invertebrate species
(viz. belonging to the superphyla Deutrostomia, Protostomia and Pseudocoelomates), which contain
distinct homologs of both PIP4K and PIPSK proteins, plants and fungi contain only a single homolog of
these proteins showing similarity to both PIP4K and PIP5K homologs [4]. However, the distribution of
these two proteins in other early branching metazoan lineages such as Placozoa, Porifera, Cnidaria, and
Ctenophora, or their known sister groups which includes Choanoﬂagellates and Filasterea, remains
undetermined [52-55]. Hence, the distribution of PIP4K and PIP5K isozymes in these early branching
metazoan/eukaryotic lineages is of much importance for understanding the evolutionary diversification
of PIP4K and PIP5K isozymes within the eukaryotes.

BLASTp searches were carried out with the sequences for PIP4K and PIP5K proteins against the
NCBI nr database as well as genome sequences from different eukaryotic organisms. The results from
these studies, which are summarized in Table 1, show that distinct homologs of both PIP4K and PIP5K
are found in all major metazoan groups (i.e., Bilateria, Cnidaria, Placozoa, and Porifera) as well as in
their closest-known unicellular ancestor, Choanoflagellates. Homologs for PIP4K and PIP5K were also
found in a Filasterea species (Capsaspora owczarzaki), however, no sequence sharing similarity to PIP4K
or PIP5K was detected in Ichthyosporea. Outside of the metazoans, Choanoflagellates and Filasterea,
only a single homolog of PIP4K/PIP5K was detected in other available genomes from eukaryotic
organisms including those from the phyla Apicompelxa, Amebozoa, Percolzoa, and Apusozoa. Further,
as known from earlier work [4,11,33], single orthologs exhibiting similarity to both PIP4K and PIP5K
were detected in different plants and fungi.

The evolutionary relationship among the PIP4K/PIP5K homologs from different eukaryotic
organisms was further investigated by constructing a maximum-likelihood phylogenetic tree based on
sequence alignments for the core catalytic domain which is conserved in all members of this protein
family. This tree encompasses 96 protein sequences and it includes different PIP4K/PIP5K homologs
from representative species of all major taxonomic groups within eukaryotes (Figure 1).

As seen from Figure 1, the PIP4K and PIP5K homologs from different metazoan species form
two strongly supported clusters in the tree and they are separated by a long branch from a cluster
comprising of the single homologs of PIP4K/PIP5K found in the deeper branching eukaryotic lineages
as well as in plants and fungi. However, the overall support for this latter cluster, as well as the
interrelationships of different species within it, is generally weak and not reliably resolved. Nonetheless,
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based on this phylogenetic tree (Figure 1), several inferences can be drawn: (i) Within the clusters
corresponding to PIP4K and PIP5K homologs, although the interrelationships of different metazoans
species are not resolved, in both cases the Choanoflagellates and Filasterea species, which are unicellular
organisms most closely related to the multicellular metazoans, form the deepest branching lineages
in the clusters. (ii) The vertebrate species form strongly supported clades in both PIP4K and PIP5K
clusters. The three different families (or types) of PIP4K and PIP5K proteins (viz. , p and y) which are
found in vertebrate species also formed distinct clades, consistent with earlier studies [4,11]. (iii) Based
on their branching in the phylogenetic tree, for PIP4K homologs, the y-subfamily of the protein
exhibited the deepest branching and it formed a sister group of a clade consisting of the PIP4K«x
and PIP4Kp proteins. On the other hand, for the PIP5K protein, the B subfamily showed the earliest
divergence followed by the emergence of « and 'y paralogs of the proteins. (iv) In the phylogenetic tree,
the cluster consisting of the PIP5K homologs exhibited a closer relationship to the cluster comprising
of the single copy homologs of PIP4K/PIP5K found in the deeper branching eukaryotic lineages.

Table 1. Distribution of PIP4K/PIP5K family of proteins in the major groups of eukaryotes.

Taxa/Phylum PIP4K PIP5SK  PIP4K/PIP5K
Mammals >100 >100 -
Birds >100 >100 -
Vertebrates Amphibians 4 4 ~
Reptiles 10 10 -
DEUTEROSTOMIA Fishes =50 =50 -
Tunicata 2 2 -
Cephalochordata 2 2 -
Hemichordata 1 1 -
Echinodermata 1 1 -
Arthropoda >100 >100 -
Nematoda >50 >50 -
PROTOSTOMIA Mollusca ! : .
Annelida 2 2 -
Platyhelminthes 2 2 -
Tardigrada 2 2 -
PLACOZOA 1 1 -
Early Metazoans PORIFERA 1 1 -
CNIDARIA 3 3 -
CHOANOFLAGELLATEA 2 2 -
UMCA FILASTEREA 1 1 -
ICHTHYOSPOREA 1* 1* -
FUNGI - - >100
PLANTS - - >100
APICOMPLEXA - -
AMOEBOZOA - -
OTHERS EUKARYOTES PERCOLOZOA _ _ >10
(Naegleria gruberi)
APUSOZOA

(Thecamonas trahens)

*1 hit showing low sequence conservation was observed. The numbers in different columns indicate the number of
species from the indicated groups for which sequence information was available.
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Figure 1. A maximum-likelihood phylogenetic tree of the PIP4K/PIP5K family of proteins based
on the core conserved kinase domain region of the protein sequences from representative species.
The accession numbers of the protein sequences that were utilized are provided in Table S1. Bootstrap

support values > 50% are shown at the nodes.
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3.2. Conserved Signature Indels that are Distinctive Features of the PIP4K and PIP5K Family of Proteins and
the Insights Provided by Them into the Evolutionary Relationships

Based on the phylogenetic tree in Figure 1 although some inferences regarding evolutionary
relationships amongst PIP4K and PIP5K can be drawn, due to poor statistical support and separation
by long branches of many significant nodes, it is important to confirm these inferences by other
independent approaches. CSls represent an important class of molecular markers that have been
used in the past to resolve a number of important evolutionary questions [24,26,27,29,56]. The CSIs in
gene/protein sequences generally result from rare genetic changes. Due to the discrete nature of genetic
changes represented by CSIs and their presence in conserved regions, the presence or absence of CSls
in different lineages (or proteins) is generally not affected by factors that can confound branching in
phylogenetic trees [26,27,29,56]. In view of the usefulness of CSls for evolutionary studies, sequence
alignments of the PIP4K/PIP5K proteins were examined for the presence of any useful/informative CSIs.

Our analysis of PIP4K/PIP5K protein sequences has identified several useful CSIs, which provide
important insights into the evolution of this family of proteins. Of these CSIs, two CSIs are shared
by all PIP4K homologs, but they are lacking in all PIP5K homologs as well as the single homolog
of the PIP4K/PIP5K found in the deeper branching eukaryotic organisms and plants and fungi
(Figures 2 and 3). The first of these CSIs consists of 1 aa insert in the kinase homology domain
(Figure 2), whereas the second CSl is a 2 aa deletion in the N-terminal domain of the PIP4K protein
(Figure 3). Sequence information for these CSIs for PIP4K/PIP5SK homologs for representative species
from the major groups of eukaryotes are shown in Figures 2 and 3. More detailed information regarding
the species distribution of these CSls is provided in Figures 52 and S3.

Sequence alignments of the PIP4K/PIP5K proteins shown in Figures 2 and 3 illustrate that the
distinct homologs of both PIP4K and PIP5K are present in different Deutrostomia and Protostomia
species as well in other deeper branching phyla of Animalia such as Placozoa (Trichoplax adhaerens),
Porifera (Amphimedon queenslandica), and Cnidaria (Exaiptasia pallidia and Hydra vulgaris). Further,
in addition to the Animalia species, distinct homologs of PIP4K and PIP5K are also present in the
Choanoflagellates (Salpinogoeca rosetta and Monosiga brevicollis) and Filasterea (C. owczarzaki) species
whose members are indicated to be the closest unicellular relatives of multicellular Animalia [57,58].
As seen from Figures 2 and 3, the two CSIs in the PIP4K homologs are shared by all orthologs of this
protein including those from the unicellular metazoan phyla viz. Choanoflagellate and Filasterea, but
they are not present in any of the PIP5K homologs from corresponding phyla. Further, the single
homolog of PIP4K/PIP5K proteins found in the deeper branching eukaryotic lineages, such as
Apicompelxa, Amebozoa, Percolozoa, and Apusozoa also lack the indicated CSIs. The absence of
these CSIs in the deeper branching eukaryotic phyla indicates that the 1 aa CSI constitutes an insert in
the PIP4K family of proteins, whereas the 2 aa CSI is a deletion in this protein. Based on the unique
shared presence of these CSls in all PIP4K homologs, the genetic changes responsible for these CSls are
postulated to have occurred in a common ancestor of the PIP4K family of protein at the time when the
PIP4K and PIP5K family of proteins diverged from a common ancestor by a gene duplication event.

Another important CSI identified by our analysis consists of a laa deletion within the highly
conserved kinase homology domain that is commonly shared by all PIP4K and PIP5K homologs
(and their distinct isoforms), but which is not found in the single homolog of these proteins present in
fungi, plants, and the deep branching eukaryotic lineages (Figure 4).

The shared presence of this CSI in different PIP4K and PIP5K homologs from all metazoan species
well as in the Choanoflagellates and Filasterea phyla, which together comprise the Holozoa clade of
organisms [59,60], strongly suggests that the genetic change responsible for this CSI occurred in a
common ancestor of the Holozoa. Further, due to the shared presence of this CSI in both PIP4K and
PIP5K homologs, the genetic change leading to this CSls is postulated to have occurred before gene
duplication leading to distinct forms of the PIP4K and PIP5K proteins, which are present in different
Holozoa species.
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Maylandia zebra-Beta-5K XP_004538536.1 ---VOQPK-AEF -Q-LLPG- -MNLNQ- -
Homo sapiens-gamma-5K XP_011526147.1 F----VM-K-AEF-Q-LLPG- -MNLNQ- -
Serinus canaria-gamma-5K XP_018777319.1 F----VM-K-AEF-Q-LLPG- -MNLNQ- -
Protobothrops mucrosquamatus-gamma-5K XP_015666168.1 ~VM-K-AEF-Q-LLPG- -MNLNQ- -
Xenopus tropicalis-gamma-5K XP_017946547.1 -VM-K-AEF-Q-LLPG- -MNLNQ- -
\Maylamna zebra-gamma - 5K XP_012772288.1 -VL-K-AEF-Q-LLPG- -MNLNQ- -
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Other Apostichopus japonicus-5K PIK49174.1 -VQ-K-ADF-Q-LLPG- -MNLNQ- -
Saccoglossus kowalevskii-5K XP_006821157.1 -VQ-K-ADF -Q-LLPG- -MNLNQ- -
Metazoans Drosophila melanogaster-5K NP_611729.2 -VQ-K-GEF-Q-LLPG- -MNLNQ- -
Caenorhabditis elegans-5K NP_491576.2 == =VQ-K-ADF-Q-LLPG- -MNLNQ- -
PIPSK Biomphalaria glabrata-beta-5K XP_013074799.1 F----VQ-K-AEF-Q-LLPG-FLNISQ-K  R--LPK----YC
(>l00) Helobdella robusta-5K XP_009026309. 1 F----VORK-ADF-Q-LLPG- -MNLNQ- - R--LPK----YC
Macrostomum 1ignano-5K PAA67906. 1 -VQ-K-AKY-QRLLLQ--LTLTQ- - R--LPK -YC
Hypsibius dujardini-5K 0Qv12309.1 F-L--VMYR-AEF -Q-LLAG- -MNLNQ- - R--LPK-F-QYC
Trichoplax adhaerens-5K XP_002108154.1 F----VOKK-AQF-QELLPG- -LNFSQ-K  K--LPK-F--YS
“Hydra vulgaris-5K XP_012564577.1 F-V--VT-K-ATF-QQLLPG- -MNLHQ-A  R--LPK-F--YC
Choanoflagellates - sazpingoeca rosetta-sk XP_004997164.1  F-V---OKG--KF-T-LLPQ--LNLHQ-K  R--LPK-FAHFC
& Filasterea Capsaspora owczarzaki-5K XP_004348939.1  F----VORR-ALF--QLLPG--MNLTQ-K _ K--LPK-F--YC

7 Homo sapiens-Alpha-4K

NP_005019.2

- - TSEDVAEMHNILKK-HQYIVECH

I--LP--L-MY-

Serinus canaria-Alpha-4K XP_009084143.1 - TSEDVAEMHNILKK-HQF IVECH [G] - - -LP- -L-MY-

Xenopus tropicalis-Alpha-4K NP_001123723.1 - -----TSEDVAEMHNILKK-HQFIVECH |G| - - -LP--L-MY-

Protobothrops mucrosquamatus-Alpha-4K XP_015667052.1  -V----TSEDVAEMHNILKK-HQFIVECH [6f - --LP--L-My-

Maylandia zebra-Alpha-4K XP_004546610.1  -V-- - -SSEDVAEMHNILKK-HQFIVECH |G| - - -LP--L-MY-

Homo sapiens-Beta-4K EAW60533. 1 FV- - -VSSEDVAEMHNILKK-HQFIVECH [@] - - -LP--L-IST

Serinus canaria-Beta-4K XP_009094714.2  FV--AVSSEDVAEMHNILKK-HQFIVECH |G| - - -LP--L-MY-

Vertebrates ) pyenon bivittatus-seta-4x XP_007429905.1  FV--AVSSEDVAEMHNILKK-HQFIVECH |G| - - -LP--L-MY~
PIP4K Xenopus tropicalis-Beta-4K XP_002940195.1 FV- - - -SSEDVAEMHNILKK - HOF IVECH ---LP--L-MY-
Maylandia zebra-Beta-4K XP_004538792.1  FV---VSSEDIAEMHNILKK-HQFIVECH |G| - - -LP--L-MY-

(>100) Homo sapiens-Gamma-4K XP_011537049.1  LV--EVSSEDIADMHSNLSN-HQYIVKCH [6f - - -LP--L-My-
Sturnus vulgaris-Gamma-4K XP_014747327.1  LVL-ELSSEDVADVHGLLSH-HQY-VQCH |G| Q- -LPR-L-MY-

Python bivittatus-Gamma-4K XP_007422116.1  VV--E-TSEDVADVHSLLSH-HQYIVKCH [6f - -LP--L-My-

Xenopus tropicalis-Gamma-4K XP_017946647.1  LV--E-SSEDVADMHNILSH-HQ-IVKCH [6f - - -LP--L-My-

Maylandia zebra-Gamma-4K XP_( % ) Lw-a LS--HQ- IVKCH ---LP--L-MY-

\Protabomrops mucrosquamatus-Gamma-4K XP_015679464.1 VV--E-TSEDVADVHSLLSH-HQYIVKCH |G| S- -LP- -LSMY -

~Ciona intestinalis-4K XP_002119441.3 -V~ --LNGEDIAEMHGLLPK-HQYIVEHN |S| K- -LP-YL-MY~

Branchiostoma floridae-4K XP_002599487.1  -V----ESE-VAQMHHLLKQ-HQ-IVE-H |S| E- -LPHYL-MY-

Apostichopus japonicus-4K PIK54083. 1 TRE -VEMMHNILP - - HKYMVEMH |G| K- -LP-YM-MY -

Saccoglossus kowalevskii-4K XP_002732674.1 SRE -VEMMHNI - KQ- HOF TVEHH |G| K- - LPHYL -MY -

Other Drosophila melanogaster-4K NP_001033805. 1 SLTSE - IERMHAFLKQ- HPY - VERH [6f K- -LP-YL-MY-
Caenorhabditis elegans-4K NP_497500.1 FV- - SMDSEAVAE - HSVLRN-HQY - VEKQ [6f K- -LP-yL--v-

Metazoans < Biomphalaria glabrata-beta-4K XP_013081123.1  FF---LVSE-VEMMHHLLKQ-HQYIVECH [Af Q- -LP-YLAMY-
PIP4K. Helobdella robusta-4K XP_ A FF--- LK--HQYIVERH |A| D--LP-YL-MY-
Capitella teleta-4K ELU0B768. 1 FVV- - - LSE-VAEMHRI -KD-HQ - IVERH |S| E- -LP-YI-MY-

Macrostomum 1ignano-4K PAA91900. 1 -V- - - -GSE-VEQMHHIL -A-HGYIVECS |A| S- -LP-YL-MY-

Hypsibius dujardini-4K 0Qv16814.1 F-- - -LTRE-VEQMHHILKH-HEY -VEHH |C| K- -LP-YF-AY -

Trichoplax adhaerens-4K XP_002111279.1  -VV---DSYDVETMHLIL-G-HQYITE-K |G| V- -LP-YL-MY-

\Hydra vulgaris-4K XP_002161268.1  FY-- - -ERE-VEMMHQIMPS -HQY-VESH |S| - - -LP-YL-MY-
Choanoflagellates e Salpingoeca rosetta-4K XP_004998565.1  LV- - -LAKE -VASFHHTFKQ- - SYIVECD |G D- -LARYL -MY-
& Filasterea Capsaspora owczarzaki-4K XP_004364933.1  F-V-SMSKI-VDLMHNILPL-HTYIVETS |A| R--LP-YV-MY-
¢ Cavenderia fasciculata XP_004359026.1  F-----PKD-AKL--SLLPA-TE-LTQ-- _ ---LPR-F--F-

Leishmania infantum XP_001468654.1 WV- - -MTEQ-SDF - - - ILHR- - Y- - F--LPH-V-H--

Toxoplasma gondii EPT29018.1 FM- - - -SK-TAMF - -SILLD--E- -MA- - DS-LTR-F---A

Other Plasmodium vivax KNZ89198.1 oo~ VCKNI-NLSKALLPK--S-I-S--  DS-LTRL--I-C
Eukaryotes Naegleria gruberi XP_002670454.1  -ML--VTKK-SKF---ILPD-----MA--  ----TR---MYS
Fonticula alba XP_009497027.1 ------SKT--LFF--ILHA-HSF--E--  D--LSR-C--Y-

Ectocarpus siliculosus ©BJ28352.1 - - - -NMKRA-AKFF-SILPQ- -E-H-TH-  DSVLIR-C-MYL

\ Thecamonas trahens XP_013760701.1  FV----T-A-AKF--SILYR--HYMYS--  ---LSK-C----

Figure 2. Excerpts from the sequence alignment of PIP4K and PIP5K homologs showing a 1 aa insert
(boxed) in a conserved region that is uniquely shared by all PIP4K homologs. This insert is commonly
shared by all PIP4K homologs from metazoan phyla including the Choanoflagellates and Filasterea
but it is not found in any PIP5K homologs or the single orthologs of PIP4K/PIP5K found in the
deeper-branching eukaryotic organisms. Detailed information regarding the species distribution of this
conserved signature indels provided in Figure S2. The dashes (-) in the alignment indicates identity
with the amino acids on the top line. Numbers on the top indicate the location of this sequence region
in the protein from Saccharomyces cerevisiae. The accession numbers of various sequences are given
in the second column. Secondary structure information for this protein region is presented on top of
the sequence.

46



Ph.D. Thesis - Bijendra Khadka

Genes 2019, 10, 312

Vertebrates
PIPSK
(>100)

Other
Metazoans
PIPSK
(>100)

Choanoflagellates
& Filasterea

Vertebrates
PIP4K
(>100)

Other
Metazoans
PIP4K
(>100)

Choanoflagellates
& Filasterea

Fungi

Plants

Other
Eukaryotes

-,

<

\

-,

\

€

<

r

<

<

{
i

Homo sapiens-Alpha-5K

Serinus canaria-Alpha-5K
Protobothrops mucrosquamatus-Alpha-5K
Xenopus tropicalis-Alpha-5K
Maylandia zebra-Alpha-5K

Homo sapiens-Beta-5K

Serinus canaria-Beta-5K
Protobothrops mucrosquamatus-Beta-5K
Xenopus tropicalis-Beta-5K

Maylandia zebra-Beta-5K

Homo sapiens-Gamma-5K

Serinus canaria-Gamma-5K
Protobothrops mucrosquamatus-Gamma-5K
Xenopus tropicalis-Gamma-5K
Maylandia zebra-Gamma-5K

Ciona intestinalis-5K

Branchiostoma floridae-5K
Apostichopus japonicus-5K
Saccoglossus kowalevskii-5K
Drosophila melanogaster-5K
Caenorhabditis elegans-5K
Biomphalaria glabrata-beta-5K
Helobdella robusta-5K

Macrostomum lignano-5K

Hypsibius dujardini-5K

Amphimedon queenslandica-5K

Hydra vulgaris-5K

Nematostella vectensis-5K
Salpingoeca rosetta-5K

Capsaspora owczarzaki-5K

. Homo sapiens-Alpha-4K

Serinus canaria-Alpha-4K
Protobothrops mucrosquamatus-Alpha-4K
Xenopus tropicalis-Alpha-4K
Maylandia zebra-Alpha-4K

Homo sapiens-Beta-4K

Serinus canaria-Beta-4K
Protobothrops mucrosquamatus-Beta-4K
Xenopus tropicalis-Beta-4K

Maylandia zebra-Beta-4K

Homo sapiens-Gamma-4K

Sturnus vulgaris-Gamma-4K
Protobothrops mucrosquamatus-Gamma-4K
Xenopus tropicali-Gamma-4K

Maylandia zebra-Gamma-4K

Ciona intestinalis-4K

Oikopleura dioica-4K

Branchiostoma floridae -4K
Apostichopus japonicus-4K
Saccoglossus kowalevskii-4K
Drosophila melanogaster-4K
Caenorhabditis elegans-4K
Biomphalaria glabrata-beta-4K
Helobdella robusta-4K

Macrostomum lignano-4K

Hypsibius dujardini-4K

Trichoplax adhaerens-4K

Amphimedon queenslandica-4K

\ Hydra vulgaris-4K

Salpingoeca rosetta-4K
Capsaspora owczarzaki-4K
Saccharomyce scerevisiae
Aspergillus nidulans
Candida albicans

Glycine max

Coffea canephora

Oryza sativa

Fonticula alba
Ostreococcus tauri
Thecamonas trahens
Cavenderia fasciculata
Naegleria gruberi
Polysphondylium pallidum

McMaster University - Biochemistry

NP_001129108.
XP_018781091.

XP_015680374

NP_001006899.
XP_004541373.

NP_003549.1

XP_009092185.
XP_015679138.
XP_004910836 .
XP_004538536 .
XP_011526147.
XP_018777319.
XP_015666168.
XP_017946547 .
XP_012772288.
XP_018673474.
XP_002591361.

PIK60516.1

XP_006821157.

NP_611729.2
NP_491576.2

XP_013074799.
XP_009026309.

PAA67906. 1
0Qv12309.1

XP_019849193.
XP_012564577.
XP_001633067.
XP_004997164.
XP_004348939.
XP_011523628.
XP_009084143.
XP_015667052.
NP_001123723.
XP_004546610.

EAW60533.1

XP_009094714.
XP_015684863.

XP_002940195

XP_004538792.

XP_011537049

XP_014747327.

XP_015679464

XP_017946647.

XP_004560306

XP_002119441.

CBY18232.1

XP_002599487 .

PIK54083.1

XP_002732674.
NP_001033805.

NP_497500. 1

XP_013081123.
XP_009023323.

PAA91900. 1
oQv16814.1

XP_002111279.
XP_019863884.
XP_002161268.

PN AR D R

PO ok

B1 p2

100
DFYVVESIFFPSEGSNLT PA

133
HHYNDFRFKTYAPV

W---G-

XP_00

XP_004364933.

EGA59287.1
XP_660370.1
KGU13027.1

XP_006584672.

CDP17283.1

XP_015633005..
XP_009497027 .
XP_003080505.
XP_013753394.
XP_004359026.
XP_002670454 .
XP_020433305.

-R -S-
-IVD- -RD-GKF -
- -KV-HKK- -TVS-
-TVD-
KVW-
-TW
--QE---LYY-R--T-S-
- -EEH-IVD-- - - - GTY- -
- -KAYSK-KVONHLF -KE [ |
- -KAYSK - KVDNHLF - KE
- -KAYSK-KVDNHLF -KE
- -KAYSK - KVONHLF - KE -C-
- -KAYSK - KVDNHLF - KE E-C-L
- -KAYSK - KVONHLF - KE E-C-M
- -KAYSK - KVDNHLF - KE E-C-L
- -KAYRK - KVONHLF - KE D-C-L
- -KAYSK-KVDNHLF -KE -E-C-M
- -KAYSK - KVDNHLF - KE -E-C-M
- -KASSK-KVNNHLFHRE | | NLPSH-K--E-C-Q
- -KASSK-KVNNHLF-RE | | NLPSH-K--E-C-Q
- -KASSKVKVNNHLF -RE | | NLPGH-K- -E-C-Q
- -KANSK-KVTNHLF-RE | | NLPSH-K--D-C-Q
- -KANTK-KVNNHLF -KE | [ NLPGH-K--E-C-Q
- -KAYSKVKVDNHIF-KE | | NLPSH-KL-E-C-L
- -KAYSKLKVENHAF-R- | | LLPGHYKV-E-C-L
- -KAYSKVKVONQYF -KE | | NLPSH-KV-E-C-L
- -KAYSK-KVONHLY-RE | | NLPSH-KV-E-C-M
- -KAYTKTKVONHCF -KE | | NLPSH-KV-E-C-L
- -RAYSK-KVDNHLF -KE | | NMPSH-KV-E-C-
- -KAYSKVKIDNHNF-KD | | IMPSHYKV-E-C-N
--KSYSK-RVONHMY-KD | | NMPSR-KV-E-C-I
- -KAYTKTRVONHMF -KE | | NMPSH-K- -E-C-N
- -KSNLKVKVONHLF -KD | | SMPSK-K- -E-C-L
- -KAYNK-KIDRQ-F-KD | | NMPSH-KV-E-C-L
- -KAYSKTKVENYYF-EE | | TLPGH-KY-E-C-K
- -KAFSK-RVENQHYSKE | | YLPGH-K--E-C-I
- -KAYSK-KIDNHLY-KE | | NMPGH-K--E-M-L
- QVHNQYY-EQ| | ELP-K-KV-E-C--
H-KAYSKTKIHNHQF - TS |_| DLPMK-K- -E-C-T
- -RFTKKLA-DYH-NE-- -[] SSQYA-K--D-C-E
- -KAKHKFS -DIT-NE- - [| D---W
- -KATKKLS-NFD- -E- - D-C-E
-PKEKFWTR--P- - -KF- -Q -D-C-M
-TREKLWTK- -P- - -KY- -P -D-C-L
-PKEKFWTR- -P- - -KV- -P -D-C-M
--TE-QKMV-DIT-NE-L -Y D-M-W
--ERTVRQI--RS--SA- -P -E-R-E

--FFTLKF-IL-TWYA- -S
FYLSPKELR-D-T-TSQ- E-
--TNINKMP--EK--TR- -P
FYQSPKELR-DTA--Q-- E-

-TRSSLLG-SFHFI
-STGP-K--D-C-M
-EFPF-D-YD-S-F
-STGP-K--D-C- -

9 of 21

Figure 3. Partial sequence alignment of the PIP4K/PIP5K family of proteins showing a 2 aa deletion
in a conserved region (boxed) that is uniquely shared by all PIP4K homologs. The boxed CSI is not
present in any of the PIP5K homologs as well as the PIP4K/PIP5K orthologs from plants and other
deep-branching eukaryotic lineages. The PIP4K/PIP5Korthologs from fungi contain a shorter 1 aa
deletion in this position. More detailed sequence information for this CSI is provided in Figure S3.
Other details are the same as in Figure 2 legend. Numbers on the top indicate the position of this
sequence in the human PIP5Ka.
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Figure 4. Partial sequence alignment of PIP4K/PIP5K family of proteins showing 1 aa deletion (boxed)
in a conserved region that is commonly shared by different PIP4K and PIP5K homologs but lacking in

the single copy PIP4K/PIP5K orthologs from deeper branching eukaryotic phyla including plants and
fungi. This 1 aa CSI distinguishes the distinct PIP4K and PIP5K homologs found in Holozoa species
(i.e., all multicellular metazoan species and their unicellular relatives Choanoflagellates and Filasterea)
from early branching eukaryotic organisms harboring only a single ortholog of the PIP4K/PIP5K protein.
The PIP4K from some nematode species lack this deletion or contain a longer insertion (indicated by *)
in this position and its possible significance is unclear. Numbers on the top indicate the position in

human PIP5K«. More detailed information for this CSI is provided in Figure S4.
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In addition to the CSIs that are specific for the PIP4K or PIP5K proteins, or both, our analysis
has identified three other CSls that are uniquely shared by members of specific subfamilies of the
PIP4K and PIPSK proteins, distinguishing them from other related proteins and providing useful
insights concerning their evolution. The first of these subfamily-specific CSIs consists of a 1 aa deletion
that is uniquely present in all PIP5K« homologs but not found in the PIP5Kj and PIP5Ky homologs
(Figure 5). The observed CSI (1aa deletion) is located within the C-terminal region of the conserved
core kinase homology domain, as shown in Figure 5. The region where this CSI is found is conserved
in the PIP5K family of proteins, but it is lacking in the PIP4K homologs. Due to the specificity of this
CSI for PIP5K e, the genetic change responsible for this CSI is postulated to have occurred in a common
ancestor of the PIP5K proteins, and it provides a reliable molecular characteristic distinguishing the
PIP5K« from PIP5Kf and PIP5Ky subfamily of proteins.

B3
385 427
- Homo sapiens-Alpha-5K NP_001129108.1 DGDTVSVHRPGF VFKKIP [T L
Gorilla gorilla gorilla-Alpha-5K XP_018890710.1 -------- FE -
Columba livia-Alpha-5K XP_021136061.1
Gallus gallus-Alpha-5K NP_001135912.2
Sturnus vulgaris-Alpha-5K XP_014748828.1
PIP5SKa Serinus canaria-Alpha-5K XP_018781091.1
Python bivittatus-Alpha-5K XP_015744822.1
homologs 4 Protobothrops mucresquamatus-Alpha-5K XP_015680374.1
(>100) Gekko japonicus-Alpha-5K XP_015279998.1
Nanorana parkeri-Alpha-5K XP_018421916.1
Xenopus tropicalis-Alpha-SK NP_001006899. 1
Maylandia zebra-Alpha-5K XP_004541373. 2
Pundamiiia nyererei-Alpha-5K XP_005732196. 1
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Sturnus vulgaris-Beta XP_U] 4725312.1 A
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PIPSKp Gallus gallus-Beta-5K XP_015135771.1 A -
Gekko japonicus-Beta-5K XP_015261333.1 A -
homologs h! Python bivittatus-Beta-5K %P_007439496. 2 T-
(>100) Protobothrops mucrosquamatus-Beta-5K  XP_015679138.1 I-
Xenopus tropicalis-Beta-5K XP_012827258.1 A -
Nanorana parkeri-Beta-5K XP_018411161.1 A -
Xenopus laevis-Beta-5K AAH55973.1 A
Danio rerio-Beta-5K NP_001004579.1 P
Maylandia zebra-Beta-sK XP_004538536. 1 P
“ Pundamilia nyererei-Beta-5K XP_005722354.1 P -TSI
 Homo sapiens-Gamma-5K AAC32904.1 S - -G-A
Gorilla gorilla gorilla-Gamma-5K XP_018871823.1 s - -6-6-A
Felis catus-Gamma-5K XP_023099540.1 s - -G-6A-
Camelus ferus-Gamma-5K XP_014410201.1 s - -6-GAL
Columba 1ivia-Gamma-5K PKK17397.1 s - --AL
Gallus gallus-Gamma-5K XP_015155249.1 s - <AL
Serinus canaria-Gamma-SK XP_018777312.1 s - --AL
PIPSKY | pogena vitticeps-Gamma-sk XP_020636870. 1 s - AL
homologs ¥ Aytnon bivittatus-Gamna-5K XP_007441380. 1 5 - --AL
(>100) | Anolis carolinensis-Gamna-5K XP_008123366. 1 5 - -AL
Gekko japonicus-Gamma-5K XP_015276073.1 s - GAL
otobothrops mu XP_015666168.1 s - NAL
Xenopus tropicalis-Gamma-SK 0CA49041.1 s - -AL
Nanorana parkeri-Gamma-5K XP_018420852.1 s - -AL
Danio rerio-Gamma-5K XP_002666296.. 1 s - 6L
Maylandia zebra-Gamma-5K XP_012772289.1 s - -GVL
Pundamilia nyererel-Gamma-5K XP_005721179.1 5 - -GVL

Figure 5. Partial sequence alignment of different subfamilies of the PIP5K protein showing 1 aa CSI
(boxed) that is uniquely shared by the PIP5K« subfamily of proteins. More detailed information
regarding species distribution of this CSI is provided in Fig. S5. The predicted secondary structure of
this sequence region is shown on top of the sequence alignment. Other details are the same as in the
Figure 2 legend.

Another subfamily-specific CSI identified in our work consists of a 2 aa conserved insert that is
commonly shared by the PIP5K[3 family of proteins from mammals, birds, and reptile species, but not
found in the PIP5K homologs from amphibians and fish (Figure 6). This CSI is absent in the PIP5Ka
and PIP5Ky family members and also in different PIP5K homologs. Based on its distribution pattern,
the genetic change leading to this CSI is postulated to have occurred in a common ancestor of the
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PIP5Kf from mammals, birds, and reptiles and it supports the latter divergence of these vertebrates
classes in comparison to the fishes and amphibians [61].

“Insert” region

B
250 301
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Mammals ) Gorilla gorilla gorilla-Beta-5K XP_018888556.1 - ------- - -
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= Birds {sauus gallus-Beta-5K XP_015135771.1
E =~ Serinus canaria-geta-sK XP_009092185.1
2 8< Gekko japonicus-Beta-SK XP_015261333.1
= Reptiles {ﬂymm bivittatus-Beta-5K XP_007438496.2
M~ Protobothrops mucrosquamatus-Beta-5K  XP_015679138.1
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Figure 6. Excerpts from the multiple sequence alignment of PIP5K homologs showing a 2 aa insert in a
conserved region (boxed) that is uniquely shared by the PIP5Kp homologs of mammals, birds, and
reptiles, but absent from all other PIP4K and PIP5K homologs. Sequence information is shown here
for only representative species from different vertebrate classes. More detailed information for this
CSlis provided in Figure S6. Other details are as in Figure 2 legend. Numbers on the top indicate the
position in the human PIP5Kp.

The last of the subfamily-specific CSls is present in a highly conserved region of the PIP4Ky, where
deletions ranging from 1 aa to 4 aa are present in different groups/classes of the vertebrates (Figure 7).
As seen from Figure 7, all PIP4Ky homologs from mammals and reptiles contain a 3 aa deletion in this
region. In the same place, the available homologs of PIP4Ky from birds harbor a 4 aa deletion while
those from the amphibians and fish contain shorter deletions (viz. 1-2 aa) (Figure 7). In contrast, no
deletion was present in this region in the PIP4K o and 3 homologs from vertebrates as well as the
PIP4K homologs from other metazoan species. The genetic characteristics of this CSI suggest that the
observed variation in the length of this CSI in the vertebrate classes is likely the result of successive
genetic changes occurring within the same region at different stages in the evolution of vertebrates.
However, the possibility that the observed differences in the lengths of this CSI in the vertebrate
lineages are due to independent genetic changes cannot be ruled out. Nonetheless, the observance of
these lineage-specific genetic changes within this conserved region of PIP4Ky suggests that this region
plays an important role in determining functional characteristics which are specific for the different
classes of vertebrates. Indeed, the functional significance of this region has been reported in a number
of recent studies [11,43]. Clarke and Irvine [11] have examined the functional significance of this
region with respect to the catalytic activities and substrate interactions of PIP4K isoforms by creating
a series of mutations in the PIP4Ky by replacing the residues of G-loop from the PIP4K«x sequence.
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The mutant forms of PIP4Ky containing these changes showed a significant increase in lipid kinase
activity [11], suggesting that the evolutionarily conserved indels in this region play an important role
in determining the functional differences between different isoforms of PIP4K.

113
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& Fishes | pundamilia nyererei-Gamma-4K XP_005739600. 1 -88- LRND;GKYA- (W R I---
~ Haylandia zebra-Gamma-4K XP_004545042. 1 -§- - LRHDENGKYA-LL-T- - <=~ === I---
( Homo sapiens-Alpha-4K NP_001316991.1 SA-LPNDSQAR-GA- - «=KRYI--TIT--
Felis catus-Alpha-4K XP_003988198. 1 --SA-LPNDSQAR-GA- -HT- - -KRYI- -TIT--
Serinus canaria-Alpha-4K XP_009084143. 1 --SA- LANDSQAR-GA- -HT- - -KRYI- -TIT--
PIP4Kq | Columba 11via-Alpha-4k XP_005500853. 1 --SA-LANDSQAR-GA- -HT- - -KRYI- -TIT--
Nanorana parkeri-Alpha-4K XP_018419770.1 --CA-LANDSQAR-GA- -HT-C-KRYI- -TIT--
Homologs < xenopus 1aevis-Alpha-4 XP_018124586.1 --YS- LANDSQAR - GA- -KRYI--TIT--
(> 100) Gekko japonicus-Alpha-4K XP_015262444.1 SC- LANDSQAR - GA «<KRY---TIT--
Python bivittatus-Alpha-4K XP_007436413.1 SC-LANDSPAR-GA- -HS- - -KRY- - -TIT- -
Protobothrops mucrosquamatus-Alpha-4K XP_015667052.1 --5C- LANDSPAR-GA- -HS-~ - -KRY- - -TIT--
Danio rerio-Alpha-4K NP_001122174.1 --SA-LV--AQGR-GA- -/ --KRY---TI---
\Waylandia zebra-Alpha-<4K XP_004546610.1 SA-LN- -AQGR-GA- -HT- - -KRY- - -TI
(Homo sapiens-Beta-4K EAV60533. 1 --SA- IN-DSQGRCGT - - -
Felis catus-Beta-4K XP_019673360.2 --SA- IN-DSQGRCGT - - -
= Serinus canaria-Beta-4K XP_000094714.2 -~SA-VN-DSQGRCGA- - -
PIP4]\B Sturnus vulgaris-Beta-4K XP_014740843.1 --SA-VN-DSQGRCGA- - -
Homologs J Columba 1ivia-Bota-4K XP_021151168.1 SA-VN-DSQGRCGA- - -
100) Xenopus tropicalis-Beta-4K XP_002940195. 1 --SA-VN- -NQGRFGS - - -
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Figure 7. Partial sequence alignment of different isoforms of the PIP4K proteins showing a conserved
region where 1-4 aa deletions (boxed) are uniquely found in the PIP4Ky subfamily of proteins from
different classes of vertebrates. The PIP4Ky protein mammals and reptiles have a 3 aa deletion in
this position, whereas those from the birds contain a 4 aa deletion in the same position. The fish
and amphibians are found to contain multiple copies of PIP4Ky with 1-2 aa deletion in this position.
More detailed information for this CSl is provided in Figure S7. Other details are the same as in Figure 2
legend. Numbers on the top indicate the position of the sequence in the human PIP4Ky.

3.3. Locations of the Identified CSls in the Structures of the PIP4K/PIP5K Proteins

Earlier work on CSIs in different proteins show that most, if not all, of the previously studied CSIs
are located on the surface exposed loops of different proteins, which are important in mediating novel
protein-protein or protein-ligands interaction [38,62-65]. An 8 aa CSI in the PIP5K protein identified in
our earlier work, which was specific for the Saccharomycetaceae family of fungi, was also located in a
surface exposed loop and it was indicated to play an important role in the binding of this protein with
membrane surface [33]. In view of these earlier studies, it was of interest to determine the locations in
protein structures of the different CSIs identified in the present work. For these studies, structural
information that was currently available for different solved structures for the PIP4K/PIP5K family of
proteins listed in the Methods section was utilized. In addition, a homology model was also created
for the human PIP5K using the solved structure of PIP5K« from Danio rerio (PDB ID: 4TZ7, chain
“A”) as a template. In Figure 8, we show a composite diagram, wherein we have mapped the locations
of most of the identified CSIs in a structural model of the human PIP5K{ protein. The CSIs which
represent inserts are marked in red whereas CSIs representing deletions are shown in blue. In the
zoomed regions in this figure, the structural models showing the locations of different CSIs are shown
in cartoon representation. There was no structural information available for the region where the CSI
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shown in Figure 5 in PIP5K« is found. Hence, its location in the protein structure was not mapped.
As shown in this figure, all identified CSIs in the PIP4K/PIP5K family of proteins are found to be located
on the surface exposed loop region and thus they should be able to interact with other proteins/ligands.

'\

B insert
B Deletion

2 aa insert specific for
PIPSKB isoforms (Fig.6)

AN

133 insert specific for
PIP4K homologs (Fig.2)

1aa deletion specific for PIPAK
&PIPSK homologs (Fig.4)

1-4 3 deletion
specific for PIPAKy (Fig.7)

2 deletion specific for
PIPAK (Fig.3)

e

Figure 8. Surface representation of the identified CSIs in a structural model of the human PIP5K(
protein. For mapping of the CSIs in protein structures, structural information for a number of
solved/modeled structures for the PIP4K/PIP5K family of proteins (see Methods section) was utilized.
The CSIs which constitute inserts are marked in red on the surface, while for the CSIs that are deletions,
the protein regions where these deletions are found are marked in blue on the surface. The location
of the 1 aa deletion (Figure 4) that is commonly shared by different homologs of PIP4K and PIP5K
is shown in magenta based on structural comparison with the Saccharomyces cerevisiae PIP4K/PIP5K
homolog. The close-up views of the locations in the protein structure for different identified CSIs are
shown in cartoon representation. The structure model of PIP4Ky isoform from H. sapiens is shown in
yellow and crystal structure of PIP4K{ isoform is shown in green.

4. Discussion

The PIP4K/PIP5K family of proteins constitutes crucial players in the regulation of the metabolism
of phosphatidylinositides in eukaryotes [21-23]. Both PIP4K and PIP5K are involved in generating a key
signaling molecule, PI(4,5)P,, which resides at the core of the phosphatidylinositol signaling pathway
controlling a wide range of fundamental cellular processes [1,3,5]. Further, due to the important
roles played by these proteins in many critical processes involved in pathological conditions [66-71]
these proteins are becoming an increasingly interesting class of molecular targets for cancer [72,73],
chronic pain [74], diabetes [75], and autoimmune diseases [76]. However, despite the important roles
played by these proteins in the regulation of many cellular processes, our understanding of the overall
evolutionary relationships between different members of the PIP4K/PIP5K families and subfamilies of
proteins and what specific genetic/biochemical characteristics distinguish different members of this
protein family remains limited.

The present study was undertaken with the aims of advancing our understanding of the
evolutionary divergence of different members of the PIP4K/PIP5K protein families from a common
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ancestor and also to identify novel molecular features in these proteins that are distinctive characteristics
of a particular family or subfamily of these proteins. Our analyses of protein sequences from the
PIP4K/PIP5K reported here have identified six highly-specific molecular signatures in the forms
of CSIs that are distinctive characteristics of specific isozymes and subfamilies of these proteins.
Based on the results obtained from the species distributions of PIP4K/PIP5K isozymes/homologs in
different eukaryotic lineages, phylogenetic analysis based on the sequences of these proteins, and
the inferences derived from the species and isozyme specificities of different identified CSIs in these
proteins, several novel and important insights regarding the evolutionary divergence of this protein
family can be gleaned. An overall summary of the results obtained from different approaches regarding
the evolutionary divergence of the PIP4K/PIP5K family of proteins is presented in Figure 9. In addition
to showing the distribution of different members of the PIP4K/PIP5K family of proteins in eukaryotic
lineages, this figure also marks the evolutionary stages where the genetic changes responsible for
different identified CSIs likely occurred during the evolution of this protein family.

Deep branching  UMCA <——(Holozoa)—> Metazoans

Eukaryotes
Protostomia Deuterostomia
Vertebrates
2aadel (208 PIP4Ka
(ch-a\
I: PIP4K]
laadel PIP4K 5
(Fig-4) 1-4aa del PIP4Ky
(Fig-7)
1aa del PIP5Ka
(Fig-5)
-—| PIPSK I EIPsky
PIP5Kp
2aains
(Fig-6)
N p——
Fungi PIP4K/PIPSK K Gene Duplication Event

Figure 9. A summary diagram showing the evolutionary divergence of different members of the
PIP4K/PIP5K family of proteins in eukaryotic organisms. The model presented here is based on the
species distribution of different proteins as well as the species/isozyme specificities of different CSIs
in these proteins that were identified in the present work. The arrows mark the evolutionary stages
where the rare genetic changes leading to the specific CSI(s) are postulated to have occurred. The red
stars mark the evolutionary stages where gene duplication events have occurred during the divergence
of this protein family. Holozoa clade comprises of the multicellular metazoan phyla as well as phyla
consisting of their unicellular metazoan common ancestor (UMCA).

As shown here, the distinct homologs of both PIP4K and PIP5K, in addition to the Bilateria
species [4], are also found in other multicellular metazoan phyla (viz Cnidaria, Placozoa, and Porifera)
as well as in the Choanoflagellates and Filasterea, which are the closest-known unicellular ancestor of
the multicellular animals. These groups together form the Holozoa clade of species [59,60]. In contrast,
all other deeper branching eukaryotic lineages including Apicompelxa, Amebozoa, Percolzoa, and
Apusozoa, as well as plants and fungi, contain only a single homolog of these proteins showing
similarity to both PIP4K/PIP5K. Our work has identified a conserved indel that is commonly shared by
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all PIP4K and PIP5K homologs from Holozoa species (except some PIP4K homologs from nematodes,
whose significance is unclear) but absent in the single copy homologs of these proteins found in the
deeper branching lineages (Figure 4). Based on the species and isozyme distribution of this CSI,
the genetic change leading to this CSI has occurred in a common ancestor of the Holozoa clade prior
to the first gene duplication event leading to the divergence of distinct types of PIP5K and PIP4K
homologs. These results indicate that this genetic change preceded the evolution of all animals (i.e.,
both unicellular and multicellular). Two other CSls identified in this study are uniquely found in all
PIP4K homologs (Figures 2 and 3) but they not present in any PIP5K homolog. The genetic changes
giving rise to these CSls are postulated to have occurred in a common ancestor of the PIP4K homologs
soon after the gene duplication event leading to the formation of distinct forms of the PIP4K and PIP5K
proteins. Due to the specificities of these CSIs for either the PIP4K/PIP5K proteins or only the PIP4K
isozymes, these molecular markers provide useful means for genetic and biochemical studies leading
to the discovery of novel and distinctive properties of these isozymes.

The vertebrate species contain three different subfamilies of PIP4K and PIP5K proteins.
In phylogenetic trees, all three subfamilies of the PIP4K are part of one distinct clade whereas
the different members of the PIP5K subfamilies form a separate clade. As noted in earlier work [4],
the branching patterns of these proteins strongly suggest that the members of these subfamilies have
originated from two independent and successive duplications of the genes for PIP4K and PIP5K
proteins within vertebrates [4]. As all three forms (or isoforms) of PIP4K and PIP5K proteins are present
in different (or most) vertebrate species, the gene duplication events leading to the divergence of these
protein families have occurred in a vertebrates’ common ancestor within an evolutionarily short period.
Due to this, the relative branching orders of these protein families can be inferred only tentatively.
Work on the evolution of the phosphatidylinositol-3-kinases family of protein kinases indicates that
the gene for the catalytic subunit of this protein has also undergone two major duplication events at
different stages in the evolution of eukaryotic organisms to account for its species distribution [77].

It is important to understand how different isoforms of the PIP4K and PIP5K proteins differ from
each other and what unique features distinguish these isoforms. In this context, our identification of
several CSIs that are distinctive characteristics of the specific subfamilies of either PIP4K or PIP5K
proteins, or both, is of much interest. Of the three subfamily-specific CSIs identified in this work,
one is specific for all PIP5Ka homologs. The genetic change responsible for this CSI likely occurred in
a common ancestor of the PIP5SK« subfamily, when it diverged from the PIP5K3-PIP5Ky by a gene
duplication event. Another CSI described here is specific for the PIP5Kf3 homologs from mammals,
birds, and reptiles (Figure 6). The genetic change leading to this CSI likely occurred in a common
ancestor of the PIP5Kf3 protein from mammals, birds, and reptiles and it supports the latter divergence
of these vertebrate classes in comparison to the fish and amphibians [61]. In addition to these CSIs,
within a highly conserved region of the PIP4Kyy subfamily of proteins, deletions of specific lengths are
present in different groups/classes of vertebrate species (Figure 7). The observed variation in the length
of this CSI in vertebrate groups suggests that successive genetic changes have occurred in this position
during the evolution of vertebrates, indicating that this region should be of particular importance in
the functioning of this protein. The genetic changes leading to these isoforms or subfamilies-specific
CSIs have occurred at important stages in the evolution of vertebrate species and the identified
molecular signatures provide important means for distinguishing some of these distinct isoforms and
understanding their unique functional characteristics.

As has been noted earlier, the CSIs in genes/proteins sequences result from rare genetic changes
and these changes have been found to be important/essential for the proper functioning of the proteins
in the CSl-containing organisms [33,38,78]. Further, most studied CSls, including those identified
in this study, are located in surface-exposed loops of the proteins which, due to their ability to
interact with other proteins and ligands, perform important roles in mediating novel functional
interactions [33,38,62-64,79]. Previously, we have reported the identification of an 8 aa CSI in the
PIP5K homologs which was specific for the Saccharomycetaceae family of fungi. This CSI formed a
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positively-charged patch on the surface of the protein and it was predicted to play a role in the binding
of the yeast PIP5K protein with the membrane. This prediction was strongly supported by molecular
dynamics simulation studies examining the binding interaction of the yeast PIP5K protein, with and
without the CSI, with the membrane lipid bilayers. Clarke and Irvine [11] have examined the functional
significance of the region where the 1-4 aa deletions are present in the PIP4Ky isoforms in different
vertebrate species. Their study also showed that the changes in the residues corresponding to the
identified CSIs significantly affected the functional activity of the protein and could account for the
differences in the functional activity of the different isoforms [11]. Thus, it is strongly expected that
the other CSls identified in this study in the PIP4K/PIP5K family of proteins should also be playing
important roles in the cellular functions of these proteins and the described CSIs provide novel genetic
and biochemical means to investigate such differences. Lastly, due to the important roles played by the
PIP4K/PIP5K family of proteins in different cellular processes associated with a variety of pathological
conditions (e.g., cancer, diabetes, chronic pain, autoimmune diseases) [66-71], the identified CSIs in
these proteins, which are surface exposed and predicted to play important cellular functions, also
provide potential means for development of novel therapeutics targeting specific diseases [72-76].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/4/312/s1,
Table S1: Sequence information for different PIP4K/PIP5K family of protein sequences used in phylogenetic
studies, Figure S2: detailed species distribution information for the 1 aa CSI in PIP4K shown in Figure 2, Figure S3:
detailed species distribution information for the 2 aa deletion in PIP4K in Figure 3, Figure S4:; detailed species
distribution information for the 1 aa CSI shown in Figure 4, Figure S5: detailed species distribution information for
the 1 aa conserved deletion in PIP5Kx shown in Figure 5, Figure S6: detailed species distribution information for
the 2 aa conserved insert in PIPSK (3 isoform shown in Figure 6, Figure S7: detailed species distribution information
for the 1-4 aa conserved deletions in PIP4Ky isoforms shown in Figure 7.
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CHAPTER 3

Identification of a conserved 8 aa insert in the PIP5K protein in the
Saccharomycetaceae family of fungi and the molecular dynamics simulations and

structural analysis to investigate its potential functional role

This chapter describes the identification of a conserved 8 amino acid CSI in the
core kinase domain of phosphatidylinositol-4-phosphate-5-kinase (PIP5K), which is
unique to the Saccharomycetaceae family of fungi. PIP5K is a key enzyme in the
phosphatidylinositol signaling pathway essential for multiple cellular processes. The
results from structural analyses and molecular dynamics (MD) studies provide
meaningful insights concerning the mechanism of the interaction of PIP5K protein with
membrane lipid bilayers and support the contention that the identified 8 aa conserved
insert in Saccharomyces cerevisiae plays an important role in facilitating the binding of
PIP5K with the membrane surface. My contribution towards the completion of this
chapter includes identification of conserved indels, construction of phylogenetic tree,
homology modelling studies, molecular dynamics (MD) simulations and analyses of the
MD trajectories. | was also involved in writing the manuscript, including preparation of

all the figures, tables, and supplementary materials.

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 and Gupta, R.S. (2017). Proteins, 85 (8), 1454-1467.
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of fungi and the molecular dynamics
simulations and structural analysis to
investigate its potential functional role
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ABSTRACT

Homologs of the phosphatidylinositol-4-phosphate-5-kinase (PIP5K), which controls a multitude of essential cellular func-
tions, contain a 8 aa insert in a conserved region that is specific for the Saccharomycetaceae family of fungi. Using struc-
tures of human PIP4K proteins as templates, structural models were generated of the Saccharomyces cerevisiae and human
PIP5K proteins. In the modeled S. cerevisiae PIP5K, the 8 aa insert forms a surface exposed loop, present on the same face
of the protein as the activation loop of the kinase domain. Electrostatic potential analysis indicates that the residues from
8 aa conserved loop form a highly positively charged surface patch, which through electrostatic interaction with the anionic
portions of phospholipid head groups, is expected to play a role in the membrane interaction of the yeast PIP5K. To unravel
this prediction, molecular dynamics (MD) simulations were carried out to examine the binding interaction of PIP5K, either
containing or lacking the conserved signature insert, with two different membrane lipid bilayers. The results from MD stud-
ies provide insights concerning the mechanistic of interaction of PIP5K with lipid bilayer, and support the contention that
the identified 8 aa conserved insert in fungal PIP5K plays an important role in the binding of this protein with membrane
surface.

Proteins 2017; 85:1454-1467.
@ 2017 Wiley Periodicals, Inc.

Key words: phosphatidylinositol-4-phosphate-5-kinases; Saccharomyces cerevisiae PIP5K protein; conserved signature insert
specific the Saccharomycetaceae family; homology modeling; structural models for human and Saccharomyces cerevisiae
PIP5K; molecular dynamics simulations for the PIP5K-membrane interactions.

cellular functions.>8 In mammalian cells, Ptdlns (4,5)-
P2 is predominantly produced by the ‘classical PI route’
using the enzyme phosphotidylinositol-4-phosphate-5-
kinase (PIP5K) to phosphorylate phosphatidylinositol (4)
phosphate [Ptdlns(4) P] at the D-5 hydroxyl group of
inositol ring. However, Ptdlns (4,5)-P2 is also produced
via the enzyme phosphotidylinositol-5-phosphate-4
kinase (PTP4K) through phosphorylation of phosphatidy-
linositol (5) phosphate [Ptdlns(5) P] at D-4 hydroxyl
group of inositol ring.

INTRODUCTION

In eukaryotic organisms, phosphoinositide’s (PIs) are
important regulators that play an essential role in wide
range of cellular processes.!»2 Different derivatives of
phosphoinositides are usually formed by phosphorylation
of inositol ring at 3, 4, and 5 positions by various
phosphoinositide kinases.3 One important enzyme in
this regard is phosphatidylinositol-4-phosphate-5-kinase
(PIP5K), which catalyzes the production of phosphatidy-
linositol (4,5)-bisphosphate [Ptdlns(fal,S)-PZ].4 Among
the phosphorylated phosphoinositide’s, Ptdlns(4,5)-P2 is

one of the key regulators of phosphoinositide signaling
pathway.® PtdIns(4,5)-P2 not only acts as a substrate for
phosphatidylinositol ~ 3-kinase (PI3K) and receptor-
activated phospholipase C (PLC), but it also functions as
a second messenger by itself, influencing diverse essential
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In mammalian cells, three different isoforms of both
PIP4K, as well as PIP5K (viz., PIP5K-«, PIP5K-B, and
PIP5K-y), have been identified. 210 The three isoforms
of PIPSK share high degree of sequence homology and
all exhibit the same enzymatic function, that is, they cat-
alyze the formation of Ptdlns (4,5)-P2 from Ptdlns(4)
PIL12 The PIPSK homologs also exhibit significant
sequence similarities, particularly in the catalytic core
regions of the proteins, to PIP4K homologs, but the sub-
strate preference and cellular localization of PIP4K are
different.13:14 The budding yeast Saccharomyces cerevi-
sige contains a single homolog of the PIP5K, which is
referred to as the multicopy suppressor of stt4 mutation
(MSS4) or PIPSK/MSS4. The PIP5K is a 90 kDa protein,
which is primarily localized on the plasma mem-
branel316 and it is required for diverse essential cellular
processes, such as membrane trafficking, cell polarity,
viability, morphogenesis, cytokinesis and actin cytoskele-
ton organization.w’ls Although the N-terminal half of
the PIPSK protein shows no sequence similarity to any
protein outside of fungi, its C-terminal half is homolo-
gous to the mammalian PIP5K and contains the well-
conserved catalytic kinase domain.!? The substrate spe-
cificity and plasma membrane targeting of PIPSK is
reported to be determined by the activation loop region
located within the kinase domain.!4 Despite PIPSK play-
ing an essential role in large numbers of cellular pro-
cesses, much remains to be elucidated concerning its
cellular function. There is no experimentally solved crys-
tal structure for PIP5K from Fungi and the mechanism
by which it localizes to the plasma membrane and recog-
nizes or interacts with its substrates is not yet clearly
understood. However, structural information for different
isoforms of PIP4K from humans is available.13

In the past few decades genome sequences have become
available from diverse groups of prokaryotic and eukary-
otic organisms. Comparative analyses of these genomes are
leading to discovery of numerous novel molecular charac-
teristics/markers that are specific for different groups of
organisms. Of these molecular markers, conserved signa-
ture indels (insertion/deletions) (CSIs), which are specifi-
cally present in the protein homologs from a given group
of organisms comprise an important csategory.20 Due to
their evolutionary conservation and specificity for a given
group of organisms, the CSIs provide novel tools for evolu-
tionary, genetic and biochemical studies.21-23 In the pre-
sent work, analysis of PIP5K protein sequences from
various species has identified an 8 aa insert in a conserved
region that is uniquely shared by different species belong-
ing to the Saccharomycetaceae family of fungi. As no exper-
imentally solved crystal structure of PIP5SK from a member
of the Saccharomycetaceae family was available, we have
utilized comparative homology modeling approach to
decipher the three-dimensional (3D) structures of PIP5K
from S. cerevisine and human («-isoform). In the modeled
structure of S. cerevisiae PIP5K, the 8 aa insert forms a

positively-charged surface loop, which is present on the
same face of the protein as the activation loop of the kinase
domain, which based on earlier studies is implicated to
play a role in the membrane binding of PIP5K.24-26 To
gain insights into the interactions between PIP5K and
membrane, and the role of the 8 aa CSI in the PIP5K, we
have carried out molecular dynamics (MD) simulations of
S. cerevisiae PIP5K structure and different model lipid
bilayer membranes. The MD simulation affords an impor-
tant means for probing the dynamic behavior of interac-
tion of peripheral membrane proteins with lipid bilayer
environment.27=32 The results of the presented structural
and biophysical studies have allowed us to model the
nature of the PIPSK-membrane association process, and
they provide useful insights into the mechanistic and/or
structural features of the identified fungi-specific 8 aa con-
served insert.

MATERIALS AND METHODS

Sequence alignment and phylogenetic
analysis and primary sequence analysis of
the target proteins

Blastp searches were carried out on the PIP5K
sequence from the human alpha isoform (Genbank ID
No. 208431778) and sequences of about 20-25 high scor-
ing homologs from diverse animals and fungi species
were retrieved. A multiple sequence alignment of these
proteins was created using the Clustal X 1.83 program.33
Visual examination of this sequence alignment revealed
an 8 aa insert in a conserved region that was present in
some fungi. Evolutionary significance of this conserved
indel was determined by more detailed blastp searches
on this indel and its flanking conserved regions, as
described in earlier work.2!l A maximum-likelihood phy-
logenetic tree based on 100 bootstrap replicates of the
sequence alignment for PIP5K homologs was constructed
using MEGA 64 as described in carlier work.2!

The amino acid sequences of the target protein PIP5K
from S. cerevisiae (G.I. no. 6320414) and human (G.L
no. 208431778) were retrieved from the Genbank data-
base. The prediction of secondary structure elements of
the target protein sequences was carried out using three
different servers, PSI-Pred,3> ]pred3,36 and PSS-Pred.3”
Genesilico MetaDisorder webserver (http://iimcb.genesi-
lico.pl/metadisorder/) was utilized to predict the intrinsic
disorder region in the target protein sequence. MetaDis-
order meta-server utilizes the predictions from 13 inde-
pendent disordered prediction program/servers and
calculate the final consensus prediction of disorder.38

Homology modeling and electrostatic
potential analysis

To search for the appropriate templates for homology
modeling, PSI-BLAST>? searches were carried out on the
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protein sequences of S. cerevisiae and human PIP5K
against the Protein Data Bank (PDB) database.40 These
searches identified three templates corresponding to
human PIP4K showing high degree of sequence identity
to the target proteins (Supporting Information Table S1).
Sequence alignments between the target and the template
proteins were created using the align 2D module in the
Modeller v 9.114! and the resulting alignments were
carefully analyzed and modified manually. For each
PIPSK target protein, 200 models were generated and
selected using Discrete Optimized Protein Energy
(DOPE) potential score?2 as implemented in Modeller v
9.11. Refinement of the loop region in the modeled
structure was carried out using the ModLoop server.43
The model with the highest DOPE score was then sub-
mitted to the ModRefiner program to obtain atomic-
level energy minimization and to obtain a model with
reliable stereochemistry quality.44 Homology modeling
steps were repeated for generating models based on avail-
able single templates as well as multiple templates to
improve the overall quality of the final model. The qual-
ity check of the final structure model was carried out
using three different independent servers; RAMPAGE,*5
ProsA,46:47 and QMEAN%S server. The modeled struc-
tures were visualized and analyzed using the molecular
visualization program PyMol (http://www.pymol.org).

The electrostatic potential surface (EPS) of modeled PIP5K
proteins was calculated using the PBEQ-Solver server (http://
www.charmm-gui.org/?doc=input/pbegsolver). PBEQ-Solver
is a web-based graphical user interference that allows users
to solve the Poisson—Boltzmann (PB) equation and interac-
tively visualize the electrostatic potential of biomolecules.*?
The electrostatic potential scale was set to from —10 Kcal/
mol to +10 Kcal/mol and visualized using PyMol.

Molecular dynamic (MD) simulation of the
interaction of PIPSK with madel lipid
membrane bilayers

Molecular dynamics simulations were performed using
GROMACS 5.1.2 software®®1 with a GROMOS96 53A7
force field, and the SPC water model.”2 The system was
built using the previously fully hydrated and equilibrated
3D coordinates of POPC (palmitoyl-oleoyl phosphatidyl-
choline) and DPPC (dipalmitoyl-phosphatidylcholine)
bilayers53’54 and the lipid parameters were taken from
Berger et al.5% The membranes composed of both POPC
and DPPC lipids represent the eukaryotic membrane
environment and of these POPC lipids are highly abun-
dant in yeast cell membrane.”® Particle Mesh Ewald
method was utilized to calculate the electrostatic interac-
tions®7>98 and the short-range repulsive and attractive
dispersion interactions were described using Lennard-
Jones potential that was cutoff at 1.2 nm. The bond
lengths and the angles in the water molecules were con-
strained using SETTLE algorithm,59 and LINICS60 was
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used to constrain all other bonds. After 50,000 steps of
energy minimization using steepest descents method, the
system was gradually heated from 0 to 323 K in the
canonical (NVT) ensembles >100 ps of MD using V-
rescale thermostat method.®l The system was further
equilibrated for 1 ns in the isothermal-isobaric (NPT)
ensemble using the Nose-Hoover thermostat and Parri-
nello-Rahman barostat.62:63 The final production run
was continued for 100 ns. In our simulation study, two
different model membranes were utilized to analyze the
role of the 8 aa conserved insert in membrane interac-
tion. In the first system, the structural model of the S.
cerevisae PIP5Ks, either containing-the 8 aa insert and
lacking this insert, were initially positioned at a distance
=10 A away from the surface of POPC model lipid
membrane bilayers, with positively-charged flat surfaces
facing toward the membrane surface. The structure
model of S. cerevisine PIP5K protein lacking the CSI was
generated using the homology modeling approach as
described above. In the second system, similar studies
were carried out with the PIP5Ks containing the insert
or lacking the insert using DPPC lipid bilayer. The initial
relative orientations of the PIP5K-containing CSI and
PIP5K-lacking CSI with respect to the membrane surface
were same for POPC and DPPC membrane lipid bilayers.
Appropriate counterions were added by replacing water
molecules to neutralize the system. In total, there were
244853 atoms in the simulation box for the system with
CSI-containing PIP5K and 245133 atoms for the system
with CSI-lacking PIP5SK with POPC membrane, and
242059 atoms in the simulation box for the system with
CSI-containing PIP5K and 242333 atoms for the system
with CSI-lacking PIPSK with DPPC membrane. The sec-
ondary structure assessment was carried out using DSSP
program.%4 The analyses of the simulation trajectories
were performed using tools available in the GROMACs
suite.?0:61 All of the MD simulation runs were carried
out using our local GROMACS certified graphical proc-
essing unit (GPU)-accelerated high-performance comput-
ing system obtained from EXXACT Corporation.63

RESULTS

Importance of evolutionary conserved indels
in protein sequences and identification of a
conserved insert in PIPS5K homologs specific
for the fungi (Saccharomycetaceae)

Inserts or deletions in conserved regions of proteins,
which are restricted to homologs from particular groups
of organisms, provide useful molecular tools for genetic,
biochemical, and evolutionary studies.21-23,66  Earlier
works on conserved signature indels (CSIs) in multiple
proteins have established that that such indels play
important functional, and often essential, roles in the
organisms where they are found.22-67:68 In the present
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522 578
[ Saccharomyces cerevisiae S288c 6320414 PNTLICQFYGLHRVKMP [ ISFONKIK |HRKIYFLVMNNLFPPHLDIHITYDLKGSTWGR
Saccharomyces cerevisiae Foste 323305545
Saccharomyces arboricola H-6 401624301
Tetrapisispora phaffii CBS 441 367006328
Torulaspora delbrueckii 367016130
Zygosaccharomyces bailii ISA13 578046771
Candida glabrata CBS 138 50287545
Zygosaccharomyces rouxii 254579757
Lachancea thermotolerans 255716538
Saccharomycetaceae sp. 'Ashbya 513033807
Saccharomycetaceae - Tetrapisispora blattae CBS 628 444322980
Ashbya gossypii ATCC 10895 45201001
Eremothecium cymbalariae DBVPG 363751653
Naumovozyma castellii CBS 4309 366989965 3 ---------ecccceos|ecacaes
Vanderwaltozyma polyspora DSM 156838810  -D--L-----e--Teon [Mevennnn
Kazachstania naganishii CBS 87 403213624 3 ----cccccecenceoconaaaaan
Naumovozyma dairenensis CBS 42 365985099
Kazachstania africana CBS 2517 410076956
Kluyveromyces marxianus DMKU3- 574142992 ---RS---
~Kluyveromyces lactis NRRL Y-11 50302507 Y--RS---
r Cyberlindnera fabianii 663443331 ITYG-
Millerozyma farinosa CBS 7064 448081500 YS-0G
Candida albicans L26 712864062 LFGGG
Debaryomyces hansenii CBS767 294658813 F--SG
Meyerozyma guilliermondii ATCC 146416203
Oth F . Clavispora lusitaniae ATCC 427 260941015
er Fungl 1 Zymoseptoria tritici IP0323 398390243 ¥YI G--VH-V---------R---R-F---e--]--
Aspergillus nidulans FGSC A4 67524617 Y G---H-V---------R---8-F-----MI--
Torrubiella hemipterigena 729181811 Y GK--H-V-----ceeeRe--T-F-vve--V--
Thielavia terrestris NRRL 8126 367047821 Y
Nectria haematococca mpVI 77-1 302900144 Y
L Baudoinia compniacensis UAMH 1 627798901 Y
[ Homo sapiens(«) 208431778 -R--LPK----YC-0AG GKN-RIV----- L-RSVKM- -K- - - - - - -YK-
Mus musculus (o) 568922062 -R--LPK----YC-0AG GKN-RIV----- L-RSVKM-MK- - - - - - -
Rattus norvegicus (o) 672043458 -R--LPK----YC-0AG GKN-RIV----- L-RSVKM-MK- - - - - -~
Homo sapiens(g) 503776444 -R--LPK----YCMQSG GIN-RIV----VL-RSMRM-F- -
Rattus norvegicus(g) 60678264 -R--LPK- - - -YCMQSG GIN-RIV----VL-RAMRM-L- -
Homo sapiens(y) 664806078 -R--LPK----YC-QSG GKN-RVV- - - -IL-RVVKM-LKF
Ani 1 Mus musculus(y) 652697761 -R--LPK----YC-QSG GKN-RVV- - - -VL-RVVKM-LKF
nuna’s Rattus norvegicus(y) 111185940 -R--LPK----YC-QSG GKN-RVV- - - -VL-RVVKM- LKF
Danio rerio (v) 292626348 -R--LPK-F--YC-QSG GKN-RMV- - - -VL-RVVRM-LK- - - - - - -
Gallus gallus(«) 215490072 -R--LPK----YC-0AG GKN-RIV----- L-RSVKM-LK-------
Xenopus laevis(a) 147904449 -R--LPK----YC-0QAG GKN-RIV- -L-RSVRM-LK-
Tetraodon nigroviridis 47219486 KR--LPK----YC-QAA GKN-RIV- -L-SSVRM- LKF
Saccoglossus kowalevskii (v) 585690940 -R--LPK----YTYQCG GKN-RLCC -L-S-IKM-QKF
L Caenorhabditis elegans 25150133 -R--LPK-F--FCYQSL GKN-RL- - -L-QTVTM-EK--M
r Rattus norvegicus (8) 16758316 G---LP--L-MY-LTVD GVET-MV-TR-V-SHR-TV-RK-
Homo sapiens (p) 4505819 G---LP--L-MY-LTVD GVET-MV-TR-V-SHR-TV-RK-------
PIP4K homologs Daniorerio (o) 688613973  G---LP--L-MY-LTVD GDET-MI-TR-V-SHR-PVYKK- - - ----
Xenopus (Silurana) tropicalis (g) 301621726 G---LP--L-MY-LTVD GVET-MV-TR-V-SHR-GV-RK- -~ ----
L Drosophila yakuba (g) 85724746 GK--LP-YL-MY-ITVE SVQY--V--R-V-8S§--T--KKF
Figure 1

Partial sequence alignment of phosphatidylinositol-4-phosphate 5-kinase (PIP5K) homologs showing a 8 aa conserved insert that is uniquely shared
by various species from the family Saccharomycetaceae, but not found in any animal species. Smaller inserts that might be specific for other fungi
are also present in this position. This insert is also not present in any PIP4K homologs. Sequence information is shown here for only a limited
number of species’homologs, however, the characteristics of the conserved insert noted above apply to all. The dashes () in the alignment denote

identity with the amino acid shown on the top line. The Genbank ID numbers of different sequences are shown in the second column.

work, we describe the characteristics of a 8 aa conserved
insert in the PIP5K homologs that is specific for a partic-
ular group of fungi (Fig. 1). Detailed blast searches on
the sequence region containing this insert showed that
within fungi, all of the species belonging to the family
Saccharomycetaceae, which includes S. cerevisiae, con-
tained an 8 aa insert, whereas smaller inserts were also
present in some other fungi. Further as seen from Figure
1, the PIP5K homologs from different animal species
(sequence information is shown for some species) do not

contain an insert in this position. Figure 1 also includes
sequence information for representative sequences of
some PIP4K homologs and this insert is also not found
in the PIP4K homologs.

The evolutionary significance of this conserved insert
was further investigated by constructing a phylogenetic
tree for the PIP5K homologs from various fungi and a
limited number of animal species, as well as some PIP4K
homologs (Fig. 2). In this tree, which was rooted using
the sequences for the PIP4K proteins, PIP5K homologs
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Figure 2
A bootstrapped maximum-likelihood tree based upon PIPSK protein sequences. This tree was rooted using the sequences for the PIP4K homologs.
All of the species containing the 8 aa insert (indicated by an arrow) form a strongly supported clade, which corresponds to the Saccharomycetaceae

species.
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from mammalian species branched distinctly from those
of the fungi. Three different isoforms of PIP5K, which
are found in mammals (viz., rat, mouse and guinea pig)
and other cold-blooded animals, also formed separate
clusters, as also observed in earlier work.69 The PIP5K
homologs from fungal species, which are part of our
analysis, also formed a number of distinct clades. Inter-
estingly, all of the species containing the 8 aa insert
formed a strongly supported clade in the tree that corre-
sponded to the Saccharomycetaceae family of fungi. Most
of the species which contained 4-5 aa inserts in this
position are part of the Debaryomycataceae family of
fungi. Since fungal kingdom is very large comprising of
>70 different families,20:70:71 jt is possible that inserts
of different lengths in this position could be characteris-
tics of specific families/orders of fungi. Although this
aspect needs to be further studied, results presented here
strongly indicate that the 8 aa insert in the PIP5K pro-
tein is a distinctive characteristic of the Saccharomiyceta-
ceae family of fungi. The members of this family contain
large numbers of important fungi, including the widely
studied model organism S. cerevisiae that are of consider-
able environmental and economic importance.72 Hence,
our further work has focused on understanding the
structural and functional significance of this 8 aa con-
served insert.

Sequence analysis of phosphotidylinasitol-4-
phosphate-5-kinase (PIP5K)

Analysis of the PIPSK protein from S. cerevisiae using
the Genesilico MetaDisorder web server indicated that
both the 8 aa conserved insert in this protein, as well as
the kinase activation loop in this sequence, which is a
shared characteristic of the PIP5K family of proteins, are
present in the ordered regions of the protein (Supporting
Information Fig. S1). We have also carried out secondary
structure element analysis of the PIP5K protein sequence
using three different servers; PSI-Pred,35 ]Prf:d,36 and
PSSPred.37 The results of these analyses indicated that
the amino acids corresponding to the 8 aa conserved
insert are predicted to form a coil/loop region and its
flanking residues are predicted to form beta strands [Fig.
3(A)]. Similar secondary structure elements analysis of
the amino acids residues from the activation loop indi-
cates the presence/formation of a helix region within the
activation loop of the PIPSK protein [Fig. 3(A)]. The
results from secondary structure analysis are in broad
agreement with biochemical and nuclear magnetic NMR
studies on activation loop of PIP5K.25

Homology modeling of 8. cerevisiae and human
PIP5K proteins

The absence of any experimentally solved structure for
the Saccharomycetaceae PIP5K severely restrains our abil-
ity to understand the functional significance of the

conserved insert present in this protein. Hence, we have
used the homology modeling technique to generate mod-
els of the PIP5K proteins from S. cerevisine and human
to gain insights concerning the structural characteristics
of the 8 aa insert present in the Saccharomycetaceae
homologs. Suitable templates for modeling of these pro-
teins were obtained by performing PSI-BLAST searches
with the S. cerevisine and human homologs against the
PDB database. As illustrated in Supporting Information
Table S1, these searches identified three structures show-
ing significant sequence identity with higher structure
resolution (<3.0 A resolution) that could act as potential
templates for the target proteins. All three of these crys-
tal structures corresponded to the different isoforms
(alpha, beta, and gamma) of the PIP4K proteins from
Homo sapiens. Due to low structural resolution and miss-
ing structural information, PIP5KIA protein from zebra-
fish24 was not included as a candidate for template.
Except for these four proteins, no other template show-
ing significant similarity to the target proteins was iden-
tified. Sequence similarity of the S. cerevisiae PIP5K
protein to the template sequences was restricted to the
C-terminal half of the protein (that is, residues 393-
753). The N-terminal half of the S. cerevisiae PIP5K pro-
tein (residue ranges from 1 to 392), while conserved in
fungi, showed no significant sequence or structural
homology to any other protein in the protein data bank
(PDB) or the NCBI database. This region was also pre-
dicted to be highly disordered and hence it was excluded
from modeling studies.

Homology models for the C-terminus half of the S.
cerevisine PIP5K protein sequence (393-753 aa) were
generated using the three available high-resolution tem-
plates as described in the “Methods” section. Homology
modeling using multiple templates have been shown to
improve the quality of the generated models.”374 The
multiple sequence alignment between the target protein
and the templates used for homology modeling is pro-
vided in Supporting Information Figure S2. Structural
refinement of the best model and its validation was car-
ried out using ModRefiner energy minimization server
and the RAMPAGE server, respectively as described in
the Methods section. The Ramachandran plot obtained
from RAMPAGE shows that 98% of the residues are in
allowed region, 1.7% residues in the favored region and
0.3% residues (a single residue GLN44) in the disallowed
region. Residues constituting the 8 aa conserved insert
and its flanking region were all found to be in allowed
region [Supporting Information Fig. S3(A)]. The Quality
Model Energy Analysis (QMEAN) score of >0.5 indicates
that the model generated is of good quality. Further-
more, Z score predicted using ProSA-web server provides
an indication of the overall quality of a model and it is
commonly used to ensure the compatibility of the Z
scores range between input target protein structures and
native protein of similar size. 4047 The Z score for
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Figure 3

(A) Secondary structure predictions for the PIP5K sequence from S. cerevisiae for the activation loop (residues 715-735) region and the 8 aa CSI-
containing region (residues 520-556). The insert residues are underlined and colored red. Residues predicted to form helix and strand are highlighted
by green and yellow colors. (B) Cartoon representation of homology model of S. cerevisiae PIP5K. The inset on the right shows surface representation of
part of the model structure (cyan) with the 8aa insert region exposed on the surface in red color. (C) Surface representation of PIP5K from S. cerevisiae
showing the distribution of charge surface. The location of the region formed by the 8 aa CSI is indicated by red dash boxes, the region formed by activa-
tion loop is indicated by blue dash circles and the region involved in ATP binding indicated is shown by yellow triangle. The electronegative potential
scale was set to — 10 Kcal/mol to 410 Kcal/mol. The positively charged surface is shown in blue whereas negatively charged surface is shown in red. The
view on the right shows PIP5K charge distribution after 90° rotation revealing the highly dense positively charged flat surface. Electrostatic Potential sur-
face (EPS) distribution was calculated using PBEQ-Solver server (http://www.charmm-gui.org/?doc = input/pbegsolver).
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PIPSK model was —7.61 [Supporting Information Fig.
S3(B)] which is comparable to the Z score predicted for
the template structures, used as a reference [Supporting
Information Fig. S4(B) and Table S2]. The ProSA plots
were also generated for both the modeled protein and
the templates to display the local quality of model/tem-
plate by plotting the knowledge-based energies as a func-
tion of amino acid sequence position [Supporting
Information Fig. S4(AB)|. Overall, the results predicted
using different servers indicates that the PIPSK model
structure was of good quality and thus can be reliably
used for further analysis. The model for the human
PIP5K protein (residue ranges from 69 to 432 aa) was
generated and validated in a similar manner and its vali-
dation characteristics are similar to that for the PIP5K
model [Supporting Information Table S2 and Supporting
Information Fig. S4(A)], indicating that this model was
also of high quality.

Structural comparisons of the S. cerevisiae PIP5K model
with that of the human PIP5K protein model and the
solved structures of the template proteins (i.e., different
isoforms of human PIP4K) are shown in Supporting Infor-
mation Figure S5. There are two main differences seen in
the structure of the modeled proteins with those of the
solved template structures. First, unlike the solved struc-
tures of PIP4K proteins, where the structure of the kinase
domain activation loop was not determined, this region is
now shown to contain an alpha helix, as predicted by sec-
ondary structure analysis. Recently, Liu et al.2 have solved
the structure of the activation loop of PIP5K using nuclear
magnetic NMR studies and their results also show the for-
mation of an amphipathic helix within the activation loop
upon the interaction with the membrane.2> Second, the
structure of the PIP5K protein from S. cerevisiae differed
from its mammalian counterpart and from the structure of
the PIP4K protein in the region where the 8 aa conserved
insert is found in the yeast protein. The structural super-
imposition of the S. cerevisiae PIP5K homology model
with the recently solved crystal structure of the catalytic
domain of zebrafish PIPSKI1A at 3.31 A resolutionZ4 shows
significant structural similarity with RMSD value of 1.48
A. The amino acid residues corresponding to the 8 aa
insert found in the Saccharomycetaceae homologs formed
an extended loop exposed to the protein surface, which is
absent in the structures of the mammalian PIP5K or
PIP4K homologs [Fig. 3(B) and Supporting Information
Fig. S5]. Although the loop corresponding to the 8 aa con-
served insert is located in the conserved catalytic domain
of the PIP5K, > it is not in the immediate proximity of
the activation loop or the phosphate/ATP-binding site.

Electrostatic potential surface of PIPS5K

The role of electrostatic interaction between the posi-
tively charged surface of proteins and the negative part
of the headgroup of lipid bilayers in cellular localization

has now been clearly elucidated in several stud-
ies.26:75-77 The crystal structures of PIP4Ks, which were
used as templates for homology modeling of the target
PIP5K in our study, and the recently solved crystal struc-
ture of zebrafish PIPSKIA all contain a positively
charged flat surface region that is indicated to interact
with negative part of the headgroup of lipid membrane
bilayer, using electrostatic interaction.!375 Although the
distribution of positive charges differ between PIP5KIA
and PIP4K, the orientation of the catalytic sites relative
to the positively charged flat membrane-binding surface,
which is a fundamental feature for interfacial catalysis, is
conserved.24 In view of this, to investigate the putative
membrane binding sites on the surface of the modeled
PIP5K protein, the electrostatic potentials surface was
calculated. As shown in Figure 3(C), the flat surface
formed by beta sheets in S. cerevisine PIP5SK contains
highly dense positively charged region. The presence of
the two positively charged Lys-residues in the 8 aa con-
served insert further contributes to the positively charged
surface patch in the S. cerevisine PIPSK. Previously, Fairn
et al.26 have shown the presence of similar positive sur-
face electrostatic potential on the equivalent surface of
structural model of three different isoform of mamma-
lian PIP5K (PIP5Kw, PIPSKP, and PIP5Ky), and recently
Hu et al.24 have reported similar features in the crystal
structure of PIPSK1A. These studies have suggested a
role for the positive charged patch on the surface of
PIP5K in directing the protein to the anionic head
groups in lipid membranes.2426 Essentially, the S. cere-
visiae PIP5K models have electrostatic potential profiles
similar to that of mammalian PIP4Ks and PIP5K. The
8 aa conserved insert in S. cerevisiae, due to its presence
on the same face of the protein as the positively charged
surface patch, and its contribution to the overall surface
charge of the protein is thus likely to play a role in facili-
tating the interaction of the PIP5K protein with the
membrane.

Molecular dynamic simulation of PIPS5K.-
membrane system: analysis of the PIPSK
conformational stability and flexibility

We have used the MD simulation approach to probe
the interaction of PIP5K with model membranes to gain
insights into the functional role of the 8 aa fungi-specific
insert. In the kinase proteins, such as PIP5K, several fea-
tures which interact with the surface of membrane
bilayer are known to be well conserved.24:26:78 The
interaction of these proteins with membrane surface is
primarily driven by the electrostatic interaction through
their flattened positively charged surface and the anionic
portions of phospholipid molecules in the
branes.24:26:78 However, the extent of dynamic mecha-
nism of interaction between the Saccharomycetaceae
PIPSK and membrane bilayer has not been fully

mem-
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Figure 4

(A) Snapshots from simulation studies showing the binding interaction of S. cerevisiae PIPSK to the POPC lipid bilayer membrane. The initial ori-
entation and the snapshots from 15, 30, and 100 ns simulation periods are shown. The CSI-containing PIP5K is shown in surface representation
(green) and the 8 aa CSI is shown as red surface. The position of the activation loop is marked with a black circle. The POPC lipid molecules are
shown as ball and stick models (red and green color). (B) The binding interaction of the CSI-lacking PIP5K to POPC lipid bilayer at various time
during the simulation run. The CSI-lacking PIP5K is shown as orange surface and the region where the 8 aa CSI is found is shown by red circle.
(C) The time evolution of the minimum distance between the residues from the 8 aa CSI and POPC membrane bilayer during 100 ns simulation
for the CSI-containing PIP5K. Specific residues from the 8 aa CSI are shown as ILE 147 (Orange), SER148 (Black), PHE149 (Red), GLU150 (Pur-
ple), ASP151 (Green), LYS152 (Blue), IIL153 (Yellow), and LYS154 (Grey). (D) Minimum distance between the residues from the position where
the 8 aa CSI is found (PRO146 (black) and HIS147 (red) and POPC membrane bilayer during 100 ns simulation for the CSI-lacking PIP5K.

understood. To study the association of the S. cerevisiae environments the root mean square deviation (RMSD)
PIP5K with model membranes and the role of the 8 aa analysis was initially carried out. The RMSD values were
conserved in this interaction, MD simulations of the computed for Ca of both insert-containing and insert-
PIP5K was performed in two different model lipid envi- lacking PIP5K models to predict their overall stability
ronments consisting of POPC and DPPC lipid bilayers. over the course of the simulation. During the simulation
The details of the simulation set up used are described with POPC and DPPC, the RMSD values for both CSI-
in Method section. containing and —lacking PIP5K did not fluctuate signifi-

To ensure the global stability of the PIP5K and the cantly indicating that the PIP5Ks remains stable through-
8 aa insert during simulation in different membrane out the simulation [Supporting Information Figs.
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S6(A,B) and S7(A,B)]. Likewise, the RMS fluctuation
(RMSF) of each a-carbon backbone atoms of the amino
acid residues in the PIP5K averaged over the simulation
time in POPC and DPPC membrane environment was
also calculated [Supporting Information Figs. S6(C,D)
and S7(C,D)]. The high peaks in these figures indicate
that these regions in PIP5K are flexible. The position of
residues indicated in the plots corresponds to the C-
terminal half of the PIP5K with the residue position
393-753. Results of these analysis indicate that the resi-
dues from the protein forming the positively-charged flat
surface showed the least amount of movement except for
the loop regions, where higher peaks were observed. The
other high peaks were observed near the C-terminal
region that corresponds to highly divergent and disor-
dered sequence. The region from the PIP5K that contains
the 8 aa conserved insert showed RMSF values that are
typical of exposed surface loop region. The stability of
the secondary structure elements of PIP5K during the
simulation period was also calculated. As shown in Sup-
porting Information Figure S8(A,B), the secondary struc-
ture elements of the 8 aa insert forming surface loop
appeared very stable throughout the simulation. Likwise,
the alpha-helical structure present within the activation
loop also maintained stability during the simulation.

Analysis of the PIP5K.-lipid bilayer
interactions

Visual examination of the interaction of the PIP5K
protein structures with the membrane bilayers in our
simulations revealed that the 8 aa insert interacted with
the membrane surfaces throughout the 100 ns period,
and the binding of the proteins with the lipid bilayers
progressively increased as a function of time. The major
events in our simulation of the interaction of PIP5K with
the POPC and DPPC membrane surfaces are illustrated
in the Figure 4 and Supporting Information Figure S9.
Figure 4(A,B) show series of snapshots showing the ini-
tial orientation of the PIP5K protein containing or lack-
ing the CSI relative to the membrane surface, and their
orientations at 15, 30, and 100 ns simulation periods.
During the simulation, the insert-containing PIP5K ini-
tially interacted with the POPC and DPPC membrane
models via a surface exposed loop formed by the 8 aa
conserved insert (residue position 147-154) and subse-
quently the positively charged flat surface of the PIP5K
associated with membrane surface to form a more stable
association. This was confirmed by measuring the dis-
tance between residues from the 8 aa insert and mem-
brane bilayer surface. In the POPC membrane system,
for the CSI-containing PIP5K, distance of the protein
from the membrane bilayer decreased from initial greater
than10 to <5 A over within 2 ns and then it showed no
significant change over the course of 100 ns simulation
[Fig. 4(C)]. In contrast, for the protein lacking the 8 aa

CSI, no interaction with the POPC bilayer was observed
at 15 and 30 ns, but at 100 ns some binding of the pro-
tein to the membrane was observed [Fig. 4(B,D)]. How-
ever, this binding was in a different orientation than that
observed for the CSl-containing protein and the region
where the CSI is found remained distal from the mem-
brane over the simulation period.

In the DPPC lipid system, although both the CSI-
containing and CSI-lacking proteins were found to bind
to the membrane, their binding configurations were dif-
ferent [Supporting information Fig. S9(A,B)]. In this sys-
tem, the distance of the CSI-containing region of the
protein from the membrane bilayer decreased to <5 A
within 2 ns and showed no further change. However, for
the protein lacking the CSI, the distance from PRO146
and HIS 147, which correspond to the residues that flank
the CSI, and the membrane bilayer showed considerable
fluctuation over the course of 100 ns simulation [Sup-
porting Information Fig. S9(C,D)]. For the protein lack-
ing the insert, activation loop region was also found to
interact with the DPPC membrane bilayer [Supporting
Information Fig. S9(B)].

A more detailed analysis of the interaction between
protein and membrane shows that the residues from the
8 aa insert viz.,, ASP151 (corresponds to residue 543),
LYS152 (corresponds to residue 544), ILE153 (corre-
sponds to residue 545), and LYS154 (corresponds to resi-
due 546) formed a direct interaction with the anionic
head groups of POPC and DPPC membrane lipid bilayer
by forming hydrogen bonds. Less extensive nonbonded
contacts were observed between the residues ILE147 (cor-
responds to residue 539), PHE149 (corresponds to resi-
due 541), GLN150 (corresponds to residue 542) and the
membrane surface.

DISCUSSION

This work reports an 8 aa conserved insert in the
enzyme PIP5K which is specific for the Saccharomyceta-
ceae family of fungi. The enzyme PIP5K due to its cen-
tral the generation of phosphoinositide,
Ptdlns(4,5)-P2, a key molecule in the phosphoinositide
signalling pathway, plays an essential role in controlling
diverse cellular processes. Inserts of other lengths are also
present in the same position in other fungi, which might
be specific for other groups of fungi. Earlier work on
CSIs provides evidence that the genetic changes repre-
sented by them are essential for the groups of organisms
where they are found.22:08,79.80 Removal of these CSIs
or any significant changes in them are incompatible with
cellular growth indicating that these CSIs play important
functional roles.22 Thus, the 8 aa CSIs in PIP5K, which
is specific for the Saccharomycetaceae homologs is also
expected to play an important function in these fungi.

role in

proTeins 1463

70



Ph.D. Thesis - Bijendra Khadka

McMaster University - Biochemistry

B. Khadka and R. S. Gupta

Most studied CSIs in protein structures are present in
the surface loops of proteins, which are predicted to play
important roles in mediating novel protein—protein or
protein-ligand interactions that are specific for the CSI-
containing organisms.67’68’80_84 Our comparison of the
modeled structures of PIPSK proteins from S. cerevisiae
and humans reveal that the 8 aa insert in the S. cerevisiae
PIP5K is also present in an exposed surface loop. This
loop is located away from the activation loop as well as
ATP-binding site and thus it is unlikely that this loop, or
the residues that are part of the 8 aa insert, play a direct
role in the catalytic activity of the protein, which is a
conserved characteristic of the PIP5K family of proteins.
However, this loop is present on the same face of the
protein as the activation loop and due to the presence of
two lysine residues in the 8 aa insert, this loop has a pos-
itively charged character. The essential role of positively
charged surface and highly conserved residues from pro-
tein kinases in membrane binding has been demon-
strated in several previous modeling and mutagenesis
studies.14,85-87

MD simulation technique was used in this work to inves-
tigate the interaction of the CSI-containing and lacking
PIP5K proteins with model membrane bilayers. The results
from these studies support the view that the residues from
the 8 aa conserved insert, through nonspecific electrostatic
interaction, help the S. cerevisiae PIP5K protein to anchor
and associate with the model membrane lipid bilayer surfa-
ces. Our simulations predicts a binding orientation for the
CSI-containing PIPSK protein which is similar to that pro-
posed for the mammalian PIP5K.24 In contrast, the binding
configuration of the CSI-lacking PIP5K to the membrane
was quite different indicating that the presence of the CSI
affects the binding of the protein to the membrane. The res-
idues from the CSI likely affect the overall binding interac-
tion of the protein by playing a role in the anchoring of
PIP5K to membrane surface by binding to negative part of
the zwitterionic headgroup of lipid membrane bilayers.
Additionally, the presence of this insert could also facilitate
closer apposition and proper orientation of the Saccharony-
cetaceae PIPSK protein with membrane surface, and this
could lead to a more productive conformation of the pro-
tein. The surface loops in several other peripheral proteins
have also been shown to play an important role in interac-
tion with membrane surface.?%-87-8

It should be noted that based upon our study it is dif-
ficult to infer the absolute final stable orientation of S.
cerevisine PIPSK on the membrane bilayer. The S. cerevi-
siae PIP5K protein studied in the present work is lacking
the N-terminal half of the protein, which shows no
sequence similarity to any known protein. Thus, it is dif-
ficult to predict what role the missing N-terminal region
of the protein may be playing in the membrane interac-
tion of the fungal PIP5K protein. It should also be noted
that the mammalian PIP5K protein functions as a
dimer!2 and the dimeric form may be necessary for
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maintaining the protein in its proper conformation.
However, there is no information available concerning
the functional form of the fungal PIP5K protein and
whether it also functions as a dimer. Additionally, the
MD simulation in the present work was carried out in a
very simplified system and for relative short period of
time. Simulations of protein—bilayer interactions often
require time scale of several hundred nanoseconds for
full sampling.90 Given the complexity of fungal mem-
brane structure,2®91 future multiscale MD simulation
studies, with a more complex mixture of lipids-
particularly ergosterol, will be useful to provide addi-
tional information regarding the proper binding orienta-
tion of the S. cerevisiae PIP5K to the membrane.

Despite the above limitations, the results presented
strongly suggest that the surface loop formed by the 8 aa
conserved insert in the Saccharomycetaceae PIP5K homo-
logs plays an important role in the binding or anchoring
of these proteins to the fungal membrane surface. Based
on the specificity of the 8 aa insert for the Saccharomyce-
taceae PIP5K, it is likely that the observed binding inter-
action is specific for this family of fungi and they are not
found in other eukaryotic organisms. It is of interest to
note that the fungal cell walls contain polysaccharides
and instead of cholesterol, ergosterol is present in the
fungal membranes.?1:92 These characteristics will affect
the binding of PIP5K with the membrane and they can
also provide a plausible explanation for the presence of
inserts of different lengths in this position in other fungi.
However, the possibility that the role played by this con-
served insert is played by some other protein in higher
organisms cannot be excluded. Further genetic and bio-
chemical studies in model organisms such as S. cerevi-
siael5:26:93 should prove very helpful in understanding
the functional significance of these conserved inserts.
Lastly, it should be noted that the proteins involved in
phosphoinositide signalling pathway, due to their central
role in controlling diverse cellular processes, provide
potential drug targets.5%9495 In this context, the
observed specificity of the 8 aa insert for the Saccharomy-
cetaceae family of fungi, and the predicted essential func-
tion of this insert, the identified CSI in the PIP5K
protein could serve as a potential target for the develop-
ment of novel agents targeting this group of fungi.
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CHAPTER 4
Novel molecular, structural and evolutionary characteristics of the

Phosphoketolases from bifidobacteria and Coriobacteriales

This chapter describes the identification of multiple highly specific molecular
markers in the forms of CSls in phosphoketolase (PKs), a key enzyme involved in
carbohydrate metabolism. The identified CSIs clearly distinguish the PKs of
bifidobacteria from the phosphoketolase enzyme homologs found in most other bacteria.
This chapter also highlights the evidence indicating the horizontal transfer of PKs gene
between bifidobacteria and Coriobacteriales order of bacteria, which is comprised of
saccharolytic organisms and also belongs to the phylum Actinobacteria. In addition,
structural analyses and protein-protein docking study reveals the significance of some of
the identified CSls involved in the formation/stabilization of PKs dimer in bifidobacteria.
My contribution towards the completion of this chapter includes data analysis, molecular
modelling and structural analysis, protein-protein docking study, preparation and revision
of the manuscript, and the production of 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:
Gupta, R.S., Nanda, A., Khadka, B. (2017). Novel molecular, structural and evolutionary characteristics of

the phosphoketolases from bifidobacteria and Coriobacteriales. PloS One, 12 (2), e0172176.
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Abstract

Members from the order Bifidobacteriales, which include many species exhibiting health
promoting effects, differ from all other organisms in using a unique pathway for carbohydrate
metabolism, known as the “bifid shunt”, which utilizes the enzyme phosphoketolase (PK) to
carry out the phosphorolysis of both fructose-6-phosphate (F6P) and xylulose-5-phosphate
(X5P). In contrast to bifidobacteria, the PKs found in other organisms (referred to XPK) are
able to metabolize primarily X5P and show very little activity towards F6P. Presently, very lit-
tle is known about the molecular or biochemical basis of the differences in the two forms of
PKs. Comparative analyses of PK sequences from different organisms reported here have
identified multiple high-specific sequence features in the forms of conserved signature
inserts and deletions (CSls) in the PK sequences that clearly distinguish the X5P/F6P phos-
phoketolases (XFPK) of bifidobacteria from the XPK homologs found in most other organ-
isms. Interestingly, most of the molecular signatures that are specific for the XFPK from
bifidobacteria are also shared by the PK homologs from the Coriobacteriales order of Acti-
nobacteria. Similarly to the Bifidobacteriales, the order Coriobacteriales is also made up of
commensal organisms, that are saccharolytic and able to metabolize wide variety of carbo-
hydrates, producing lactate and other metabolites. Phylogenetic studies provide evidence
that the XFPK from bifidobacteria are specifically related to those found in the Coriobacter-
iales and suggest that the gene for PK (XFPK) was horizontally transferred between these
two groups. A number of the identified CSls in the XFPK sequence, which serve to distin-
guish the XFPK homologs from XPK homologs, are located at the subunit interface in the
structure of the XFPK dimer protein. The results of protein modelling and subunit docking
studies indicate that these CSls are involved in the formation/stabilization of the protein
dimer. The significance of these observations regarding the differences in the activities of
the XFPK and XPK homologs are discussed. Additionally, this work also discusses the sig-
nificance of the XFPK-like homologs, similar to those found in bifidobacteria, in the order
Coriobacteriales.

PLOS ONE | DOI:10.1371/joumnal.pone.0172176 February 17,2017
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Introduction

Bifidobacteria are an important group of commensal microorganisms comprising significant
constituents of the gastrointestinal tracts of humans, other mammals, as well as insects [1-4].
These bacteria are able to metabolize a wide variety of carbohydrates and glycans, and their
genomes are particularly rich in carbohydrates-utilizing enzymes [5-10]. The saccharolytic
ability of bifidobacteria plays a major role in their adaptation as important, and often domi-
nant, inhabitants of the gut microbiota and possibly also for their health-promoting effects
[1,5,6,9,11-13]. Bifidobacteria differ from other gut microbes in terms of their fermentation of
carbohydrates. Specifically, these organisms lack the enzymes aldolase and glucose-6-phos-
phate (G6P) NADP" oxidoreductase, and as such, they are unable to utilize the conventional
glycolysis pathway for carbohydrate metabolism [6]. Instead, bifidobacteria possess a unique
fermentation pathway known as the “bifid shunt” which relies on the enzyme phosphoketolase
to metabolize Fructose-6-phosphate (F6P) [3,14-19].

Phosphoketolases (PKs) are members of the thiamine pyrophosphate (TPP)-dependent
enzyme family that play a crucial role in carbohydrate metabolism in various microbes [17,20].
Based on their substrate specificities, these enzymes can be categorized into two major groups.
The common form of PK present in most organisms shows a substrate specificity mainly for
xylulose-5-phosphate (X5P) (XPK, EC 4.1.2.9), and plays a fundamental role in pentose catab-
olism in obligatory and heterofermentative lactic acid bacteria (LAB), as well as in certain spe-
cies of cyanobacteria and fungi via the phosphoketolase pathway [17,20-22]. In contrast, the
form of PKs found in bifidobacteria (XFPK, EC 4.1.2.22) are unique in exhibiting comparable
affinities for both X5P and F6P [16,18,23,24]. Thus, XFPK, in addition to splitting F6P into
erythrose-4-phosphate and acetyl phosphate, also catalyzes the phosphorolysis of X5P into ace-
tyl phosphate and D-glyceraldehyde-3-phosphate. Due to its ability to metabolize F6P, XFPK
in bifidobacteria serves to link the carbohydrate metabolism pathway to the phosphoketolase
pathway common to lactic acid group of bacteria [17,23,25-27]. Since the activity of PKs
towards F6P is primarily found in bifidobacteria, the presence of the XFPK form of the enzyme
is often used as a taxonomic tool for the identification of bifidobacteria [7,8,19,28,29].

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 basis accounting
for the differences in the two forms of PKs. The amino acid sequences of XPK and XFPK
exhibit more than 40% identity over their entire length, indicating that the two forms of
enzymes are homologous [17,20,26]. The crystal structures of XFPK from Bifidobacterium
breve and Bifidobacterium longum, with some bound cofactors and intermediates, have been
solved [16,20]. The enzyme in bifidobacteria is a dimer with the active site located at the inter-
face formed between the two subunits [16,20]. However, no structural information is available
for the XPK form of the phosphoketolases.

Our recent comparative analyses of protein sequences from bifidobacteria have identified
numerous conserved signature indels (CSIs) in various proteins involved in different cellular
functions that are distinctive characteristics of the bifidobacterial homologs [30].

The present work focuses on the sequence features of the phosphoketolases to identify any
characteristics that could prove helpful in understanding the differences between the two
forms of PKs found in different organisms. These studies have led to the identification of mul-
tiple highly specific molecular differences in the forms of CSIs that clearly distinguish the
XFPK of bifidobacteria from the XPK homologs found in most other bacteria. Interestingly,
most of the molecular signatures that are specific for the XFPK from bifidobacteria are also
shared by the PKs from the Coriobacteriales order of bacteria, which is comprised of saccharo-
Iytic organisms also belong to the phylum Actinobacteria [31,32]. Phylogenetic studies provide
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evidence that the PKs in bifidobacteria are specifically related to those found in the Coriobac-
teriales, suggesting that the gene for PK (XFPK) was horizontally transferred between these
two groups. The results of protein modelling and in silico docking studies presented here reveal
that a number of the identified CSIs in the PK sequences which are distinguishing characteris-
tics of the Bifidobacteriales/Coriobacteriales homologs are present at the subunit interface in
the XFPK structure and they are involved in the formation/stabilization of the protein dimer.
The significance of these observations regarding the differences in the activities of the XFPK
and XPK are discussed.

Methods
Identification of conserved indels and phylogenetic tree construction

Conserved signature indels (i.e. insertions or deletions) in the sequence alignment of phospho-
ketolase were identified as described recently [30,33]. A multiple sequence alignment of the
PK homologs from representative bifidobacteria and other bacterial phyla was created using
ClustalX [34]. The alignment was visually inspected for the presence of different indels that
were flanked on both sides by at least 5-6 conserved amino acid residues in the neighbouring
30-40 amino acids. For all indels meeting these criteria, detailed BLASTp searches were car-
ried out on short sequence segments containing the indel and the flanking conserved regions
(60-100 amino acids long) to determine the specificity of the indels. SIG_CREATE and
SIG_STYLE (available on Gleans.net) were used to create signature files that are shown here
[30,33]. Due to space limitations, sequence information for all Bifidobacterium or Coriobacter-
iales species (or subspecies) is not shown in the alignment files. However, unless otherwise
noted, all of the described CSIs are specific for the indicated groups (i.e. similar CSIs were

not present in the protein homologs from other bacteria in the top 500 Blast hits) [30]. For
phylogenetic analysis, a multiple sequence alignment of PK homologs was constructed from
bifidobacteria, Coriobacteriales and a limited number of outgroup species (Firmicutes and
Actinobacteria). After removing areas of poor sequence conservation using the Gblocks 0.91b
program [35], a maximum likelihood (ML) tree based on the resulting alignment was con-
structed using the MEGA 6 program [36] employing the Jones-Taylor-Thornton [37] and
Whelan and Goldman [38] substitution models, respectively.

Structural analysis of the CSls and homology modeling of
phosphoketolase homologs

The structural models of the PK (or XFPK) protein from several bifidobacteria species (viz. B.
breve, B. bifidum, B. animalis, B. reuteri) were generated using homology modelling. The sec-
ondary structure analyses on the selected homolog sequences were initially performed via
PSIPRED v3.3 web server [39].The crystalized B. longum PK structure (PDB ID: 3A17) was uti-
lized as a template and the comparative modeling was carried out using MODELLER v9.11
[40]. Initially, 200 models were generated and ranked/selected using Discrete Optimized Pro-
tein Energy (DOPE) scores [41]. The secondary structure elements in the regions containing
CSIs were examined and compared with results of the PSIPRED analysis to ensure their reli-
ability. The stereo-chemical properties of the final models were assessed using three indepen-
dent servers: RAMPAGE, ERRAT, and Verify3D [42], [43] [44,45]. These tools use a dataset of
highly refined structures to evaluate the statistical significance of models based on the confor-
mation, location, and the environment of each amino acid in the sequence, as well as the mod-
el's overall structural stability. The superimposition of the validated models with the template
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structures was carried out using PyMOL (Version 1.7.4; Schrédinger, LLC.) to examine the
structure and location of identified CSIs in the PK (or XFPK) structures..

Identification of the macromolecular interface formed between the individual subunit and
the residues in the CSIs that are involved in subunit-subunit interactions was determined by
submitting the three-dimensional coordinate file of the B. longum PFK dimeric structure to
the PDBePISA server using default parameters (Version 1.48)[46].

Protein-protein docking to examine the dimerization potential of the
bifidobacteria PKs

The protein-protein docking approach was utilized to gain insights concerning the structural
roles of the interface interacting residues and to study the dimerization potentials of the PK
homologs from Bifidobacterium species. The structural models of the CSI-lacking forms of
PKs from a number of bifidobacterial species (viz. B. longum, B. breve, B. bifidum, B. animalis
and B. reuteri) were generated using homology modelling methods as described above. The
known structures and the individual structural models of PFK monomers forms were submit-
ted to three fully automated web-based protein-protein docking programs, viz. ZDOCK
(Version 3.0.2)[47], PatchDock (Version Beta 1.3) [48], and ClusPro 2.0 [49] using default
parameters. ZDOCK utilizes grid-based fast Fourier transform (FTT) for efficient global search
of docking orientation between two proteins [47]. Its scoring function is based on pairwise
shape complementarity, electrostatics, and a pairwise atomic statistical potential developed
using contact propensities of transient protein complexes. PatchDock is a very efficient geome-
try-based molecular docking algorithm which is aimed to yield the good molecular shape com-
plementarity of protein-protein complexes [48]. Its scoring function includes both geometric
fit and atomic desolvation energy [48]. ClusPro utilizes PIPER, a rigid body docking program
[50], which is based on a novel FFT based docking approach with pairwise potential [49,50].
The structures with maximum cluster size and the conformation closest to the solved crystal
structure of PFK dimer with lowest root mean square deviation (RMSD) was selected as a rep-
resentative structure for the detailed interface interaction analysis. Visualization and structure
alignment of the CSI-containing and CSI-lacking dimer structure was carried out using
PyMOL (Version 1.7.4; Schrédinger, LLC.). PDBePISA (Version 1.48)[46] server was used for
detailed interface analysis.

Results

Distinguishing features of the phosphoketolase sequences from
Bifidobacteriales and Coriobacteriales

The PKs from bifidobacteria differ from other studied bacteria because of their ability to uti-
lize/metabolize both F6P and X5P. To gain insights into the molecular basis of the differences
in the biochemical properties of PKs from bifidobacteria (XFPK) versus other bacteria (XPK),
a multiple sequence alignment of representative PK homologs from different bacterial groups
was constructed. Examination of this sequence alignment has identified a number of con-
served indels that are uniquely present in the PK homologs from bifidobacteria as well as those
from members of the order Coriobacteriales, but not found in the homologs from other
groups/phyla of bacteria. In Fig 1, we present excerpts from sequence alignment of PKs show-
ing a number of conserved signatures indels (CSIs) found in this protein that are distinctive
characteristics of the Bifiodobacteriales/Coriobacteriales homologs. The first of these CSIs (CSI
#1(11)) is a 3 aa insertion that is commonly shared by all Bifidiobacteriales homologs (all avail-
able homologs without any exception) as well as different Coriobacteriales homologs. Within
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WP_013709140
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CUN08435
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WP_010022981
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€UQ04075

CUNB9296

WP_015522202
WP_018746310
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WP_025428219
WP_006889735

CSI#1(11) CSI1#2
553 582 651 677
HQDPGVTSVLLNKC [FHN' DHVIGIYFATDAN  PTQEIMAASDKLKAL  GIKFKVVNVADL
NS ---v----Pv-S-  ----L---A----GYJ---Y-F---V--
BN ---v----PV-S-  ----L--TA----EY

- -Q--L---A---NK-
<-ITN---PA---  ----LL--L-M-GK-

---UN--YPA---  --M-LL--L-M-SK-
--ITN---PA---  ----LL--L-M-GK-
--ITN---PA---  ----LL--L-M-GK-
<--MN--YPA---  --M-LL--L-M-SK-
-VH--YPC---  ----AL--VEL-DK-
VN--YPC---  --L-LL----A-QD-
-VN--YPA---  ----T---LEL-DK-
-VEA-YPA---  --L-LL----A-QDM
“VNV-YPA---  ----T---L-L-DG-
-VEA-YPA---  --L-LL----A-QDM
--A ND T-IVNA-YPA---  --L-AL--T-M-RE-
A ND T--VNA-YPC---  --L-AL--L-M--KI
) T--VNA-YPA---  --L-AL--T-M-RE-
-VNA-YPC---  --L-AL--L-M--KI
-VNA-YPC---  --L-AL--V-L-REH
-VNA-YPA---  S-L-AL--T-L-RGT  -VSVRF---V--
PEIVRA-LPA---  --L-AL--VTI-HEHLPEL-VRF---V-M
AD-VRM-LPP-T-  --L-V---VTI-RDEMPEL-IR----V--
AD-VRM-LPP---  --K-AL--VTI-RDNIPEL-IRF---V--
- PEF-RE--PA---  S-L-TL--ISI-HKRFPEM-IRYI--V--
--A--FINSVVE-K SEIARV-LPP-T-  --N-TV--AAI-TEHLPEL-VR----V--
- PEIVRV-LPP---  --L-TL--V-L-RQHFPELRVR----V--
PD-VR--LPP-V-  --K-AL--TAM-ROFFPNLRIRF-S-I--
AD-VRM-LPP---  --L----- VTI-RDEMPEL-IR----V--
AD-VRM-LPP- - - --L-T---VTI-RDEMPEL-IR----V--
SD-VRL-LPP--- --L-TL--VTI-REALPE--IR-I--V--
AE--RV-LPP---  --M-AL--T-L-RQHFPDL-IRF---V--
FIDNVV--K AE-VRV-LPP---  --L-TL--VSI-R-YLPEL-IR----V--
FIDHWV--K AD--RV-LPP---  --L-TL--VOLMREHLPEL-IR----VN-
- -~ --FMDHWV- -K AE--R--LPP---  --L-TL--VEL-REHFPEL-VR-I--V--

Fig 1. Excerpts from a sequence alignment of phosphoketolases showing a number of conserved signature indels
(CSils) that are either uniquely found in members of the orders Bifidobacteriales and Coriobacteriales or are
commonly shared by the members of these two orders. For the CSI # 1(11) shown in this figure, CSI #1 refers to the 3
aa insert that is specific for the bifidobacteria and most Coriobacteriales, whereas the CSI # 11 corresponds to the 2 aa insert
present in the same position in members of the genera Collinselllaand Coriobacterium. The dashes (-) in this alignment as
well as in all other alignment figures indicate identity with the amino acid on the top line. Sequence information is presented
for only a limited number of species. However, unless otherwise indicated the described CSls are specific for the indicated

groups of bacteria.

doi:10.1371/journal.pone.0172176.9001
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the Coriobacteriales, while the Atopobium and Olsenella spp. contain a 3 aa insertion similar to
that found in the bifidobacteria, a shorter 2 aa insert is present in the Collinsella and Coriobac-
terium spp. (the shorter insert found in the latter taxa at the same position is referred to as CSI
#11). The second CSI shown on the right hand side in Fig | (CSI # 2) is comprised of a 2 aa
deletion that is specifically found in all Bifidobacteriales and Coriobacteriales homologs. Both
of the identified CSIs are flanked by conserved regions and, except for their shared presence in
all sequenced Bifidobacteriales/Coriobacteriales homologs, they are not found in homologs
from any other bacteria (within the top 500 Blast hits). In addition to the CSIs shown in Fig 1,
4 other CSIs were identified in the sequence alignments of PKs (CSIs # 3-6), which are also
commonly shared by all PK homologs from the Bifidobacteriales/Coriobacteriales. Sequence
information for these CSIs (#3-6) is provided in Figures A, B and C in 51 Fig. These CSIs are
also either uniquely or mainly found in the PK homologs from Bifidobacteriales and Coriobac-
teriales. However, in some of these cases, CSIs of similar lengths are also present in a limited
number (=2 5%) of other unrelated bacteria.

The sequence alignment of PK sequences also contains a number of additional CSIs where
inserts of different lengths are present in the same positions in the Bifidobacteriales and Corio-
bacteriales homologs. These CSIs permit differentiation among the PK homologs found in
these two orders of bacteria, and also between certain members of these two orders. In Fig 2A,
sequence information is presented for a conserved region where a 2 aa insert is present in all of
the PK homologs from bifidobacteria (CSI #7), whereas the homologs from Coriobacteriales
contain a 3 aa long insertion (CSI #9) in the same position. In another location within the
sequence alignment of PKs (Fig 2B), a 3 aa insert is present in the PK homologs of most bifido-
bacteria (CSI #8), whereas the homologs from Coriobacteriales, as well as a number of deep-
branching members of the order Bifidobacteriales, were found to contain a 2 aa insertion in the
same position (CSI #10). Lastly, one additional large CSI (11 aa long insertion) present in the
PK homologs is only found in the Coribacteriales homologs belonging to the genera Collinsella,
Coriobacterium and Olsenella, but it is not found in members of the genus Atopobium or Bifi-
dobacteriales species. Sequence information for this CSI (CSI #12), is presented in Figure D in
S1 Fig.

Phylogenetic branching pattern of the PKs indicate horizontal gene
transfer from Coriobacteriales to the Bifidobacteriales

The shared presence of multiple CSIs by the PFK homologs from bifidobacteria and Coriobac-
teriales strongly suggests that the homologs from these two groups are closely related.
Although the orders Bifidobacteriales and Coriobacteriales are both part of the phylum Actino-
bacteria, in phylogenetic trees based on 165 rRNA and other genes/proteins sequences, mem-
bers of these two orders exhibit distinct branching [51-54]. In contrast to the Bifidobacteriales,
which branch in the proximity of the order Actinomycetales, the Coriobacteriales species, along
with the other members of the class Coriobacteriia, form one of the deepest branching lineages
within Actinobacteria [51,53,54]. To understand the significance of the shared presence of
multiple highly-specific sequence features by these two groups of bacteria, a phylogenetic tree
based on the sequences of PK homologs was constructed. The maximum-likelihood tree based
on PK sequences, shown in Fig 3, contains information for all bifidobacteria and Coriobacter-
iales homologs as well as limited representatives from other orders of Actinobacteria, and also
some sequences from the deeper branching Firmicutes phylum. In this tree, which was rooted
using sequences from the Firmicutes species, the homologs from bifidobacteria and Coriobac-
teriales formed a strongly supported clade, which branched deeply in comparison to the homo-
logs from other actinobacteria, and this clade was separated from all other bacteria by a long
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(A)

Coriobacteriales
(17/17)

Bifidobacteriales
(>50/>50)

Other bacteria
(28/>500)

(B)

Coriobacteriales
(17/17)

Bifidobacteriales
(>50/>50)

Other bacteria
(0/>500)

n

Atopobium parvulum
Atopobium rimae
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Parascardovia denticolens
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Aliterella atlantica
Amycolatopsis halophila
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7 Lewinella persica
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Atopobium parvulum
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Atopobium vaginae
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Bifidobacterium indicum

Bifidobacterium actinocoloniif
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Bifidobacterium bifidum
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Bifidobacterium bohemicum
Bifidobacterium breve
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Bifidobacterium magnum
Bifidobacterium pseudolongum
Bifidobacterium subtile
Bifidobacterium tsurumiense
Gardnerella vaginalis
Parascardovia denticolens
Scardovia inopinata
Alloscardovia criceti
Alloscardovia omnicolens
Acidiferrobacter thiooxydans
Actinomadura formosensis
Clostridium acetobutylicum
Enterococcus avium
Herbidospora daliensis
Lactobacillus fructivorans
Mycobacterium lentiflavum
Nitrosococcus halophilus
Spirosoma spitsbergense

WP_012809302
WP_003149429
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WP_006719698
WP_013709140
WP_021725123
AAR25976
WP_003812794
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WP_049217571
AAR25960
AAR25964
WP_026502452
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WP_033501227
AAR25981
WP_022857642
WP_033890392
WP_033517588
KX118594
WP_007147361
AGI92342
AGI92360
WP_045056542
WP_034277341
WP_051955952
WP_041465345
WP_027189845
WP_020568843
GAP66945
WP_006341288
WP_055608822
KPC73396

WP_012809302
WP_003149429
WP_061103300
CUP20669

WP_006719698
WP_013709140
WP_021725123
WP_059055081
WP_033490190
WP_033503331
WP_015021938
WP_033498555
WP_003812794
AAR98784

WP_033520339
ADF97524

ADY17517

AAR9B787

WP_034250240
WP_022857642
WP_024462918
KFJ05925

KXI118594

WP_006289090
WP_006293010
WP_018143580
WP_049217571
WP_065970739
WP_067796256
WP_034583456
WP_049219171
WP_062436695
WP_039145104
CQD14284

WP_013031820
WP_020607379

CSI#7 (9)
444 489
DETASNRLQPSFQVTDKQWFGGFND DFE NDEHISPVGNVIEQLSE

---YVDKDK -L- --GEL-QT-S-
---DA--YE -EA ---LLAGS-K-V
-LA-HYA -AD --DLLA-S-R-
-DA--YA

-DA-YIS
-DN-YLS
---DN-YLS
---DA-YLS

Bl
EL
AQ v
BT
AQ v T
EQT -Q-T
sa v -Q-T
AQ v -Q-T
AL v -Q-v
D- v -Q-v
ELT -Q-T
6L v -Q-T
SL V---MAVT-Q-T-
AL V--- -Q-T--
SL V- -Q-T
E R-M
T-- -R---
E-- -R-
T R
- R
-R
-R-
-WSAL -EA-NRMFTAEILS R
-AVYD-SG-A-QA-TL- R
--GAA-E- - -RAFNARIEP -R-
CSI #8 (10)
377 421
ANGGTIRRNLVLPDAKKYEI PV AEKGHGFGATEATRVLGEYTAE

----LL-08-D----

--NLED-KV SE-
ELDQ--V TG-
ALED- -V KE-
--NLED--V KE-
--NLDD--V KE-
--ELDQ--V TG~
--KLED--V KE-
--KLED--V KE- --
--KLED--V KE-
-TLDD--V KE-
--VLDD-KV KE-
--ALED--V TE-
--AIED--V TE=
-VHA-AV
- ---FRD-AV
-LLL-E-RT--FRD-AV
- IDPKPMTM-NW-Q-A-
-KLL-P----- FRD-TV
-IDPKP-D- - -YRD-AL
--FRD-AV
-FRN-AV
--LLLKD-HM- -FGE-AV

=
=

K-F---W-QL-
PVPNP-HAYM-S-Y
PVDKP-TTT--P--R--TFLRD
DVPTP-STVKQDMIE- -K-VRD
DTTTP-AVMAQDMI - F - QQARD
DVPAP-TAT--P----- RFLRD
DI-TP-ATEN-DMV-WS-WLRD
PVDKPAAATH- - - - - - -TFLRD
QVPKP-QMEV-N--P- - -FLRD
NVPSP-AIEASV-YIA-QFLRD

Fig 2. Partial sequence alignments of phosphoketolases showing a number of conserved signature indels (CSls)
where indels of different lengths are present in the same positions in members of the orders Bifidobacteriales
and Coriobacteriales. When two different CSls are present in the same position, in our numbering scheme, the first
number refers to the CSI found in Bifidobacteriales group, whereas the second number in parenthesis describes the CSI
found in the Coriobacteriales. Thus, CSI #7 and CSI #8 shown in this figure (parts A and B) refer to the indels present in all
or most Bifidobacteriales, whereas CSI| #9 and CSI #10 describe the indels found either only in the Coriobacteriales or in
the Coriobacteriales plus certain deep branching bifidobacteria. The dashes (-) in the alignment indicate identity with the
amino acid on the top line. The evolutionary interpretation of these indels is provided in the text and in Fig 3.

doi:10.1371/journal.pone.0172176.9002
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Fig 3. A maximum likelihood distance tree based on PKs sequences for members of the phylum
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Actinobacteria are representative outgroup species from the phylum Firmicutes. The numbers on the
nodes indicate bootstrap scores for the group of species represented by different nodes. In this tree, members
of the order Bifidobacteriales branch with the Coriobacteriales and the clade comprising of these two orders is

separated from all other Actinobacteria/bacteria by a long branch. Based on the species distributions of
different CSls, the evolutionary stages where genetic changes giving rise to different CSls have likely

occurred are marked.
doi:10.1371/journal.pone.0172176.g003
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branch. The observed branching and the strong affinity of the bifidobacterial homologs with
the Coriobacteriales in the PK tree is in contrast to the distinct branching of the members of
these two orders in the 165 rRNA tree and phylogenetic trees based on other genes/proteins
sequences [51,53,54]. The observed results strongly suggests that the gene for the PK has been
horizontally transferred between these two orders of Actinobacteria, and based on the known
deeper branching of the order Coriobacteriales [31,51,53], the gene transfer has likely occurred
from a Coriobacteriales to the Bifidobacteriales.

The inference from phylogenetic studies that the PK gene in Bifidobacteriales has been
acquired from Coriobacteriales permits us to offer the most parsimonious explanation for the
species distribution of different CSIs that are found in the PK homologs from these two groups
of bacteria. Thus, the CSIs #1-6, where CSIs of similar lengths are present in different Corio-
bacteriales and Bifidobacteriales homologs, were likely present in the transferred Coriobacter-
iales PK gene. It can also now be inferred that the transferred Coriobacteriales PK gene
contained a 3 aa insertion where the CSI #7(9) is found and an insertion of 2 aa, where the CSI
#8(10) is present (Fig 2). Subsequent to the acquisition of this PK gene by a common ancestor
of the Bifidobacteriales, further changes have occurred in this region that account for the differ-
ences in the lengths of the CSI #7 versus CSI #9, and CSI #8 versus CSI #10 between the Corio-
bacteriales and the Bifidobacteriales. These changes include a 1 aa deletion in the PK gene in
the common ancestor of bifidobacteria where the CSI #7 is found, and a 1 aa insertion in the
PK gene in the common ancestor of bifidobacteria, except the deepest branching members,
where the CSI # 8 is found. The species specificities of different identified CSIs and the evolu-
tionary stages where the genetic changes which gave rise to these CSIs have likely occurred are
marked in the phylogenetic tree shown in Fig 3.

The species distributions of different CSIs also provide insights concerning the Coriobacter-
iales taxa from which the PK gene was likely transferred to the Bifidobacteriales. Of the
described CSIs, the CSI #12 (Figure D in S1 Fig) is a specific characteristic of the PK homologs
belonging to the genera Collinsella, Coriobacterium and Olsenella, but it is lacking in members
of the genus Afopobium. The absence of this large CSI in all Bifidobacteriales homologs pro-
vides evidence that the PK gene was not acquired from members of the order Coriobacteriales
which contain this CSI, but instead it originated from a member of this order lacking this CSI,
such as a members of the genus Atopobium or closely related taxa. The CSI #1(11) (Fig 1)
where a 3 aa insertion is found in all Coriobacteriales and Bifidobacteriales PK homologs,
except those from the genera Collinsella and Coriobacterium also provides evidence that the
transferred PK gene was not derived from these two genera of the Coriobacteriales.

Locations of the CSls in the phosphoketolase structure and their
possible significance

The phosphoketolase protein is comprised of three domains: N-terminal PP-domain (PP-D),
middle PYR-domain (PYR-D), and the C-terminal domain (CT-D). The locations of the dif-
ferent identified CSIs in the primary structure of the B. longum protein are depicted in Fig 4.
The insertions in the PK sequence in this figure are indicated by red-colored bold and under-
lined residues, whereas the deletions are present in between the residues marked in blue. Sec-
ondary structure elements of the sequence are displayed above the primary sequence, with
helices shown as cylinders and sheets shown as arrows. As seen, the identified CSIs are present
in different domains of the bifidobacteria PK homologs.

We have also mapped the locations of different CSIs in the crystal structure of PK from B.
longum and a surface representation of the CSls in the structure of a PK monomer (PDB ID:
3Al7) is shown in Fig 5. The three different domains in the protein are shown in three different
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Fig 4. Primary sequence of phosphoketolase protein from Bifidobacterium longum depicting the location of
different CSls. Secondary structure elements are displayed above the primary sequence, with helices shown as cylinders
and sheets shown as arrows. The secondary structure information was obtained directly from the solved structure of B.
longum PK from Protein Data Bank (PDB ID: 3A17). NCBI CD-search webserver was used to demarcate the three
domains (yellow boxes): N-terminal PP-domain (PP-D), middle PYR-domain (PYR-D), and the C-terminal domain (CT-D).
The eight identified CSls in bifidobacteria PKs are indicated by bold and underlined residues, insertions are shown in red
and the positions where deletions are present are shown in blue. The arrows on the top of CSls indicate the residues
contributing in subunit-subunit interactions, as determined via the PISA webserver.

doi:10.1371/journal.pone.0172176.9004

shades of green color; pale green as the N-terminal (PP) domain, lime green as the middle
(PYR) domain, and forest green as the C-terminal domain. The bound TPP cofactor located at
the active site is shown in magenta. Close-up views of the regions of the PK protein containing
the eight bifidobacteria CSIs are shown in cartoon representation with the insertions depicted
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Csl#7

13a deletion(D7638-K763)

3 2a insertion (F567-N569)

1 3a insertion {E246)

Csl#8

3 aa insertion (F251-D253)

3 aa insertion {K397-v399}

D N-terminal (PP) Domain | Middle (PYR) Domain - C-terminal Domain

Fig 5. Surface representation of the phosphoketolase crystal structure monomer from Bifidobacterium longum (PDB ID: 3AI7). The three
different domains in the protein are shown in three different shades of green color; pale green as N-terminal (PP) domain, lime green as Middle
(PYR) domain, and forest green as C-terminal domain. The bound TPP cofactor located at the active site is shown in magenta. Close-up views of
the regions containing eight different Indels are shown in cartoon representation with the insertions are depicted as red and the deletions as blue.
The locations of the two deletions are highlighted by coloring the flanking residues as blue.

doi:10.1371/journal.pone.0172176.9005
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CSI#7 Csi#1

Fig 6. Surface representation of the phosphoketolase crystal structure dimer from Bifidobacterium longum (PDB ID: 3Al7).
Individual monomers are shown in two different shades of green (pale green and forest green). The residues from two different CSls (#1 and
#7) that are indicated to be involved in the dimer formation are highlighted red. The lower figures show close-up views of the 2 aa (CSI # 7)
(left; D461-E462) and the 3aa insertion (CSI # 1) (right, F567-N569) (shown in red). Individual residues are labelled and clearly show their
close proximity to the other subunit.

doi:10.1371/journal.pone.0172176.9006

in red and the deletions in blue (Fig 5). As seen from Figs 4 and 5, most of the identified CSIs
in the PK protein are present in between the secondary structure elements found in the protein
and most of them are located on the surface of the PK monomer. The only exceptions seen are
CSIs #3 and #5, where single amino acid insertions have occurred at the end of a helix or beta
sheet leading to possible lengthening of these structural elements.

The functional PK enzyme in bifidobacteria is a dimer with the active site located between
the subunit interface. To explore the macromolecular interface formed between the individual
monomers and to determine if any of the CSIs in the bifidobacteria PK are involved in the
interaction between the subunits, the structural coordinate file for one of the PK subunit from
B. longum (PDB ID: 3A17) was submitted to the PDBePISA server (Version 1.48; Krissinel and
Henrick, 2007). A surface representation of the phosphoketolase dimer from B. longum show-
ing the subunit interaction is shown in Fig 6. Individual monomers in this figure are shown in
two different shades of green (pale green and forest green). As seen from Fig 6A, the residues
from two different CSIs (shown in red) are located at the subunit interface and are indicated to
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Table 1. Protein-protein docking results of Bifidobacterium XFPK structure models for the CSis-containing and CSls-lacking proteins.

CSl-containing Structure CSl-lacking Structure
Homolog zD \ PD \ cp zD PD cP
Bifidobacterium bifidum | 5,665.215 39,802 -3,141.1 1,331.985 | 39,648 | -2,301.8
Bifidobacterium animalis 3,206.406 ‘ 54,118 ‘ -2,686.3 2,195.556 | 25,188 -,2,355
Bifidobacterium longum | 3,217.031 48,084 -3,673.6 2,044.969 | 28,778 | -2,572.4
Bifidobacterium reuteri | 4947.682 \ 51414 | -2.8204 2974984 45922  -2,609.8
Bifidobacterium breve 6,422.722 | 26, 438 -3,446.4 2,114.679 20,230 -2,591.3

Three different servers viz. Z-DOCK score (ZD), PatchDock score (PD), and ClusPro (CP) were utilized to create the dimer complex of PFK. The docking
results are shown as Z-DOCK score, PatchDock geometry shape complementary score, and ClusPro (CP) lowest energy score (negative value). The
removal of the CSls # 1 and #7 from PFK homolog structures from Bifidobacterium species resulted in a dimer with decreased docking score when
compared to the docking scores of unmodified (CSI-containing) proteins, as determined by all three servers.

doi:10.1371/journal.pone.0172176.t001

be involved in dimer formation. Close-up views of the two CSIs which are located at the sub-

unit interface, viz. CSI #7 (D461-E462) and CSI #1 (F567-N569), are shown in Fig 6B. Of the

CSIs located at the interface, several residues are involved in specific interactions; GLU (E) at
position 462 is involved in hydrogen bonding, PHE (F) at position 567 is an interface residue,
and HIS (H) at position 568 is involved in salt bridge formation.

To explore the roles of the CSIs #1 and #7 in the formation/stabilization of the PK dimers
in bifidobacteria, dimerization potentials of the bifidobacterial PK homologs with and without
these CSIs were investigated by means of protein-protein docking studies. For these studies,
both the known structures, as well as the validated homology models of PK from several bifi-
dobacteria species which either contained or lacked the CSIs # 1 and #7, were submitted to the
three online protein docking servers: ZDOCK (Version 3.0.2; Pierce et al., 2011), PatchDock
(Version Beta 1.3; Duhovny et al.,, 2002), and ClusPro 2.0 (Comeau et al., 2004). The docking
scores obtained from the three different servers are shown in the Table 1. As seen from
Table 1, the docking scores (i.e. dimerization potentials) of PFK homologs that contained the
CSIs were much higher in comparison to those obtained with the CSI-lacking homologs, and
all three docking servers yielded similar results. The results from the ZDOCK-server, which
consistently produced dimer conformations with lower RMSD values compared to the other
servers, were then uploaded to PDBePISA (Version 1.48; Krissinel and Henrick, 2007) for
detailed interface analysis. The representative structure of B. breve PFK dimer structure con-
taining CSIs as well as lacking the CSI #1 and CSI #7, obtained from ZDOCK is shown in the
Fig 7. As shown in Fig 7, the residues in the CSI #1 and CSI #7 (labelled and highlighted red)
provide additional surface area for binding and interaction at the interface and for dimer for-
mation. The removal of the residues corresponding to these CSIs in the region resulted in the
loss of an interacting surface at the interface (Fig 7c).

Discussion

Bifidobacteria differ from all other microbes in using a unique fermentation pathway known
as the “bifid shunt” for the metabolism of different carbohydrates [5-7,14]. A key component
of the “bifid shunt” enabling carbohydrate metabolism via this pathway is the presence of a
novel form of the enzyme phosphoketolase (XFPK), which, in addition to carrying out phos-
phorolysis of X5P, is also able to convert F6P into erythrose-4-phosphate and acetyl phosphate
[18,20,24,29]. The existence of the bifid shunt allows bifidobacteria to produce more ATP
from carbohydrates than through other conventional pathways [5,6,20]. Specifically, the bifid
shunt yields 2.5 ATP per mole of glucose compared to 2 ATP per glucose formed via the
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(a) Docking Scores
CSls Present

CSls Absent
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X
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CSl#7 CSI#1

(b)

D 461-E462 F567-N569

©

Fig 7. (a) The crystal structure of Bifidobacterium breve phosphoketolase dimer (PDB ID: 3AHC;
green) with all CSls present in the structure (red) versus model structure of the B. breve
phosphoketolase dimer with the CSls #1 and # 7 removed (orange). The dimers were generated by
submitting the individual monomers (crystal structures and homology models) to three webservers: Z-DOCK,
PatchDock, and ClusPro. The difference in docking scores generated by these servers is shown. The
representative dimer PK from B. berve was calculated using ZDOCk. Removal of the CSls resulted in small
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cavities along the dimer interface (indicated by dashed circle) and a significantly reduced score. (b) Close-up
views of the residues from 2 aa insertion and 3 aa insertion show that these CSls are located at the dimer
interface and directly involved in interactions with the other subunit (indicated by an arrow). (c) Close-up views
of the region in the protein from where the residues corresponding to 2 aa insertion (CSI # 7) and 3 aa
insertion (CSI # 1) were removed. The gaps created by the removal of these CSl are indicated by dashed
circle.

doi:10.1371/journal.pone.0172176.9007

Embden-Meyerhof-Parnas glycolytic pathway [5,6,20]. Each mole of glucose also leads to the
formation of 1.5 moles of acetate and 1 mole of lactate. The formation of these metabolites is
of great benefit to the host organisms; the acetate produced in the gut is transported to the
liver and used for the production of ATP, whereas lactate possesses anti-microbial activity and
prevents proliferation of potential pathogens [5,5,6,20,55,56].

Phosphoketolases exhibiting high degree of sequence similarity to the bifidobacterial XFPK
are widely distributed among prokaryotic organisms, and certain eukaryotes, but they exhibit
specificity for only X5P and are unable to metabolize F6P [17,22,26,57-59]. However, the
molecular and/or structural characteristics that differentiate the XFPK from XPK, which may
be responsible for the important differences in their biochemical properties, are not known at
present. Analyses of PK sequences from different organisms carried out in this work have pro-
vided important insights in this regard. Based on comparative analyses of PK sequences, this
work has identified multiple high-specific sequence features in the forms of CSIs in the PK
sequences that clearly distinguish the XFPK homologs of bifidobacteria from the XPK homo-
logs found in most other organisms. An interesting and unexpected result is the discovery that
the XFPK homologs from bifidobacteria are closely related to those found in the order Corio-
bacteriales and that most of the CSIs that are distinctive characteristics of the bifidobacteria
XFPK are also present in the Coriobacteriales PKs. Phylogenetic studies on PK sequences show
that the homologs from bifidobacteria from a strongly supported clade with the Coribacteriales
PKs and the observed branching pattern of species from these two orders is different than that
seen in phylogenetic trees based on other gene/protein sequences [51,53,54]. The observed
branching pattern strongly suggests a horizontal transfer of the PK gene between these two
orders of Actinobacteria. The phylogenetic branching pattern and the species distribution of
different identified CSIs suggest that the PK gene was horizontally transferred from a Corio-
bacteriales to the common ancestor of the Bifidobacteriales that the Coriobacteriales taxon from
which the PK gene was acquired likely corresponded to a member of the genus Atopobium or a
closely related species.

The findings from this study indicate that XFPK homologs from bifidobacteria differ from
all other XPK homologs (except those from the Coriobacteriales) by many highly-conserved
sequence features and they strongly suggests that the described sequence characteristics should
play an important role in the observed differences in the biochemical characteristics of the
XFPK and XPK homologs. The identified conserved indels are present in different regions of
the XFPK protein sequence, and their structural analysis reveals that all of the identified CSIs,
except possibly two, are located in the surface loops of XFPK. Earlier work on conserved indels
provides evidence that the genetic changes represented by such indels are essential for the
proper functioning of the proteins in the CSI-containing organisms, and the removal of such
CSIs has detrimental effect on the proper functioning of the concerned proteins [60]. The
localization of CSIs within surface loops of the proteins has also been noted in a number of
previous studies [30,61,62]. The surface loops in protein sequences constitute highly accessible
regions of the protein and they are known to play important roles in mediating protein-pro-
tein and protein-ligand interactions [63]. In a number of cases, surface loops in protein
sequences due to either enabling (i.e. facilitate interaction) or disabling (prevent interactions)
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characteristics have been shown to play important role in determining the oligomeric state of
proteins [63,64].

Much of the work on PKs thus far has focused on bifidobacteria. The functional enzyme
(XFPK) in bifidobacteria is a dimer with its active site located in between the two subunits.
Our analyses of the conserved indels found in the bifidobacterial PKs show that at least two of
these CSIs (viz. CSI #7 (D461-E462) and CSI #1 (F567-N569)) are located at the subunit inter-
face, and they are indicated to play a role in the formation/stabilization of the protein dimer by
means of hydrogen bonding, salt bridge formation or by providing an additional surface for
subunit interaction. Studies on the dimerization potentials of the monomeric XFPK proteins,
which either contained or lacked these CSlIs, show that the docking scores for the XFPK mono-
mers, which contained the CSIs were consistently higher in comparison to those obtained with
the corresponding proteins that lacked these two CSIs. These results support the hypothesis
that at least some of the CSIs, which distinguish the XFPK homologs of bifidobacteria from the
XPK homologs, play an important role in the formation/stabilization of the dimeric form of
the XFPK enzyme. In contrast to bifidobacteria, very limited work has been carried out on PKs
from other bacteria and no reliable information is available concerning the oligomeric state of
the functional XPK enzyme. Because the latter proteins are lacking the CSIs involved in the
formation/stabilization of the dimeric protein, it is possible that the PK enzymes found in
other microbes may function as monomers, or that the dimers formed in these cases are less
stable, thus affecting the ability of the enzyme to bind to different substrates (viz. X5K and
F6P). However, besides the CSIs that are indicated to be involved in dimer formation/stabiliza-
tion, a number of other CSIs differentiating XFPK and XPK homologs are present in other
parts/locations in the protein, and their influence on the overall functioning of the XFPK,
including its regulation or its ability to recognize both X5K and F6P, remains to be explored.
Further work on understanding the functional significance of different identified CSIs on the
biochemical activities of the XFPK/XPK homologs should prove very relevant and informative
in these regards.

Lastly, our observation that the PKs from bifidobacteria are closely related to those found in
the Coriobacteriales, and that the PK gene in bifidobacteria was likely acquired from the latter
group of microbes by means of HGT shifts our focus to the order Coriobacteriales. It is of inter-
est in this regard that similar to the bifidobacteria, members of the order Coriobacteriales are
also commensal organisms and they constitute significant constituents of the gut microbiota
in humans and other animals [32,65,66]. Further similar to the Bifidobacteriales, some mem-
bers of the order Coriobacteriales viz. Atopobium and Olsenella are associated with periodon-
tal/endodontic infections, and the species Atopobium vaginae is commonly found (~ 80% of
the cases) in bacterial vaginosis [32,67,68]. The order Coriobacteriales is a part of the class Cor-
iobacteriia [31,32,52]. However, of the two orders that are present in this class, only members
from the order Coriobacteriales exhibit saccharolytic ability and are able to metabolize glucose
and wide variety of other carbohydrates, producing lactate and acetic acid as the main metabo-
lites [31,32]. In contrast, the other order, Eggerthellales, is entirely made up of assacharolytic
organisms [31] and no PK homolog could be detected in these bacteria. It should also be noted
that Tween 80, which is a constituent of the growth medium for bifidobacteria, also exhibits a
stimulatory effect on the growth of various Coriobacteriales species [3,8,32]. Thus, members of
the order Bifidobacteriales and Coriobacteriales are very similar to each other in terms of their
ecological niches, pathogenicity profiles, as well as their ability to utilize different carbohy-
drates and the metabolite end products produced [3,5,6,8,32,66,69]. In view of these observa-
tions and the remarkable similarity in the sequences of PK homologs from these two orders of
bacteria, including the shared presence of large numbers of highly specific conserved indels, it
is quite likely that the PK homologs from Coriobacteriales, similarly to the bifidobacteria, may
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also be able to recognize and metabolize both X5K and F6P as substrates. Thus, it is possible
that Coriobacteriales may constitute another group of microbes which are able to metabolize
carbohydrates via the “bifid shunt”. Further biochemical investigations in this regard should
be of much interest.

Supporting information

S§1 Fig. Sequence alignment files of PKs showing other conserved indels that are uniquely
shared characteristic of the bifidobacteria and/or Coriobacteriales homologs.
(PDF)
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CHAPTER 5
Novel Sequence Feature of SecA Translocase Protein Unique to the Thermophilic

Bacteria: Bioinformatics Analyses to investigate their Potential Roles

PREFACE

This chapter highlights the identification of two large CSls in SecA proteins that
are distinctive molecular characteristics of the members of thermophilic and
hyperthermophilic group of bacteria. This chapter also describes the detailed phylogenetic
and structural studies using bioinformatic approaches to examine the evolution and
structural features of these large CSls. MD studies show that residues from one of the CSI
play a role in mediating a conserved network of water molecules in Thermotoga maritima
SecA at high temperature. My contributions towards the completion of this chapter
includes the construction of phylogenetic tree based on SecA protein sequences, analysis
of the amino acid compositions, homology modelling of SecA proteins without CSls and
mapping of the structural features of the identified CSls using the available structure and
homology models, and molecular dynamics (MD) simulations studies at various
temperature settings and analysis of the MD trajectories. In addition, | was involved in the
writing of the drafts and revision of the manuscript, and in the construction of the main

and supplemental figures provided.
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Abstract: SecA is an evolutionarily conserved protein that plays an indispensable role in the
secretion of proteins across bacterial cell membrane. Comparative analyses of SecA homologs have
identified two large conserved signature inserts (CSIs) that are unique characteristics of
thermophilic bacteria. A 50 aa conserved insert in SecA is exclusively present in the SecA homologs
from the orders Thermotogales and Aquificales, while a 76 aa insert in SecA is specific for the
Thermales species and Hydrogenibacillus schlegelii. Phylogenetic analyses on SecA sequences show
that the shared presence of these CSIs in unrelated groups of thermophiles is not due to lateral gene
transfers, but instead these large CSIs have likely originated independently in these lineages due to
their advantageous function. Both these CSIs are located in SecA protein in surface exposed region
within the ATPase domain. To gain insights into the functional significance of the 50 aa CSI in
SecA, molecular dynamics (MD) simulations were performed at two different temperatures using
ADP bound Thermotogae maritima SecA. These analyses have identified a conserved network of
water molecules near the 50 aa insert in which the GLU185 residue from the CSI is found to play a
key role towards stabilizing these interactions. The results provide evidence for the possible role of
the 50 aa CSI in stabilizing the binding interaction of ADP/ATP, which is required for SecA
function. Additionally, the surface-exposed CSIs in SecA, due to their potential to make novel
protein-protein interactions, could also contribute to the thermostability of SecA from thermophilic
bacteria.

Keywords: novel sequence features in SecA from thermophilic bacteria; phylogenetic analysis;
conserved signature indels; molecular dynamics simulations of Thermotoga maritima SecA;
conserved water molecules

1. Introduction

Thermophilic organisms (bacteria) are of great scientific interest due to their ability to grow at
temperatures well above 60°C [1, 2]. The thermostability of the proteins from model organisms such
as Thermotoga maritima, which can survive within a wide temperature range of 55-90°C, has been an
area of intense research interest [3-9]. Thermostability of the protein has practical applications in
industrial settings, biotechnologies, and bio-refining [8, 10-15]. Specifically, within industrial
settings, the higher temperature stability of these protein catalysts allows for reactions at higher
temperatures resulting in decreased contamination concerns and overall faster reaction speeds [16].
An example in this regard includes widespread use of enzyme Thermus aquaticus (Taq) polymerase in
the technique polymerase chain reaction (PCR) [17]. Several comparative studies have shown that
the thermostability of the proteins from thermophilic groups of organisms can be attributed to
various characteristics [4-7, 9, 18, 19]. One prevalent characteristic is the increase in the presence of
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ion-pair interactions in thermophilic organisms [18, 20]. The increase in ion-pair interactions is due
to a higher composition of charged amino acids such as lysine (LYS), arginine (ARG), glutamic acid
(GLU) and asparagine (ASN) in the proteins from thermophilic bacteria when compared to those
from mesophilic bacteria [18, 20]. Sequence and structural characteristics such as presence of
insertions and deletions, proline substitutions, closer packing of water-accessible surface residues,
and increase in helical contents and hydrogen bonds has also been suggested to contribute towards
increase in the thermostability of thermophilic proteins [21-25]. Evidently, the characteristics
providing thermostability to proteins can exist in various forms and further understanding of
protein features and characteristics that likely contribute towards the thermostability of proteins is
of much interest [20, 26, 27].

Within the domain Bacteria, hyperthermophilic organisms are mainly present in three bacterial
phyla viz. Aquificae, Deinococcus-Thermus, and Thermotogae [16, 28-32]. The members from these
phyla, which contain some of the most hyperthermophilic organisms known (e.g. Thermotogae
maritima, Thermus aguaticus, and Aquifex acolicus), are notable for their thermostable enzymes [8, 10,
11, 16, 33]. However, of these three phyla, while the phylum Aquificae is primarily comprised of
thermophilic-hyperthermophilic organisms [28, 30], in the other two phyla, hyperthermophilicity is
a shared characteristics of species from only some orders (viz. Thermotogales and Thermales) of these
bacteria [32, 34-37]. Our earlier comparative analyses on protein sequences from members of these
three phyla have identified large numbers of molecular markers in the form of conserved signature
indels (CSIs) in different proteins which are specifically shared characteristics of different members
from each of these three phyla (viz. Thermotogae, Aquificae and Deinococcus-Thermus) of bacteria
and their suborders [13, 30, 34, 38-42]. Although the CSIs that we have previously identified provide
very useful means for distinguishing members of these phyla from each other, as well as other
groups of bacteria, it is unclear if any of these genetic/biochemical changes played any role in the
thermostability of these organisms. However, in the present study we describe the identification and
analysis of two large CSIs in the homologs of SecA proteins, which due to their unique shared
presence in members from two different phyla of hyperthermophilic bacteria are indicated to play
important role in the thermostability of this protein.

SecA is a conserved ATPase whose homologs are well-preserved among all bacteria [43, 44]. It
constitutes a major molecular motor for the ATP driven secretion of pre-proteins from the bacterial
transmembrane protein translocation complex SecYEG [45, 46]. Previous biochemical and structural
studies on SecA from thermophilic bacteria have contributed significantly towards understanding
the overall architecture and function of the protein [47-49]. However, it remains unclear whether the
presence of any unique sequence feature(s) in SecA contributes to its stability or for the functioning
of SecA translocase at high temperatures. In the present study, we describe the identification and
analysis of two large CSIs in the SecA proteins which are uniquely found in the SecA homologs from
two different phyla of hyperthermophilic bacteria. One of these CSIs, consisting of an insert of 50 aa
in a conserved region is specifically found in the SecA homologs from all members of the order
Thermotogales (phylum Thermotogae) and Aquificales (phylum Aquificiae), while another large 76 aa
insert is a uniquely shared characteristics of the SecA homologs from the order Thermales (phylum
Deinococcus-Thermus) and in Hydrogenibacillus schlegelii, a thermophilic bacterium from the phylum
Firmicutes. The shared presence of these large and unique sequence features in the SecA proteins
from only the hyperthermophilic members of these phyla strongly suggests that the identified
genetic/biochemical changes are related to the thermophilic characteristics of these organisms and
they should be playing important role in the thermostability of this protein.

We report here the results of phylogenetic studies examining the evolution of these large CSls
in the thermophilic organisms, as well as sequence compositions, structural features and location of
these CSIs in the SecA protein structure using the homology models and available structural
information. Lastly, to gain some insights into the functional significance of the 50 aa CSI in SecA
protein (which is uniquely found in members of the orders Thermotogae and Aquificales), we have
performed molecular dynamics (MD) simulation at two different temperatures (303.15K and
363.15K) using the available SecA structure (TmSecA) from T. maritima, which contains this large
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CSIL The results from MD simulation studies identify a conserved network of water molecules
whose interaction with the bound nucleotide in the SecA protein is mediated/stabilized by certain
conserved residues from this CSI in TmSecA. The significance of these observations in the context of
the specificity of the identified CSIs for thermophilic organisms are discussed.

2. Materials and Methods

2.1. Identification of Conserved Signature Indels (Insertions/Deletions) and Phylogenetic Analysis

The described CSls in the SecA proteins were identified as described in earlier work [40, 50, 51].
In brief, BLASTp searches were carried out on the SecA protein sequences from Thermotogae and
other thermophilic organisms. Based on these BLASTp searches, sequences of SecA proteins were
retrieved from 10-15 organisms representing different thermophilic phyla as well as similar number
of sequences from members of other bacterial phyla. Multiple sequence alignments (MSAs) of the
retrieved sequences were created using ClustalX 2.1 [52, 53]. These sequence alignments were
examined for the presence of conserved inserts or deletions (i.e. indels), which were specifically
found in thermophilic organisms, and which were flanked on both sides by at least 5 conserved
residues in the neighboring 30-40 aa. More detailed BLASTp searches on the sequence regions
containing the indels of interest and their flanking 40-50 aa were then conducted against the NCBI
non-redundant (nr) database to determine the specificity of the identified indels. For the indels of
interest, the signature files shown here were created using SIG_CREATE and SIG_STYLE program
(from www.GLEANS.net). Unless otherwise indicated, all of the reported CSls are specific for the
group of interest and similar CSIs were not observed in homologs from any other bacterial species
within the top 500 BLASTp hits examined. A phylogenetic tree was produced based on SecA
sequences from multiple groups of bacteria. These sequences were obtained from a BLASTp search
of the SecA sequence for the different taxonomic groups of interest. Based on the sequence
alignment of SecA protein from different species, a maximum-likelihood (ML) tree phylogenetic tree
based on 100 bootstrap replications was constructed using MEGA6 program [54] employing the
Whelan and Goldman model (WAG) of protein sequence evolution [55].

2.2. Homology Modelling of SecA homologs and Structural Analysis of CSls

The homology models of the Thermotoga maritima and Thermus thermophilus SecA proteins
lacking the 50 aa CSI were created using an in-house pipeline, “GlabModeller”, as described in
earlier work [56-60]. The available crystal structures of SecA from T. maritima (PDB ID: 4YS0) and T.
thermophilus (PDB ID: 2IPC) were used as templates [47, 48]. In brief, for homology modeling, the
sequence alignments between target and template proteins were carried out using the align2D
module from the MODELLER, which is integrated and streamlined in GlabModeller tool. The
resulting alignments were carefully analyzed and modified manually to ensure the reliability of the
location of CSls. For each target protein, 500 models were ranked on the basis of their Discrete
Optimized Protein Energy (DOPE) scores [61]. Selected models were then refined using ModRefiner
[62]. The stereo-chemical properties of the final models were assessed using three independent
servers which include RAMPAGE [63], ERRAT [64], PROSA [65, 66] and VERIFY3D [67]. These
applications utilize a dataset of refined structures to evaluate the statistical significance of the model
conformation, location, environment of each amino acid sequence and overall structural stability.
The resultant models were then used to explore the structural changes associated with the CSI. The
superimposition of the validated models with the template structures was carried out using PyMOL
(Version 1.7.4; Schrodinger, LLC.) to examine the structure and location of identified CSIs in the
SecA structures.

2.3. Molecular Dynamics Simulations

The all-atom molecular dynamics simulations were performed using (Groningen machine for
chemical simulations) GROMACS 5.1.2 software [68, 69] with the all-atom CHARMM36 force field
for SecA, ADP, ions together with 3-points (TIP3P) water model and added ionic strength to mimic
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the physiological environment [70]. The atomic coordinates of the T. maritima SecA (PDB ID: 4YS0)
resolved at 1.85 A were obtained from protein data bank (PDB) and the homology model of TmSecA
lacking CSI was utilized. The potential energy of the system was minimized using a 50,000-step
steepest descendent method to relax the system and to avoid any steric clashes. Missing amino acid
residues in the crystal structure of TmSecA were identified and fixed using the MODELLER
implemented in the GlabModeller tool. After energy minimization, the system was equilibrated with
isothermal-isochoric/NVT (constant number of particles, volume, and temperature) ensemble and
then 100 ns of MD simulation in the isothermal-isobaric/NPT (constant number of particles,
pressure, and temperature) ensemble using the Nose-Hoover thermostat and Parrinello-Rahman
barostat [71-73]. Comparative analysis of the difference in binding affinity of ADP towards T.
maritima SecA with CSI and without CSI was carried out. The T. maritima SecA with ADP was
simulated under two different reference temperatures of 303.15K and 363.15K. These large
temperature gaps were selected to investigate the effect of temperature on the TmSecA dynamics
during the simulation period. The root mean square deviation (RMSD) and hydrogen bond
interaction calculations were carried out using the GROMACS utilities. All MD simulation runs
were carried out using our local GROMACS certified graphical processing unit (GPU) accelerated
high-performance computing system obtained from EXXACT Corporation [74]. A total of 1000
snapshots were extracted for every 100 ps from the 100 ns MD trajectories to analyze the dynamics of
water molecules near CSI containing region. The analyses of the structures obtained from trajectories
were carried out using the various utilities of the GROMACS [68], VMD [75] and PyMOL

(www.pymol.com).

3. Results

3.1. Identification of Conserved signature Indels in SecA homologs from Thermotogales, Aquificales, and
Thermales and their Phylogenetic Implications

Our comparative analysis of SecA protein sequences from different bacterial groups has
identified several CSIs in SecA protein that are specific for particular groups/taxa of bacteria.
However, the present study focuses on our identification of two large CSIs in the SecA protein,
which are uniquely found in different homologs from the thermophilic-hyperthermophilic phyla of
bacteria. The first of these CSIs shown in Figure 1 is a 50 aa insertion in SecA homologs that is
uniquely shared by members of the order Thermotogales and Aquificales. As seen from Figure 1,
within the phylum Thermotogae, this CSI is a shared characteristics of all members from the order
Thermotogales, but it is not found in any of the species from the orders Peterotogales and Kosmotogales.
It should be noted in this regard, that within the phylum Thermotogae, the order Thermotogales
encompasses all of the thermophilic-hyperthermophilic organisms, whereas the other two orders
lacking this CSI are comprised of mesophilic organisms [13, 34, 37, 76]. Thus, within the phylum
Thermotogae, this CSI is uniquely found in the organisms which are
thermophilic-hyperthermophilic [39, 40]. Interestingly, in addition to the Thermotogales, this large
CSl is also commonly shared by different species belonging to the order Aquificales from the phylum
Aquificae, which are also comprised exclusively of hyperthermophilic organisms. However, within
this phylum members belonging to the order Desulfurobacteriales, which are strict anaerobes [30, 77]
do not contain this large insert.

The second large CSI in SecA protein that we have identified is a 76 aa insertion in a conserved
region, (see Figure 2), which is commonly shared by all SecA homologs from members of the order
Thermales belonging to the phylum Deinococcus-Thermus. The phylum “Deinococcus-Thermus”
contains two extensively studied orders of extremophilic microorganisms i.e. Deinococcales and
Thermales [32, 42]. Of these two orders, the order Thermales is comprised exclusively of organisms
that are thermophilic and hyperthermophilic [32, 42] whereas the member of the order Deinococcales
are known for their high degree of radiation resistance [35, 42, 78] Interestingly, this large insert in
SecA is found only in different members of the order Thermales but not in any of the homologs from
Deinococcales. Further, in addition to the Thermales species, this insert in SecA is also commonly
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shared by the species Hydrogenibacillus schlegelii, which is a thermophilic bacterium belonging to the
phylum Firmicutes [79-81]. Thus, both these large CSIs in SecA are only found in members of
different main orders/phyla of bacteria that contain thermophilic-hyperthermophilic organisms.
Except for the thermophilic-hyperthermophilic organisms, these inserts are not present in any other
SecA homologs. Thus, the indicated CSIs are further examined in the context of their role in

199  thermostability.
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Figure 1. Excerpts from the sequence alignment of SecA protein showing a 50 aa conserved insert
that is a distinctive characteristic of species from the orders Thermotogales and Aquificales but absent
in the homologs from all other bacteria. The dashes (-) in the sequence alignment denote sequence
identity with the amino acid shown on the top line. The accession numbers of the protein sequences
are provided in the second column and numbers on top of the sequence alignment indicate the
position of this sequence in T. maritima.
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208 Figure 2. Partial sequence alignment of SecA showing a 76 aa conserved insert that is a unique
209 characteristic of species from the order Thermales and H. schlegelii but absent from the SecA homologs
210 from all other bacteria. Except for H. schlegelii, no other Firmicutes species contained this insert.
211 Other information concerning the sequence alignment is the same as in Figure 1.

212 3.2. Phylogenetic Analysis of the SecA proteins to Investigate the Shared Presence of CSIs

213 As both these large CSIs are present in only the thermophilic members from two different phyla
214 of bacteria, it was of much interest to investigate how the shared presence of these genetic changes in
215 two distinct groups/phyla of bacteria could be explained. Based on earlier work horizontal gene
216  transfers are indicated to occur frequently between members of the bacterial phyla that contain
217  thermophilic-hyperthermophilic organisms [30, 37, 40, 82]. Thus, we have examined whether the
218  shared presence of these CSIs in these two cases is due to horizontal transfers of SecA gene between
219  the two groups of organisms which contain either the 50 aa or the 76 aa inserts. To investigate this,
220 we have constructed a maximum-likelihood phylogenetic tree based on SecA homologs from
221  different relevant bacterial groups/phyla (Figure 3). In this tree, members from the phyla
222 Thermotogae and Aquificae form distinct clades and the two orders of these bacteria viz.
223 Thermotogales and Aquificales, which contain the 50 aa insert are separated from each other by other
224 members of these phyla, which lack the 50 aa insert. Similarly, members of the order Thermales and
225  the Firmicutes species H. schlegelli, both of which contained the 76 aa insert also did not cluster
226  together in the phylogenetic tree. Instead, members of the order Thermales branched with other
227  members from the phylum Deinococcus-Thermus, whereas H. schlegelli branched within a cluster of
228  other species from the phylum Firmicutes. If the shared presence of the 50 aa CSI and 76 aa CSI in the
229 two indicated groups of organisms was due to horizontal gene transfers, then it was expected that
230 the SecA genes from these CSl-containing organisms would have clustered together in the tree.
231 However, as the observed branching pattern of the CSls-containing organisms is contrary to this
232 expectation, it strongly suggests that the shared presence of the large CSls in either the order
233 Thermotogales and Aquificales, or in Thermales and H. schlegelli, is not due to horizontal gene transfers.
234  Instead the results obtained suggest that the genetic changes leading to these large inserts have
235 likely occurred independently (i.e. convergent evolution) in these lineages due to their presumed
236  selective advantage.
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238 Figure 3. A maximum-likelihood phylogenetic tree based on SecA protein sequences from
239 representative bacterial phyla. The groups of species containing the 50 aa CSI are marked by red
240 arrows, whereas those containing the 76 aa CSI are denoted by blue arrows. The number on the
241 nodes indicate bootstrap values for the observed groupings.
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3.3. Computational Analysis of the CSls in SecA proteins

As the two large CSIs in the SecA proteins are found exclusively in the bacterial groups/orders
that consist entirely of thermophilic and hyperthermophilic organisms, it strongly suggests that they
play some role in the thermostability of the SecA protein. Hence, exploration of the functional
characteristics of these CSI could provide some insights into the thermostability of the SecA protein.
Based on earlier studies, thermostability of proteins is enhanced by an increase in the charged amino
acids that facilitate increased ion-pair interactions and stabilize the protein in high entropy
environment [18, 20]. The results of our analyses (Figure 51) indicate that both the large CSIs in SecA
protein contains a higher proportion of charged amino acids such as GLU, ARG, and LYS, which are
known to facilitate increased ion-pair interactions.

The crystal structures of SecA are available from both mesophilic bacteria (Bacillus subtilis and
Mycobacterium tuberculosis), and from thermophilic bacteria (Thermus thermophilus (PDB ID: 2IPC)
and Thermotogae maritima (PDB ID: 4YS0)) [48, 49, 83-85]. The catalytic core of SecA protein is
comprised of five functionally essential domains, which are shown in Figure 4A in the available
crystal structure of the T. maritima SecA (TmSecA) [47]. The different domains of SecA protein are
highlighted using different color shades, cyan as a Nucleotide-binding domain (NBD1), magenta as
Nucleotide-binding domain 2 (NBD2), red as a pre-protein binding domain (PPXD), yellow as
Helical wind domain (HWD), and green as Helical scaffold domain (HSD). We have also created a
homology model of the TmSecA protein lacking the 50 aa CSI, using the protocol described in the
Methods section, for the comparative analyses of structural features and location of this conserved
insert (Figure 4B). As can be seen, the 50 aa conserved insert in TmSecA specific for Thermotogales and
Aquificales is located in a surface-exposed loop region of the NBD1, which forms a part of the
ATP-binding site in the protein [47, 86]. The insert protrudes to form two additional B-strands at the
periphery of the NBD1 domain with two short a-helices connected by a loop [49]. Although this
surface-exposed CSI in the structure of TmSecA is located in close proximity to the bound ADP
molecule, it does not interact directly with bound ADP, nor it makes any contact with the SecY
channel [49, 87]. We have also mapped the location of the 76 aa CSI specific for the order Thermales
and H. schlegelii using the available crystal structure of SecA from Thermus thermophilus SecA
(TtSecA) (PDB: 2IPC) [48]. As can be seen from Figure 4C, this large CSI is also located in a
surface-exposed loop region of the TtSecA at the periphery of NBD2. However, unlike the 50 CSI in
Thermotogales and Aquificales, this CSI is not in close proximity to the ADP-ATP binding site on the
protein. However, due to its location, this CSI through its role in enabling intramolecular ionic
interactions could be playing a role in stabilizing dimer formation at higher temperatures.
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Figure 4. Cartoon and transparent surface representation of the 3D structure of A) Thermotoga
maritima SecA (PDB ID: 4YS0) shown as green and the various structural domains present in this
protein are colored and labeled, a B) homology model of T. maritima SecA lacking the 50 aa CSI. The
bound ADP in the structure is shown as a blue stick. (C) Structure of SecA dimer from Thermus
thermophilus (TtSecA) (PDB ID: 2IPC). The 50 aa CSI and the 76 CSI are highlighted in red in these
structures.

3.4. Molecular dynamics (MD) simulation studies of SecA containing 50 aa CSI specific for Thermotogales and
Aquificales: analysis of TmSecA conformational stability and flexibility

In view of the location of the 50 aa CSI in the SecA of Thermotogales and Aquificales in close
proximity to the ADP-ATP binding site, we have carried out MD simulation studies to gain some
insights into the function of this CSI. In this regard, we have initially investigated the dynamic of the
50 aa CSI's flexibility from the trajectories obtained from the MD simulation studies on TmSecA
structure with CSI (+CSI) and without CSI (-CSI) at two different temperature settings. The detailed
protocol of the system setup for MD simulations is described in the Methods section. In total four
simulation runs were carried out using TmSecA (+CSI) and TmSecA (-CSI) each for 100 ns at two
temperature settings of 303.15K (32 °C) and 363.15K (90°C). A preliminary analysis was carried out
to analyze the overall deviation of TmSecA (+CSI) and TmSecA (-CSI) relative to their native
structures as a function of time using the trajectories along the 100 ns time scale at these
temperatures. At 303.15K, TmSecA (+CSI) appear relatively more stable with an average RMSD of <
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0.20 nm (2.0A) (£0.04 nm) relative to 0.39 nm (3.9A) (20.08 nm) for TmSecA (-CSI) (Figure S2A).
Similarly, at 363.15K, an average RMSD value of 0.34 nm (3.4 A) (+ 0.5 nm) for TmSecA (+CSI)
relative to an average value of 0.36 nm (3.6A) (+0.6 nm) for its insertion truncated homolog TmSecA
(-CSI) (Figure S2B). Although at a high temperature the differences in RMSD values are minimal,
TmSecA (-CSI) lacking the CSI showed a much higher degree of fluctuation, in comparison to the
protein with the CSI, indicating that the TmSecA (+CSI) was more stable at the higher temperature
over the simulation period.

3.5. Identification of Conserved CSI-mediated water network in TmSecA

The crystal structure of TmSecA with ADP bound contains a number of bound water molecules
near the ADP-binding site [47]. Of these water molecules, few forms an intermediate interaction
between the adenine group of ADP to the backbone of the residues (GLU 185 and VAL 186) from the
50 aa CSI in TmSecA which is located near the ADP binding site. This observation is of much
interest, as several earlier studies indicate that water molecules make significant contribution
towards binding affinity of the ligand or mediating protein-ligand complexes by forming bridges
between the protein and the ligand [88-93]. To investigate this, using the protocol described in the
Methods section, computational analyses of the MD simulation trajectories were carried out to
determine whether the 50 aa CSI in TmSecA might be interacting with ADP molecule by forming
intermediate interactions with water molecules.

Initially, we analyzed the hydration of the ADP binding site by calculating the presence of a
number of water molecules within the 94 from ADP during the entire simulation of 100 ns at
303.15K and 363.15K (Figure S3). At 303.15K, the increase in the number of water molecules
increased in case of TmSecA (+CSI) after 50 ns of the simulation, and overall it contained more water
molecules (with an average of total 129 molecules) when compared with TmSecA (-CSI) that
contained an average total of 103 water molecules. However, at 363.15K, the number of water
molecules around the ADP binding site for TmSecA (+CSI) decreased after 50 ns of simulation time
to an average total of 103 water molecules, whereas their numbers in TmSecA (-CSI) slightly
increases to an average total number of 112 water molecules.

Further analyses of the MD trajectories identifies a network of water molecules that shows high
degree of conservancy and stable occupancy near the loop residues (amino acid range 183 to 188)
from the 50 aa CSI and these water molecules formed interactions with the adenine group of ADP
similar to that observed in the crystal structure of TmSecA [47]. In a series of snapshots extracted at
different time intervals from 100 ns MD trajectories of TmSecA (+CSI) at 303.15K (Figure 5A) and
363.15K (Figure 5B), we show the coordinates of water molecules, which constantly occupy the
location near the backbone of residues (amino acids 185-188) from this insert. For comparisons,
crystallographically observed positions of the water molecules in the TmSecA crystal structure are
superimposed in this figure and they are shown as magenta spheres. Any hydrogen bonds formed
between simulation water molecules (red and white spheres), and adenine group of ADP or residues
from the insert are shown as yellow dash lines. As can be seen, at both temperatures, a network
involving two to three water molecules are maintained throughout the simulation period. Although
most of the water molecules are highly mobile spending only a fraction of time in that position,
interestingly the other water molecules that displace them occupy the same position and forms a
network of water-mediated interactions that are highly similar to those observed in the crystal
structure of TmSecA protein [47].
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Figure 5. Snapshots from different time intervals extracted from the 100 ns MD trajectories of
TmSecA (+CSI) showing the coordinates of water molecules from the simulation (red and white
spheres) that constantly occupy the location near the backbone of residue GLU185 from the 50 aa CSI
in TmSecA at (A) 303.15K, and (B) 363.15K. Each of the extracted structures representing the different
time scale is represented with different colors and the times are indicated in the snapshots. The
magenta spheres represent the coordinates for crystallographic water molecules which are from the
corresponding region in the crystal structure of TmSecA and they are superimposed to each of the
extracted structures to show the occupancy of the simulation water molecules of that region. Any
hydrogen bonds formed between simulation water molecules and adenine group of ADP or residues
from the insert are shown as yellow dash lines. Other randomly picked snapshots at different time
intervals that show the occupancy and interaction of water molecules with residue (GLU185) from 50
aa CSI and ADP in TmSecA are provided in Figure S4A and S4B. (C) Trajectories showing the time
evolution of the number of hydrogen bond interactions formed between GLU185 residue backbone
atom (O) from the 50 aa CSI and water molecules that are within 4A of GLU185 at 303.15K (blue) and
(D) 363.15K (red), calculated over the 100 ns time period.
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The time evolution of the hydrogen bond interactions calculated between GLU185 and water
molecules that are within the 4A of GLU185 over the course of 100 ns MD trajectory at 303.15K and
363.15K is shown in Figure 5C. It is of interest to note that the residue glutamic acid (GLU185)
present in the loop region (residues 183-188) of this 50 aa insert is found to be conserved among SecA
homologs from all members of the orders Thermotogales and Aquificales. As can be seen in Figure 5C,
the backbone of GLU 185 residue is involved in bridging the two hydrogen bond interactions with
water molecules throughout the simulation at both temperatures.

4. Discussion

Thermophilic bacteria often exhibit many evolutionary adaptations that aids to retain the
function of their proteins at very high temperature [4-7, 9, 18]. These evolutionary adaptions such as
ion-pair interactions, insertions and deletions, hydrogen bonds, and salt bridges ultimately result in
increased intramolecular interactions and provide protein stability in the high entropy conditions
[16, 18, 20, 94, 95]. In addition, a higher degree of close packing of water-accessible residues on the
surface of the proteins, and contact orders has ben reported in thermophilic bacteria compared to
their mesophilic homologs [9, 25]. However, despite the significant progress that has been made
toward understanding of the structural peculiarities of thermophilic proteins, no unique or single
mechanism has been found responsible, instead, a set of factors or their various combinations has
been suggested to contribute towards the thermostability of a protein [8, 16, 94-98].

In the current work, we describe the identification of two large and unique molecular sequence
features in the form of CSIs that are uniquely present in the SecA homologs from different
thermophilic and hyperthermophilic members from all three main phyla of bacteria (viz.
Thermotogae, Aquificae and Deinococcus-Thermus), which harbor most such organisms [16, 28-32].
Earlier studies on CSIs in different proteins show that these kind of rare genetic changes play
important (or essential) roles in the functioning of the proteins within the CSI-containing organisms
[78, 99] and any significant changes in these genetic characteristics are incompatible with their
cellular function/growth [99]. In view of the specificities of the identified CSIs in the SecA homologs
for thermophilic-hyperthermophilic organisms, and the importance of such genetic changes, it is of
much interest to understand what unique functions/roles these large CSIs play in the indicated
groups/phyla of thermophilic bacteria.

Results presented here show that the two large CSIs in SecA protein are commonly shared by
members from two different groups/phyla of organisms. While the 50 aa CSI in SecA is a uniquely
shared characteristics of the members of the order Thermotogales and Agquificales, the 76 aa CSI is
specific for the order Thermales and H. schlegelii, a species from the phylum Firmicutes. In both cases,
the identified CSIs are present in two unrelated groups of bacteria in the same location in SecA
protein. Further, these CSIs are of the same (or similar) lengths and exhibit high degree of
conservation in their amino acid sequences. As horizontal gene transfers among thermophilic
organisms are indicated to occur frequently [30, 37, 40, 82], the simplest explanations to account for
the presence of these large genetic characteristics in members from two unrelated phyla of bacteria
would be that the genetic changes leading to either the 50 aa or 76 aa CSlIs initially occurred in one of
the lineages of thermophilic bacteria and then the SecA genes containing these CSIs were laterally
transferred to the other phyla of thermophilic bacteria containing very similar CSIs. However, the
phylogenetic analyses of SecA protein sequences do not support the view that the shared presence of
these CSIs in the observed unrelated groups of thermophiles is due to lateral gene transfers. To
account for the observed results, it is likely that the genetic changes leading to these large CSIs have
occurred independently in two unrelated groups of thermophiles as a result of selective (pressure)
advantageous functions of these insertions in the growth/survival of indicated groups of
thermophilic organisms at high temperature. However, given the large sizes of both these CSIs and
the observed high degree of sequence conservation within their sequences, the possibility that these
genetic changes have occurred independently in different lineages appear surprising. Hence,
another possibility to account for these results that can be considered is that instead of the horizontal
transfer of the entire SecA genes, only the genetic exchanges or recombination of specific segments
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of SecA genes containing these CSIs, have occurred between the indicated specific groups of
thermophiles organisms [37]. As the rest of the SecA gene has evolved independently in these
lineages, it will account for the distinct branching of organisms containing these CSIs in a
phylogenetic tree based on SecA protein sequences.

It is of interest that within the phylum Aquificae, the 50 aa CSI is only shared by members of the
order Aquificales but not by species from the order Defulfurobacteriales, which are also thermophilic.
However, an important difference between members of the orders Aquificales and Defulfurobacteriales
is that while the former order is comprised of species that are aerobic or microaerophilic and obtain
energy from hydrogen or reduced sulphur compounds through molecular oxygen, the members of
the latter order are strict anaerobes, that obtain energy by reduction of sulphate, nitrate, elemental
sulphur, or other compounds by molecular hydrogen [30, 41, 100, 101]. Additionally, the members of
these two orders are known to possess different metabolic pathways as their environments have
different metabolic requirements [102]. These observations suggest that the 50 aa CSI in the SecA
protein may confer selective advantage (thermostability) only under aerobic conditions.

However, irrespective of the evolutionary mechanisms that underlie the shared presence of
these CSIs, based on the specific presence of these large CSIs in SecA homologs from only the
thermophilic-hyperthermophilic organisms, it is strongly anticipated that these CSIs should be
playing an important role in the thermostability of this essential protein at high temperature. Results
from our structural analyses show that both these CSIs are located on the surface-exposed loops in a
functionally important domain (NBD1) of the SecA protein. Of the two CSIs in SecA, the 50 aa CSI,
which is specific for the order Thermotogales and Agquificales, is located in a surface-exposed loop that
lies in close proximity to the ADP/ATP-binding site in the protein. Qur comparison of the crystal
structure of Thermotoga maritima SecA containing the 50 aa CSI with its homology model lacking the
50 aa CSI, has revealed that a number of water molecules forms an intermediate interaction between
the residues from this CSI and ADP molecule. Although, the roles of conserved water molecules in
mediating protein-ligand interactions have been increasingly recognized in recent years [89, 91-93,
103-106], our understanding of the significance of these conserved waters in SecA, or how other
sequence features of the protein contribute towards their conservation, is limited. To investigate this
aspect further, molecular dynamics (MD) simulations were carried out in this work to examine the
structural dynamics of the 50 aa CSI in SecA protein and the water molecules found in its proximity
in the crystal structure of TmSecA at two different temperatures (303.15K, and 363.15K). The results
from MD studies identify a network of highly stable water molecules that forms an intermediate
interaction between the residues such as GLU185 from the 50 aa CSI and adenine group of ADP at
both temperatures. Earlier studies have indicated that the hydrogen bonding capability of water
molecules with charged amino acids contributes towards the stability of hydrogen bonds formed
between coenzymes/cofactors like ADP/ATP and proteins [22, 107-111]. In view of these earlier
studies, the high residence time of the water molecules inside the cavity formed by the 50 aa CSI and
their forming a conserved hydrogen bonding network with some conserved residues from the CSI
during the course of simulation, strongly suggests that the 50 aa CSI likely plays a role in
maintaining the constant stable network of water molecules which likely plays a role in stabilization
of the ADP-ATP molecules in the active site of the protein at high temperature. Since ATP binding
and hydrolysis is essential for the functioning of SecA protein, it is possible that the observed
conserved hydrogen bonding network between the water molecules, residues from the CSI, and
ADP (ATP), helps in stabilizing the binding of ATP to the protein at high temperature.

However, the suggested role of the 50 aa CSI in stabilizing the binding of ADP/ATP to the
protein at high temperature could be only one of the several factors by which this large CSI might be
contributing towards the thermostability of the organisms for which they are specific. As noted
earlier, these large CSI as well as the 76 aa CSI, specific to the member of the order Thermales and H.
schlegelli, are present as surface-exposed loops in the structure of SecA protein. Based on earlier
work, the surface loops in proteins are often involved in mediating novel protein-protein or
protein-ligand interactions or in maintaining/stabilizing a specific oligomeric state of the proteins
[56-58, 99, 112-116]. Earlier structural and functional studies also indicate that SecA can adopt a wide
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variety of oligomeric states [117-120] and it is possible that the presence of these CSI could stabilize
certain oligomeric forms that are of relevance for the functioning of this protein in thermophilic
environment. In addition, most thermophilic and hyperthermophilic bacteria lacks SecB, a molecular
chaperone protein which plays an important role in transferring pre-protein to SecA and SecYEG
translocation system in most other bacteria [121-123]. Thus, it is likely that members of thermophilic
and hyperthermophilic phyla utilize other chaperons or proteins for similar functions [122].
Although, other novel proteins that may be required for the functioning of SecA protein in
thermophilic organisms have not yet been characterized, it is possible that the presence of the unique
surface-exposed loops formed by the CSIs in the SecA proteins from thermophilic organisms could
serve as a platform for the unique binding of these proteins with the SecA. Overall, the results
provided in this study highlights the unique sequence and structural features of SecA protein
specific to thermophilic and hyperthermophilic bacterial group. Our structural and computational
analysis of these novel sequence features also provides some insights into the possible functions of
one of these large CSIs in the context of thermostability of the protein. However, further
understanding of the functional significance of these large CSIs in the functioning of this protein in
thermophilic organisms and conferring thermostability will only emerge from future detailed
genetic and biochemical studies.

Supplementary Materials: The following are available online at www.mdpi.com/. Figure 51: A Web logo
representation of the sequence characteristics of the amino acids in the 50 aa and 70 aa CSls. Figure 52: The
root-mean-square-deviation (RMSD) values calculated relative to the starting structure for the Thermotoga
maritima SecA (TmSecA) with 50 insert (+CSI) and without 50 aa insert at 305.15K and 363.15K, over the 100 ns of
molecular dynamics (MD) simulation trajectories. Figure §3: Trajectories for the occupancy of number of water
molecules calculated by measuring the number of water molecules that are located with in the 9A from ADP
during the entire molecular dynamics (MD) simulation period of 100 ns. Figure S4A and S4B: Randomly
picked snapshots at different time intervals extracted from the 100 ns MD trajectories of TmSecA (+CSI) at
303.15K and 363.15K showing the occupancy and interaction of water molecules with residue (GLU185) from 50
aa CSland ADP.

Author Contributions: BK and DP carried out identification of CSls, phylogenetic analysis and homology
modelling and localization of the CSIs in protein structures, and preparation of a draft manuscript; BK carried
out the molecular dynamics (MD) simulation and analysis of the results. RSG, Planning, and supervision of the
work, checking the identified CSls for their specificities, obtained funding for the project and writing and
finalizing of the manuscript.

Acknowledgments: This work was supported by Research Grant number 249924 from the Natural Science and
Engineering Research Council of Canada awarded to Radhey S. Gupta.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Gaughran, E. R. The thermophilic microorganisms. Bacteriol. Rev 1947, 11, 189-225.

2. Zeikus, J. G. Thermophilic bacteria: Ecology, physiology and technology. Enzyme and Microbial Technology
1979, 1, 243-252.

3. Huber, R, Langworthy T.A., Kénig, H., Thomm, T., Woese, C. R,, Sleytr, U. B. & Stetter, K. O. Thermotoga
maritima sp. nov. represents a new genus of unique extremely thermophilic eubacteria growing up to
90°C. Archives of Microbiology 1986, 144, 324-333.

4. Dams, T., Auerbach, G., Bader, G., Jacob, U.,, Ploom, T., Huber, R. & Jaenicke, R. The crystal structure of
dihydrofolate reductase from Thermotoga maritima: molecular features of thermostability. | Mol. Biol. 2000,
297, 659-672.

5. Lee,D.W, Jang, H.]., Choe, E. A, Kim, B. C, Lee, 5.]., Kim, S. B.,, Hong, Y. H. & Pyun, Y. R.
Characterization of a thermostable L-arabinose (D-galactose) isomerase from the hyperthermophilic
eubacterium Thermotoga maritima. Appl. Environ. Microbiol. 2004, 70, 1397-1404.

6. Park, C.S, Yeom, S.]., Lim, Y. R., Kim, Y. 5. & Oh, D. K. Characterization of a recombinant thermostable
L: -rhamnose isomerase from Thermotoga maritima ATCC 43589 and its application in the production of
L-lyxose and L-mannose. Biotechnol. Lett. 2010, 32, 1947-1953.

McMaster University - Biochemistry

110



Ph.D. Thesis - Bijendra Khadka

510
511
512
513
514
515
516
517
518

519
520
521
522

523
524
525
526
527
528
529

530
531
532
533
534

535
536

537

538
539

540
541

542
543
544

545
546

547
548
549
550

551
552

553
554
555
556
557
558
559
560
561
562

Microorganisms 2019, 7, x FOR PEER REVIEW

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Katrolia, P., Zhang, M., Yan, Q,, Jiang, Z., Song, C. & Li, L. Characterisation of a thermostable family 42
a-galactosidase (BgalC) family from Thermotoga maritima showing efficient lactose hydrolysis. Food
Chemistry 2011, 2, 614-621.

Podar, M. & Reysenbach, A. .. New opportunities revealed by biotechnological explorations of
extremophiles. Curr. Opin. Biotechnol. 2006, 17, 250-255.

Robinson-Rechavi, M. & Godzik, A. Structural genomics of Thermotoga maritima proteins shows that
contact order is a major determinant of protein thermostability. Structure. 2005, 13, 857-860.

Wiegel, J., Ljungdhal, L. G. & Demain, A. L. The Importance of Thermophilic Bacteria in Biotechnology.
Critical Reviews in Biotechnology. 1985, 3, 39-108.

Lasa, I. & Berenguer, J. Thermophilic enzymes and their biotechnological potential. Microbiologia 1993, 9,
77-89.

Turner, P., Mamo, G. & Karlsson, E. N. Potential and utilization of thermophiles and thermostable
enzymes in biorefining. Microb. Cell Fact. 2007, 6, 9.

Bhandari, V. & Gupta, R. S. Molecular signatures for the phylum (class) Thermotogae and a proposal for its
division into three orders (Thermotogales, Kosmotogales ord. nov. and Petrotogales ord. nov.) containing four
families (Thermotogacene, Fervidobacteriaceae fam. nov., Kosmotogaceae fam. nov. and Petrotogaceae fam. nov.)
and a new genus Pseudothermotoga gen. nov. with five new combinations. Antonie Van Leeuwenhoek 2014,
105, 143-168.

Sadaf, A., Fatima, S. W. & Khare, S. K. (2019) in Fungi in Extreme Environments: Ecological Role and
Biotechnological Significance, eds. Tiquia-Arashiro S. & Grube M. (Springer, Cham), pp. 307-328.

Mosina, N. L., Schubert, W. D. & Cowan, D. A. Characterization and homology modelling of a novel
multi-modular and multi-functional Paenibacillus mucilaginosus glycoside hydrolase. Extremophiles. 2019,
23, 681-686.

Vieille, C. & Zeikus, G. J. Hyperthermophilic enzymes: sources, uses, and molecular mechanisms for
thermostability. Microbiol. Mol. Biol. Rev. 2001, 65, 1-43.

Chien, A., Edgar, D. B. & Trela, ]. M. Deoxyribonucleic acid polymerase from the extreme thermophile
Thermus aquaticus. | Bacteriol. 1976, 127, 1550-1557.

Sterner, R. & Liebl, W. Thermophilic adaptation of proteins. Crit Rev. Biochem. Mol. Biol. 2001, 36, 39-106.
Zhou, X. X., Wang, Y. B., Pan, Y. J. & Li, W. F. Differences in amino acids composition and coupling
patterns between mesophilic and thermophilic proteins. Amino. Acids 2008, 34, 25-33.

Szilagyi, A. & Zavodszky, P. Structural differences between mesophilic, moderately thermophilic and
extremely thermophilic protein subunits: results of a comprehensive survey. Structure. 2000, 8, 493-504.
Russell, R. J., Ferguson, J. M., Hough, D. W., Danson, M. J. & Taylor, G. L. The crystal structure of citrate
synthase from the hyperthermophilic archaeon Pyrococcus furiosus at 1.9 A resolution. Biochemistry 1997,
36, 9983-9994.

Vogt, G., Woell, S. & Argos, P. Protein thermal stability, hydrogen bonds, and ion pairs. | Mol. Biol 1997,
269, 631-643.

Bogin, O., Peretz, M., Hacham, Y., Korkhin, Y., Frolow, F., Kalb, G. & Burstein, Y. Enhanced thermal
stability of Clostridium beijerinckii alcohol dehydrogenase after strategic substitution of amino acid
residues with prolines from the homologous thermophilic Thermoanaerobacter brockii alcohol
dehydrogenase. Protein Sci 1998, 7, 1156-1163.

Russell, R. ]., Gerike, U., Danson, M. J., Hough, D. W. & Taylor, G. L. Structural adaptations of the
cold-active citrate synthase from an Antarctic bacterium. Structure. 1998, 6, 351-361.

Glyakina, A. V., Garbuzynskiy, S. O., Lobanov, M. Y. & Galzitskaya, O. V. Different packing of external
residues can explain differences in the thermostability of proteins from thermophilic and mesophilic
organisms. Bioinformatics 2007, 23, 2231-2238.

Le, P. T., Makhalanyane, T. P., Guerrero, L. D., Vikram, S., Van de, P. Y. & Cowan, D. A. Comparative
Metagenomic Analysis Reveals Mechanisms for Stress Response in Hypoliths from Extreme Hyperarid
Deserts. Genome Biol. Evol 2016, 8, 2737-2747.

Gonzalez-Siso, M. L. Editorial for the Special Issue: Thermophiles and Thermozymes. Microorganisims.
2019, 7.

Reysenbach, A.-L. (2001) in Bergey's Manual of Systematic Bacteriology, eds. Boone, D. R. & Castenholz, R.
W. (Springer-Verlag, Berlin), pp. 359-367.

15 0f 20

McMaster University - Biochemistry

111



Ph.D. Thesis - Bijendra Khadka

563
564

565
566

567
568

569
570
571

572
573

574
575

576
577

578

579
580

581
582

583
584

585
586

587
588
589
590

591
592
593

594
595

596
597
598
599
600

601
602
603

604
605
606
607
608
609
610
611
612
613
614
615

Microorganisms 2019, 7, x FOR PEER REVIEW

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

Reysenbach, A.-L. (2001) in Bergey's Manual of Systematic Bacteriology, eds. Boone, D. R. & Castenholz, R.
W. (Springer-Verlag, Berlin), pp. 369-387.

Gupta, R. S. (2014) in The Prokaryotes: Prokaryotic Biology and Symbiotic Associations., eds. Rosenberg E,
DeLong, EF., Thompson, F., Lory, S., & Stackebrand, E. (Springer, Berlin), pp. 418-445.

Vaibhav Bhandari & Radhey S Gupta (2014) in The Prokaryotes (Springer Berlin Heidelberg, Berlin), pp.
989-1015.

Albuquerque, L. & Costa, M. S. (2014) in The Prokaryotes- Other Major Lineages of Bacteria and the Archaea,
eds. Rosenberg, E., DeLong, E., Lory, S., Stackebrandt, E., & Thompson, F. (Springer, New York), pp.
955-987.

Escuder-Rodriguez, |. J., DeCastro, M. E., Cerdan, M. E., Rodriguez-Belmonte, E., Becerra, M. &
Gonzalez-Siso, M. I. Cellulases from Thermophiles Found by Metagenomics. Microorganisms. 2018, 6.
Bhandari, V. & Gupta, R.S. (2014) in The Prokaryotes (Springer Berlin Heidelberg, Berlin, Heidelberg), pp.
989-1015.

Rosenberg, E. (2014) in The Prokaryotes- Other Major Lineages of Bacteria and the Archaea, eds. Rosenberg, E.,
DeLong, E., Lory, S., Stackebrandt, E., & Thompson, F. (Springer, New York), pp. 613-615.

Huber, R. & Hannig, M. Thermotogales. Prokaryotes 2006, 7, 899-922.

Pollo, S. M., Zhaxybayeva, O. & Nesbo, C. L. Insights into thermoadaptation and the evolution of
mesophily from the bacterial phylum Thermotogae. Can. | Microbiol 2015, 61, 655-670.

Griffiths, E. & Gupta, R. S. Distinctive protein signatures provide molecular markers and evidence for the
monophyletic nature of the deinococcus-thermus phylum. | Bacteriol. 2004, 186, 3097-3107.

Griffiths, E. & Gupta, R. S. Molecular signatures in protein sequences that are characteristics of the
phylum Aquificae. Int. | Syst. Evol Microbiol. 2006, 56, 99-107.

Gupta, R. S. & Bhandari, V. Phylogeny and molecular signatures for the phylum Thermotogae and its
subgroups. Antonie Van Leeuwenhoek 2011, 100, 1-34.

Gupta, R. S. & Lali, R. Molecular signatures for the phylum Aquificae and its different clades: proposal
for division of the phylum Aquificae into the emended order Aquificales, containing the families
Aquificaceae and Hydrogenothermaceae, and a new order Desulfurobacteriales ord. nov., containing the family
Desulfurobacteriaceae. Antonie Van Leeuwenhoek 2013, 104, 349-368.

Ho, ., Adeolu, M., Khadka, B. & Gupta, R. S. Identification of distinctive molecular traits that are
characteristic of the phylum "Deinococcus-Thermus" and distinguish its main constituent groups. Syst.
Appl. Microbiol. 2016, 39, 453-463.

Rapoport, T. A., Jungnickel, B. & Kutay, U. Protein transport across the eukaryotic endoplasmic
reticulum and bacterial inner membranes. Annu. Rev. Biochem. 1996, 65, 271-303.

Fekkes, P. & Driessen, A. J. Protein targeting to the bacterial cytoplasmic membrane. Microbiol. Mol. Biol.
Rev. 1999, 63, 161-173.

Lill, R, Cunningham, K., Brundage, L. A,, Ito, K., Oliver, D. & Wickner, W. SecA protein hydrolyzes ATP
and is an essential component of the protein translocation ATPase of Escherichia coli. EMBO ] 1989, 8,
961-966.

Collinson, I. SecA-a New Twist in the Tale. | Bacteriol. 2017, 199.

Chen, Y., Bauer, B. W, Rapoport, T. A. & Gumbart, ]J. C. Conformational Changes of the Clamp of the
Protein Translocation ATPase SecA. ] Mol. Biol. 2015, 427, 2348-2359.

Vassylyev, D. G., Mori, H., Vassylyeva, M. N., Tsukazaki, T., Kimura, Y., Tahirov, T. H. & Ito, K. Crystal
structure of the translocation ATPase SecA from Thermus thermophilus reveals a parallel, head-to-head
dimer. | Mol. Biol. 2006, 364, 248-258.

Zimmer, . & Rapoport, T. A. Conformational flexibility and peptide interaction of the translocation
ATPase SecA. | Mol. Biol. 2009, 394, 606-612.

Griffiths, E. & Gupta, R. S. Signature sequences in diverse proteins provide evidence for the late
divergence of the Order Aquificales. Int. Microbiol. 2004, 7, 41-52.

Gupta, R. S. (2014) in Methods in Microbiology New Approaches to Prokaryotics Systematics, eds. Goodfellow
M, Sutcliffe IC, & Chun | (Elsevier, London), pp. 153-182.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., Valentin, F.,
Wallace, I. M., Wilm, A., Lopez, R. et al. Clustal W and Clustal X version 2.0. Bioinformafics 2007, 23,
2947-2948.

16 of 20

McMaster University - Biochemistry

112



Ph.D. Thesis - Bijendra Khadka

616
617

618
619

620
621

622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

645

646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

665

666
667
668

Microorganisms 2019, 7, x FOR PEER REVIEW

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

Goujon, M., McWilliam, H., Li, W., Valentin, F., Squizzato, S., Paern, ]. & Lopez, R. A new bioinformatics
analysis tools framework at EMBL-EBI. Nucleic Acids Res. 2010, 38, W695-W699.

Kumar, S., Nei, M., Dudley, ]. & Tamura, K. MEGA: a biologist-centric software for evolutionary analysis
of DNA and protein sequences. Brief. Bioinform. 2008, 9, 299-306.

Whelan, S. & Goldman, N. A general empirical model of protein evolution derived from multiple protein
families using a maximum-likelihood approach. Mol. Biol. Evol 2001, 18, 691-699.

Alnajar, S., Khadka, B. & Gupta, R. 5. Ribonucleotide Reductases from Bifidobacteria Contain Multiple
Conserved Indels Distinguishing Them from All Other Organisms: In Silico Analysis of the Possible Role
of a 43 aa Bifidobacteria-Specific Insert in the Class IIl RNR Homolog. Front Microbiol. 2017, 8, 1409.
Gupta, R. S, Nanda, A. & Khadka, B. Novel molecular, structural and evolutionary characteristics of the
phosphoketolases from bifidobacteria and Coriobacteriales. PLoS. One. 2017, 12, e0172176.

Khadka, B. & Gupta, R. S. Identification of a conserved 8 aa insert in the PIP5K protein in the
Saccharomycetaceae family of fungi and the molecular dynamics simulations and structural analysis to
investigate its potential functional role. Proteins 2017, 85, 1454-1467.

Khadka, B., Adeolu, M., Blankenship, R. E. & Gupta, R. 5. Novel insights into the origin and
diversification of photosynthesis based on analyses of conserved indels in the core reaction center
proteins. Photosynth. Res. 2017, 131, 159-171.

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

Shen, M. Y. & Sali, A. Statistical potential for assessment and prediction of protein structures. Protein Sci.
2006, 15, 2507-2524.

Lee, G. R., Heo, L. & Seok, C. Effective protein model structure refinement by loop modeling and overall
relaxation. Proteins 2016, 84 Suppl 1, 293-301.

Lovell, S. C., Davis, I. W., Arendall, W. B., IlI, de Bakker, P. I, Word, J. M., Prisant, M. G., Richardson, J. S.

& Richardson, D. C. Structure validation by Calpha geometry: phi,psi and Cbeta deviation. Proteins 2003,
50, 437-450.

Colovos, C. & Yeates, T. O. Verification of protein structures: patterns of nonbonded atomic interactions.
Protein Sci. 1993, 2, 1511-1519.

Sippl, M. ]. Recognition of errors in three-dimensional structures of proteins. Proteins 1993, 17, 355-362.
Wiederstein, M. & Sippl, M. J. ProSA-web: interactive web service for the recognition of errors in
three-dimensional structures of proteins. Nucleic Acids Res. 2007, 35, W407-W410.

Eisenberg, D., Luthy, R. & Bowie, J. U. VERIFY3D: assessment of protein models with three-dimensional
profiles. Methods Enzymol. 1997, 277, 396-404.

Van Der, S. D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E. & Berendsen, H. ]. GROMACS: fast,
flexible, and free. ] Comput. Chem 2005, 26, 1701-1718.

Abrahama, M. J., Schulzb, R., Palla, S., Smith, ]. C., Hessa, B. & Lindahla, E. GROMACS: High
performance molecular simulations through multi-level parallelism from laptops to supercomputers.
SoftwareX 2016, 1-2, 19-25.

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple
potential functions for simulating liquid water. The Journal of Chemical Physics 1983, 79, 926-935.

Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. | Chem Phys. 2007,
126, 014101.

Nose’, S. & M.L.Klein Constant pressure molecular dynamics for molecular systems. Mol. Phys. 1983, 50,
1055-1076.

Parrinello, M. & A.Rahman Polymorphic transitions in single crystals: a new molecular dynamics
method. |. Appl. Phys. 1981, 52, 7182-7190.

Kutzner, C., Pall, S., Fechner, M., Esztermann, A., de Groot, B. L. & Grubmuller, H. Best bang for your
buck: GPU nodes for GROMACS biomolecular simulations. | Comput. Chem 2015, 36, 1990-2008.
Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. | Mol. Graph. 1996, 14, 33-38.

Nesbo, C. L., Bradnan, D. M., Adebusuyi, A., Dlutek, M., Petrus, A. K., Foght, ]., Doolittle, W. F. & Noll,
K. M. Mesotoga prima gen. nov., sp. nov., the first described mesophilic species of the Thermotogales.
Extremophiles. 2012, 16, 387-393.

17 of 20

McMaster University - Biochemistry

113



Ph.D. Thesis - Bijendra Khadka

669
670
671
672
673
674
675
676
677
678
679

680
681
682

683

685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

703
704

705

706
707

708
709
710
711
712
713
714
715
716
717
718
719
720
721

Microorganisms 2019, 7, x FOR PEER REVIEW 18 of 20

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99,

L'Haridon, S., Reysenbach, A. L., Tindall, B. J., Schonheit, P., Banta, A., Johnsen, U., Schumann, P.,
Gambacorta, A., Stackebrandt, E. & Jeanthon, C. Desulfurobacterium atlanticum sp. nov., Desulfurobacterium
pacificum sp. nov. and Thermovibrio guaymasensis sp. nov., three thermophilic members of the
Desulfurobacteriaceae fam. nov., a deep branching lineage within the Bacteria. Int. |. Syst. Evol. Microbiol.
2006, 56, 2843-2852.

Hassan, F. M. N. & Gupta, R. S. Novel Sequence Features of DNA Repair Genes/Proteins from
Deinococcus Species Implicated in Protection from Oxidatively Generated Damage. Genes 2018, 9, 149.
Bonjour, F., Graber, A. & Aragno, M. Isolation of Bacillus schlegelii, a thermophilic, hydrogen oxidizing,
aerobic autotroph, from geothermal and nongeothermal environments. Microb. Ecol. 1988, 16, 331-337.
Kampfer, P., Glaeser, S. P. & Busse, H. J. Transfer of Bacillus schlegelii to a novel genus and proposal of
Hydrogenibacillus schlegelii gen. nov., comb. nov. Int. | Syst. Evol Microbiol. 2013, 63, 1723-1727.

Maker, A., Hemp, ]., Pace, L. A., Ward, L. M. & Fischer, W. W. Draft Genome Sequence of
Hydrogenibacillus schlegelii M A48, a Deep-Branching Member of the Bacilli Class of Firmicutes. Genome
Announc. 2017, 5.

Zhaxybayeva, O., Swithers, K. S., Lapierre, P., Fournier, G. P., Bickhart, D. M., Deboy, R. T., Nelson, K. E.,
Nesbo, C. L., Doolittle, W. F., Gogarten, J. P. ef al. On the chimeric nature, thermophilic origin, and
phylogenetic placement of the Thermotogales. Proc. Natl. Acad. Sci. U. S A 2009, 106, 5865-5870.

Hunt, ]. F., Weinkauf, S., Henry, L., Fak, ]. ], McNicholas, P., Oliver, D. B. & Deisenhofer, J. Nucleotide
control of interdomain interactions in the conformational reaction cycle of SecA. Science 2002, 297,
2018-2026.

Papanikolau, Y., Papadovasilaki, M., Ravelli, R. B., McCarthy, A. A, Cusack, S., Economou, A. &
Petratos, K. Structure of dimeric SecA, the Escherichia coli preprotein translocase motor. | Mol. Biol. 2007,
366, 1545-1557.

Sharma, V., Arockiasamy, A., Ronning, D. R., Savva, C. G., Holzenburg, A., Braunstein, M., Jacobs, W. R.,
Jr. & Sacchettini, J. C. Crystal structure of Mycobacterium tuberculosis SecA, a preprotein translocating
ATPase. Proc. Natl. Acad. Sci. U. S. A 2003, 100, 2243-2248.

Vrontou, E. & Economou, A. Structure and function of SecA, the preprotein translocase nanomotor.
Biochim Biophys Acta 2004, 1694, 67-80.

Zimmer, J., Nam, Y. & Rapoport, T. A. Structure of a complex of the ATPase SecA and the
protein-translocation channel. Nature 2008, 455, 936-943.

Merritt, E. A., Sixma, T. K., Kalk, K. H., van Zanten, B. A. & Hol, W. G. Galactose-binding site in
Escherichia coli heat-labile enterotoxin (LT) and cholera toxin (CT). Mol. Microbiol. 1994, 13, 745-753.
Barillari, C., Taylor, ]., Viner, R. & Essex, J. W. Classification of water molecules in protein binding sites. |
Am. Chem Soc 2007, 129, 2577-2587.

Lu, Y., Wang, R,, Yang, C. Y. & Wang, S. Analysis of ligand-bound water molecules in high-resolution
crystal structures of protein-ligand complexes. | Chem Inf. Model. 2007, 47, 668-675.

Homans, S. W. Water, water everywhere—except where it matters? Drug Discov. Teday 2007, 12, 534-539.
Singh, N. & Briggs, ]. M. Molecular dynamics simulations of Factor Xa: insight into conformational
transition of its binding subsites. Biopolymers 2008, 89, 1104-1113.

Schiebel, ]., Gaspari, R., Wulsdorf, T., Ngo, K., Sohn, C., Schrader, T. E,, Cavalli, A., Ostermann, A., Heine,
A. & Klebe, G. Intriguing role of water in protein-ligand binding studied by neutron crystallography on
trypsin complexes. Nat. Commun. 2018, 9, 3559.

Vieille, C., Burdette, D. S. & Zeikus, J. G. Thermozymes. Biotechnol. Annu Rev 1996, 2, 1-83.

Kumar, S., Tsai, C. J. & Nussinov, R. Factors enhancing protein thermostability. Protein Eng 2000, 13,
179-191.

Berezovsky, 1. N. & Shakhnovich, E. I. Physics and evolution of thermophilic adaptation. Proc Natl. Acad.
Sci U. S. A 2005, 102, 12742-12747.

Mizuguchi, K., Sele, M. & Cubellis, M. V. Environment specific substitution tables for thermophilic
proteins. BMC. Bioinformatics 2007, 8 Suppl 1, S15.

Taylor, T. J. & Vaisman, 1. I. Discrimination of thermophilic and mesophilic proteins. BMC. Struct. Biol
2010, 10 Suppl 1, S5.

Singh, B. & Gupta, R. S. Conserved inserts in the Hsp60 (GroEL) and Hsp70 (DnaK) proteins are essential
for cellular growth. Mol. Genet. Genomics 2009, 281, 361-373.

McMaster University - Biochemistry

114



Ph.D. Thesis - Bijendra Khadka

722
723
724

725
726

727
728
729
730
731
732

733
734

735

737
738
739
740

741
742

743
744

745
746

747
748
749

750
751
752
753
754

755
756

757
758
759

760
761

762
763
764
765
766

767
768

769
770
771
772

773
774

Microorganisms 2019, 7, x FOR PEER REVIEW 19 of 20

100

101.
102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

Huber, R. & Eder, W. Aquificales. Prokaryotes 2006, 7, 938.
Bonch-Osmolovskaya, E. Aquificales. 2008 Wieley, pp. 1-7.
Woese, C. R. Bacterial evolution. Microbiol. Rev. 1987, 51, 221-271.

Knight, . D., Hamelberg, D., McCammon, ]. A. & Kothary, R. The role of conserved water molecules in
the catalytic domain of protein kinases. Proteins 2009, 76, 527-535.

Nygaard, R., Valentin-Hansen, L., Mokrosinski, J., Frimurer, T. M. & Schwartz, T. W. Conserved
water-mediated hydrogen bond network between TM-I, -1, -VI, and -VII in 7TM receptor activation. |
Biol Chem 2010, 285, 19625-19636.

Kaur, M., Bahia, M. S. & Silakari, O. Exploring the role of water molecules for docking and receptor
guided 3D-QSAR analysis of naphthyridine derivatives as spleen tyrosine kinase (Syk) inhibitors. | Chem
Inf. Model. 2012, 52, 2619-2630.

Jeszenoi, N., Balint, M., Horvath, I., Van Der, S. D. & Hetenyi, C. Exploration of Interfacial Hydration
Networks of Target-Ligand Complexes. | Chem Inf. Model. 2016, 56, 148-158.

Lett, C. M., Berghuis, A. M., Frey, H. E., Lepock, ]. R. & Guillemette, ]. G. The role of a conserved water
molecule in the redox-dependent thermal stability of iso-1-cytochrome c. | Biol Chem 1996, 271,
29088-29093.

Shi, R. & Lin, S. X. Cofactor hydrogen bonding onto the protein main chain is conserved in the short
chain dehydrogenase/reductase family and contributes to nicotinamide orientation. | Biol Chem 2004, 279,
16778-16785.

Sterpone, F., Stirnemann, G., Hynes, ]. T. & Laage, D. Water hydrogen-bond dynamics around amino
acids: the key role of hydrophilic hydrogen-bond acceptor groups. | Phys Chem B 2010, 114, 2083-2089.

Huggins, D. ]. & Tidor, B. Systematic placement of structural water molecules for improved scoring of
protein-ligand interactions. Protein Eng Des Sel 2011, 24, 777-789.

Milenkovic, S. & Bondar, A. N. Mechanism of conformational coupling in SecA: Key role of
hydrogen-bonding networks and water interactions. Biochim Biophys Acta 2016, 1858, 374-385.
Geszvain, K., Gruber, T. M., Mooney, R. A., Gross, C. A. & Landick, R. A hydrophobic patch on the
flap-tip helix of E.coli RNA polymerase mediates sigma(70) region 4 function. J. Mol. Biol. 2004, 343,
569-587.

Akiva, E., Itzhaki, Z. & Margalit, H. Built-in loops allow versatility in domain-domain interactions:
lessons from self-interacting domains. Proc. Natl. Acad. Sci. U. S. A 2008, 105, 13292-13297.

Hashimoto, K. & Panchenko, A. R. Mechanisms of protein oligomerization, the critical role of insertions
and deletions in maintaining different oligomeric states. Proc. Nat. Acad. Sci. U. S. A 2010, 107,
20352-20357.

Schoeffler, A. ]., May, A. P. & Berger, ]. M. A domain insertion in Escherichia coli GyrB adopts a novel fold
that plays a critical role in gyrase function. Nucleic Acids Res. 2010, 38, 7830-7844.

Clarke, J. H. & Irvine, R. F. Evolutionarily conserved structural changes in phosphatidylinositol
5-phosphate 4-kinase (PI5P4K) isoforms are responsible for differences in enzyme activity and
localization. Biochen. | 2013, 454, 49-57.

Gouridis, G., Karamanou, S., Sardis, M. F., Scharer, M. A., Capitani, G. & Economou, A. Quaternary
dynamics of the SecA motor drive translocase catalysis. Mol. Cell 2013, 52, 655-666.

Singh, R., Kraft, C., Jaiswal, R., Sejwal, K., Kasaragod, V. B., Kuper, ], Burger, ]., Mielke, T., Luirink, J. &
Bhushan, S. Cryo-electron microscopic structure of SecA protein bound to the 70S ribosome. | Biol. Chem
2014, 289, 7190-7199.

Wowor, A. ], Yan, Y., Auclair, S. M., Yu, D., Zhang, ]., May, E. R., Gross, M. L., Kendall, D. A. & Cole, ].
L. Analysis of SecA dimerization in solution. Biochemistry 2014, 53, 3248-3260.

Collinson, I., Corey, R. A. & Allen, W. J. Channel crossing: how are proteins shipped across the bacterial
plasma membrane? Philos. Trans. R. Soc Lond B Biol. Sci. 2015, 370.

Fekkes, P., de Wit, . G., van der Wolk, |. P., Kimsey, H. H., Kumamoto, C. A. & Driessen, A. J. Preprotein
transfer to the Escherichia coli translocase requires the co-operative binding of SecB and the signal
sequence to SecA. Mol. Microbiol. 1998, 29, 1179-1190.

Pretz, M. G., Remigy, H., Swaving, J., Albers, S. V., Garrido, V. G., Chami, M., Engel, A. & Driessen, A. J.
Functional and structural characterization of the minimal Sec translocase of the hyperthermophile
Thermotoga maritima. Extremophiles. 2005, 9, 307-316.

McMaster University - Biochemistry

115



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

Microorganisms 2019, 7, x FOR PEER REVIEW 20 0f 20

775 123. Sala, A., Calderon, V., Bordes, P. & Genevaux, P. TAC from Mycobacterium tuberculosis: a paradigm for
776 stress-responsive toxin-antitoxin systems controlled by SecB-like chaperones. Cell Stress. Chaperones. 2013,
777 18, 129-135.

© 2019 by the authors. Submitted for possible open access publication under the terms
and conditions of the Creative Commons Attribution (CC BY) license
BY (http://creativecommons.org/licenses/by/4.0/).

778
779

116



Ph.D. Thesis - Bijendra Khadka

McMaster University - Biochemistry

SUPPLEMENTARY INFORMATION

Rl

weblogo.berkeley.edu

Figure S1. A Web logo representation of the sequence characteristics of amino acids in

(A) 50 aa CSl and (B) 70 aa CSI. Web logos were created by using the CSls entered into

the Weblogo program (http://weblogo.berkeley.edu/) using default parameters. Amino

acids are color-coded according to their chemical properties as polar amino acids

(G,S,T,Y,C,Q,N) are green, basic (K, R, H) are blue, acidic (D,E) are red and

hydrophobic (A,V,L,1,P,W,F,M) are black.
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Figure S2. The root-mean-square-deviation (RMSD) values calculated relative to the
starting structure for the Thermotoga maritima SecA (TmSecA) with 50 insert (+CSI) and
without 50 aa insert at (A) 305.15K and (B) 363.15K, over the 100 ns of molecular

dynamics (MD) simulation trajectories.
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Figure S3. Trajectories for the occupancy of the number of water molecules calculated by
measuring the number of water molecules that are located within the 9A from ADP
during the entire molecular dynamics (MD) simulation period of 100 ns. Occupancy of
number of water molecules compared between the TmSecA with (+CSl) and without (-
CSI) 50 aa insertion at (a) 305.15K and (b) 363.15K. Comparisons of the number of
water molecules calculated for (¢) TmSecA (+CSl) and (d) TmSecA (-CSl) at two

different temperatures as labeled in the plots.
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Figure S4 (A). Randomly picked snapshots at different time intervals extracted from the
100 ns MD trajectories of TmSecA (+CSl) at 303.15K showing the occupancy and

interaction of water molecules with residue (GLU185) from 50 aa CSI and ADP.
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Figure S4 (B). Randomly picked snapshots at different time intervals extracted from the

100 ns MD trajectories of TmSecA (+CSl) at 363.15K showing the occupancy and

interaction of water molecules with residue (GLU185) from 50 aa CSI and ADP.
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CHAPTER 6
GlabModeller: A Graphical User Interface to a Streamed line Pipeline for

Homology Modelling Process.
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Background

Knowledge of the three-dimensional (3D) structure of the protein is crucial for
understanding of its basic function (Sippl, 1993). The advent of the genome sequencing
project have resulted in the availability of enormous wealth of known protein sequence
data (McPherson, 2014). At the same time, the numbers of experimentally solved protein
structures are lagging increasingly behind, owing to the difficulties associated with the
determination of protein structure. As a result, the gap between the number of sequence
information and corresponding structural information is widening rapidly (Mistry et al.,
2013). As of July 2019, the number of structures deposited in the freely accessible online
database called the Protein Data Bank (PDB) has reached 154,015 structures (Rose et al.,
2013; Burley et al., 2019). Yet, this data looks very tiny in comparison to the astonishing
number of sequence data held by the Uniprot Knowledge database (Uniprot), consisting
information of about more than 120 million sequences, as of Uniprot release 2019
(UniProt Consortium, 2019). Most of the structures of the proteins deposited in the PDB
are solved by X-Ray Crystallography (Burley et al., 2019), which is considered the most
powerful method for obtaining the 3D structures in atomic details (llari and Savino,
2008). Despite successful applications, it still has intrinsic limitations such as significant
investment of efforts and experimental time for purification and inability to provide
information about the dynamic behavior of proteins (Ostermeier and Michel, 1997;
Henzler-Wildman and Kern, 2007; Davis et al., 2008). In contrast to X-ray
crystallography, Nuclear Magnetic Resonance (NMR) method can provide observations

about the dynamic of the protein in solution. However, this method is limited to
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comparatively smaller size proteins (Mittermaier and Kay, 2006; Boehr et al., 2009;
Kleckner and Foster, 2011). On the other hand, Cryo-Electron Microscopy (Cryo-EM),
which is an essential complement to both X-ray Crystallography and NMR, extends its
capability in determination of the 3D structure of macromolecules. Cryo-EM has
continued to be a powerful tool due to its ability to confront colossal assemblies and
transient, and requirement of small amount of starting materials. Moreover, it is well
suited to study membrane protein within native membranous lipid environment. However,
this method is particularly limited to the low level of atomic resolution (Saibil, 2000;
Ubarretxena-Belandia and Stokes, 2010). In the absence of an experimentally determined
atomic-resolution protein structures, computational methods such as homology modelling
are playing an increasingly important role to bridge the gap created by rapidly growing
sequenced protein sequence universe and the world of solved protein structures (Mistry et
al., 2013; Kryshtafovych et al., 2014; McPherson, 2014). Homology modelling allows the
generation of 3D models of a (target) protein from its primary amino acid sequences
based on its alignment with one or more homologous proteins with known 3D structure
(template) that share statistically significant sequence similarity (Chothia and Lesk, 1986;
Sali and Blundell, 1993; Ginalski, 2006). In general, the workflow of homology or
comparative modelling can be divided into following basic steps (Figure 6.1):
1. Searching for known 3D structures that could serve as a suitable template for a
given target protein sequence; sequence identity of >30% between target and
template is generally considered threshold for successful homology modelling

(Fiser, 2010; Kryshtafovych et al., 2014).
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2. Alignment of target sequence with template; may include manual adjustment of
multiple sequence alignment to optimize the placement of Insertions/Deletions
(Indels) outside tight secondary structure elements (Pascarella and Argos, 1992).

3. 3D model construction based on information of alignment and template structure
(Sali and Blundell, 1993).

4. Refinement and assessment of the resulting model; represents an essential
component of protein modelling, as the accuracy/quality of final model will
determine its usefulness for various applications (Sanchez and Sali, 1997; Marti-
Renom et al., 2000; Baker and Sali, 2001; Xu and Zhang, 2012).

The protein model generated using computational methods (e.g. Homology modelling)
can provide a wide range of useful applications to molecular biology, for generating and
testing several hypothesis such as: (i) substrate specificity (Lewis et al., 1999; Lewis,
1999; De Rienzo et al., 2000; Lukk et al., 2012), (ii) rational design of mutagenesis
experiments (Chmiel et al., 2005; de Graaf et al., 2007), (iii) predicting and analyzing
ligand binding sites and ligand-receptor interactions (Chen et al., 2005; Carlsson et al.,
2011; Levit et al., 2012; Nguyen et al., 2016), (iv) rational drug design (Hillisch et al.,
2004; Thiel, 2004; Park et al., 2008; Sharma et al., 2012; Schmidt et al., 2014), (v) as a
starting model for solving structure from X-ray crystallography, Electron Microscopy and
NMR (Sutcliffe et al., 1992; Ceulemans and Russell, 2004; Ngo et al., 2008), (vi)
identifying and characterizing the protein-protein complexes (Launay and Simonson,
2008; Kundrotas et al., 2012), and (vii) carrying out Molecular dynamics (MD)

simulation studies of biological macromolecules to gain insight into the physical basis of
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structure and function (Capener et al., 2000; Karplus, 2002; Karplus and Kuriyan, 2005;
Sahoo et al., 2014). One of the most widely regarded computational tools for protein
structure prediction is MODELLER (Sali and Blundell, 1993). The lack of a Graphical
User Interference (GUI) for MODELLER requires the user to have detailed knowledge
about its manual and other tutorials, and also a basic understanding of python scripting to
perform different tasks. In general, the process of model generation using the comparative
modelling tool, MODELLER, usually requires, compiling and setting up of input files,
and editing of python scripts for different steps, which can be very time consuming when
dealing with a large number of target proteins. In this regard, we have created an
interactive graphical pipeline program for protein modelling process known as “Gupta
Lab-Modeller or GlabModeller”. GlabModeller is a standalone program, which provides
an easy-to-use graphical user interface (GUI) to MODELLER and a number of
subsequent steps in the model refinement and the model validation process. In addition,
several other features such as template selection, multiple sequence alignment (MSA)
editing and manual specification of spatial restraint have now also been implemented.
Several interfaces for MODELLER or Homology Modelling process, mostly in the form
of automated servers, have been described previously (Schwede et al., 2003; Pettersen et
al., 2004; Kelley et al., 2015). While these tools, in some cases, are suitable for
challenging targets (target that shares low sequence identity with template) (Kopp and
Schwede, 2004; Yang and Zhang, 2015), they are oftentimes very time consuming and
limit the user from more critical analysis of the generated models. Additionally, they lack

the features such as the execution of spatial restraint and accesses to the streamlined
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validation analysis using multiple tools are limited. GlabModeller, which provides a
seamless interface to MODELLER, should enhance the overall protein modelling process
by simplifying and speeding up the key modelling steps without the user requiring any

knowledge of the backend applications.

Graphical User Interface (GUI) of GlabModeller

Shown in Figure 6.2 is the easy to run GUI of the GlabModeller pipeline written
using the python Tk interface module. The GUI for GlabModeller comprises of three
major components: the sequence-template alignment, the model building and refinement,
and the model validation. The “sequence-template” section allows the user to use a raw
amino acid sequence of the target protein and to select the directory containing template
protein files in the PDB format. In the “Model-building and refinement” section, the user
can select the aligned files (generated from the “sequence-template” section), select the
directory containing the templates, and select the directory folder in which the generated
output protein models will be stored. This section also allows the user to adjust the
number of models to be built and to input other variables such as defining secondary
structure information to be restrained in the model. Additionally, the user has option to
run energy minimization of the generated top ten models with high DOPE score by
checking the “Run ModRefiner” box. The ModRefiner program allows atomic-level high-
resolution structural refinement to remove the steric clashes and to improve hydrogen
bonding network, side-chain positioning and backbone topology of the generated models
(Xu and Zhang, 2011). The program can also be accessed through an online server at the

Zang Lab website at https://zhanglab.ccmb.med.umich.edu/ModRefiner.
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The final section, the “Model validation ™, constitute a critical step in the model
building process as it helps to identify potential errors in the predicted structural models.
This section provides an option to run the four independent validation tools viz.
RAMPAGE (Lovell et al., 2003), ProSA (Sippl, 1993; Wiederstein and Sippl, 2007),
ERRAT (Colovos and Yeates, 1993) and VERIFY3D (Bowie et al., 1991; Luthy et al.,
1992; Eisenberg et al., 1997). RAMPAGE is a structure validation tool for the assessment
of Ramachandran plots which allow the visualization of energetically favored and
disallowed dihedral angles psi (y) and phi (¢) calculated based on van der radius of their
side chains (Kleywegt and Jones, 1996; Carrascoza et al., 2014). The results from
RAMPAGE include number/percentage of residues in the favored region, allowed region
and outlier region, and allow to access the stereochemical quality of the generated
models. The ProSA (Protein Structure Analysis) program is a well-known and widely
used tool which is frequently employed in the refinement and validation of the
experimentally derived protein structures or theoretical models obtained from homology
modeling (Wiederstein and Sippl, 2007). The Z-score predicted using ProSA web server
provides an indication of the overall quality of a model and it is commonly used to ensure
the compatibility of the Z-scores range between input target protein structures and native
protein of similar size (Sippl, 1993; Wiederstein and Sippl, 2007). The ERRAT program
analyzes the statistics of non-bonded interactions between various atom types and the
value of error functions versus position of nine residues sliding window are plotted by
comparing with the statics from a database of reliable and high resolution crystallography

structures. The ERRAT quality factor value is expressed as the percentage of the protein
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residues in which the calculated error value falls below the 95% rejection limit. A high
resolution crystal structures generally show an ERRAT quality factor value of 95% or
higher, whereas a low resolution structure generally shows a value of approximately
around 80% (Colovos and Yeates, 1993). VERIFY3D program determines the
compatibility of an atomic model of 3D structures with its own primary amino acid
sequence (1D) by assigning a structural class based on its location and environment
(alpha, beta, loop, polar, nonpolar, and other properties) and by comparing the results to
reliable structures (Eisenberg et al., 1997). All the results and output files obtained from

the aforementioned validation tools can be stored in the user defined output folder.

Other Requirements to run GlabModeller and analysis of the results

GlabModeller requires the recent version of MODELLER and Python installed in
the local system in the default home directory. MODELLER is available free of charge to
academic non-profit institutions. Information regarding links to register for an academic
license key and to download and install the different versions of MODELLER compatible
with various operating systems can be access through its home page at the Sali Lab
website (wwwe.salilab.org). The 3D coordinates of the generated homology models can be
visualized and analyzed using molecular visualization tools such as PyMOL
(www.pymol.org) and Cn3D ("see in 3D") (Wang et al., 2000). Secondary elements
information can be identified by cartoon representation/rendering with arrows (-strands),
spirals (a-helices) and lines (loops/turns) to simplify the depiction of protein structure

architecture. Additionally, any region of interest (e.g. CSIs) can be color-coded to make
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their interpretation easier. Currently, GlabModeller only runs on Microsoft Windows. In
future, the binary executables and source code for the GlabModeller will be hosted on

GitHub.

Mapping the CSls in DNA-dependent RNA polymerase Alpha Subunit (RpoA) and
DNA-dependent RNA polymerase Beta Subunit (RpoB) using GlabModeller
DNA-dependent RNA polymerase Alpha Subunit (RpoA) and DNA-dependent
RNA polymerase Beta Subunit (RpoB) comprises the two major components of the core
RNA polymerase enzyme complex (Ebright and Busby, 1995; Severinov et al., 1996;
Minakhin et al., 2001). The RpoA and RpoB subunit together with other large subunits of
RNA polymerase complex form the catalytic center of the enzyme and a binding site for
double-helix DNA, nucleotide substrates and nascent RNA (Landick et al., 1990;
Mustaev et al., 1993; Gross et al., 1996). Antibiotics like Rifamycins and its structural
counterparts that are known to inhibit RNA polymerase activity acts by binding to the
beta subunit of RNA polymerase (Ho et al., 2016) and the majority of Rifamycins
resistances in bacterial mutants have also been mapped into the beta subunit of RNA
polymerase (Campbell et al., 2001; Ho et al., 2016). Earlier studies from our lab have
identified 3 different CSls (3 insertions) in RpoA and 11 different CSls (8 insertions and
3 deletions) in the RpoB protein, which are specific for a different group of microbes
(Table 1). Although, the experimentally solved structural information is available for
some of the CSls, such as in the case of widely studied large prominent signature inserts
of >100 aa, specific for Proteobacteria, the CFBG group, Chlamydiae, and Aquificales

(Gupta, 2004). However, the structural information for most other CSI containing RpoA
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and RpoB is not available. In view of this, | have utilized the GlabModeller to create the
homology model to analyze the structural features of the CSls in these proteins specific
for different groups of microbes. In brief, the PSI-BLAST was carried out to identify the
suitable templates for each target protein (Table 1). Initially, 200 structures were
generated for each target (RpoA and RpoB) proteins and selected using DOPE score
(Shen and Sali, 2006) and are then submitted to the ModRefiner program to obtain
atomic-level energy minimization and to obtain a model with reliable stereochemistry
quality (Xu and Zhang, 2012). The validation of the refined model was carried out using
the tools available in GlabModeller. The results for the stereochemical assessment of the
RpoA and RpoB homology models are shown in Table 2. Overall, analysis of the
structural features of the identified CSls in RpoA and RpoB, using the homology models
generated using GlabModeller, shows that all identified CSls are found to be located on
the surface loop of proteins, and they are generally situated away from the active site
without disrupting the core function of a protein. In RpoB, the majority of CSls were
found to be clustered in the beta-2 domain (in E. coli residues ranges from 151-445 aa)
and flap domain (in E. coli residues ranges from 831-1057) of RpoB. The flexible flab
domain are reported to involved in the interaction with sigma factors for promoter
recognition activities (Kuznedelov et al., 2002; Geszvain et al., 2004) whereas the beta-2
domain forms a part of the inner roof for downstream double-strand DNA binding

channel (Korzheva et al., 2000; Lane and Darst, 2010).
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Discussion

GlabModeller is a streamlined pipeline that provides a user-friendly interface to
MODELLER and a number of subsequent steps involved in the homology modelling
process. It was developed with an aim to assist an efficient analysis of large number CSls
that are identified in various essential proteins specific for a different group of organisms.
The previous version of this pipeline has already been utilized to carry out the study on
mapping of the structural location of various CSls identified in number of different
functionally important proteins such as DNA-dependent RNA polymerase B (RpoB),
Ribonucleotide reductase (RNA), photosynthetic reaction core proteins etc. (Gupta and
Khadka, 2015; Alnajar et al., 2017; Khadka et al., 2017; Hassan and Gupta, 2018; Khadka
et al., 2019). The GlabModeller was also utilized for the generation of homology models
and the analyses of the structural features of identified CSls in PIP4AK/PIP5K family of
proteins (Khadka and Gupta, 2017; Khadka and Gupta, 2019), as described in the work in
the Chapter 2, and Chapter 3 of this thesis, and as well as phosphoketolase (PK) (Gupta et
al., 2017) and SecA proteins as described in Chapter 4 and Chapter 5 of this thesis. In
addition, a list of my other published articles in which the GlabModeller was utilized to
generate the homolog models and analyses of the structural location of CSls in protein
structure is shown in Table 3. Overall, our integrated software pipeline for an automated
and efficient generation of homology models GlabModeller pipeline will make the
homology modelling approach available to users from broader scientific communities.
Specifically, this will greatly benefit novice users and experimentalists to overcome the

initial learning curves barrier hindering the general use of homology modelling approach.
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Figure 6.1. Workflow depicting the pipeline protocol to prepare run and analyze
homology modelling. After the suitable template structure has been identified, the core of
the pipeline consists of three major sections: (1) target sequence-template alignment; (1)

homology model generation; (111) model refinement, validation, and analysis. The name

of the programs utilized in each step of the pipeline is indicated.
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Figure 6.3. Surface representation of homology models of DNA-dependent RNA
polymerase subunit Alpha (RpoA) and DNA-dependent RNA polymerase subunit Beta
(RpoB). Homology model of (a) Eggerthella lenta RpoA (shown in Cyan) with 1 aa
insert and (b) Thermotoga neapolitana RpoA with 2 aa insert, located on the surface
exposed loop region (shown in red). The zoom out figures show cartoon representations
of the model (Cyan) superimposed to the template (4KN7_A shown as green). (c).
Homology model of Thermotoga naphthophila RpoB with 6 aa insert. (d).
Pyramidobacter piscolens RpoB with 9 aa insert. (e). Pyramidobacter piscolens RpoB
with 1 aa insert. (f). Thermotoga naphthophila with 6 aa insert. (g). Chlamydia muridara
RpoB with 3 aa insert. (h). Escherichia coli RpoB with 100 aa insert specific for
Proteobacteria, Chlamydiae, CFBG group and Aquificales homologs, for which crystal
structural information was available is indicated by PDB ID. The conserved insertions
which are located on the surface exposed loop region are shown as red surface. Each
model is indicated by accession numbers (see table 2 for additional information) and
represented in different orientations in order to provide the best view for the surface
location of different CSls. The figures were generated using PyMOL (The PyMOL
Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC).
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Table 1: List of different CSls specific for the different microbial groups identified in

RpoA and RpoB proteins.

Accession Indel Indels Specificity Template/ R(Efjgi'/?ggs
Number Size PDB ID: ID)
WP_0131825 | 15-17 aa Chlamydiales 4KN7 (chain A) | 16079343
38 inserts
< YP_00253456 2aa Thermotoga, Fervidobacterium and AKNT_A 24166034
I3 3 inserts Thermosipho genera
B} YP—00318314 - C'ag?y'étgﬁéﬁgfﬁﬁf' iglésgi%?r;rt:g“a’ AKN7_A 23524353
Gordonibacter).
YP—OOS 34575 6 aains Thermotoga genus 4KN7 (chain C) 21503713
ZP_07224977 3aains Chlamydiae 4KN7_C 23060863
YP_427779 25 aains Rhodospirillales species 4KN7_C 18045498
ZP_01081213 3aains Clade-C Cyanobacteria 4KN7_C 19622649
o YP—0012 48875 2aains Clade | Micrococcales species 1YNJ 22390973
n‘c’;- CAA23625 100 aa ins Gram-negative Bacteria 4KN7_C/1YNJ_C 15179606
CAA23625 4 aa del Gram-negative Bacteria 4KN7_C/1YNJ_C 19196760
ZP_06266884 laains Synergistetes 4KN7_C 22711299
ZP_06266884 9aains Synergistetes 4KN7_C 22711299
ZP_06266884 | 13 aains Synergistetes 4KN7_C 22711299
ZP_06266884 1 aa del Synergistetes 4KN7_C 22711299
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Table 2: Summary of validation results for various CSl-containing RpoA and RpoB
homology models.

McMaster University - Biochemistry

Template RA'I\/'P_A(GE) = o=
. i ) _target Ana YySIS % < @) 9>
Accession No. Indel Size Organism Sequence % % s
identity F A (@) = > @
15-17 aa Waddlia 0
WP_013182538 e chondrophila 38% | 983 | 1.3 | 04 | 80.090 | 85.84
2 aa Thermotoga 0
| YP_002534563 ot neapolitana 4129% | 99.1 | 0.9 | 0.0 | 73.077 | 89.86
o
@| vyp oos1s3a0 | A Eggerthella 45% | 986 | 14 | 00 | 72464 | 9259
inserts lenta
Template Escherichia
UKNT A) N/D ol N/D 838 | 128 | 3.4 | 83828 | 8364
) Thermotoga 0
YP_003345759 | 6aains naphthophila 954% | 954 | 3.1 | 1.5 | 83.200 | 70.15
7P 07224977 | 3aains Chlamydia 972% | 972 | 28 | 00 | 8720 | 84.23
muridara
YP_427779 25 aains Rho‘:ﬁ;%%‘”“m 97.4% | 974 | 26 | 00 | 88722 | 87.68
ZP_01081213 3aains Sy”ecggggi‘;us -1 931% | 931 | 44 | 23 | 77629 | 8216
YP 002488751 | 2aains Arthrobacter 96.1% | 96.1 | 33 | 07 | 88915 | 57.27
chlorophenolics
| CAA23625** | 100aains E. coli 824% | 824 | 142 | 35 | 72923 | N/A
o
& CAA23625** 4 aa del + + + + + + +
7P 06266884*+* | 1aains | " Yramidobacter 925% | 925 | 57 | 1.9 | 65735 N/A
piscolens
ZP_06266884*** | 9aains + + + + + + +
ZP_06266884*** | 13 aains + + + + + + +
ZP_06266884*** 1 aa del + + + + + + +
Template 1 .
(4KNT ©) N/D E. coli N/D 824 | 142 | 35 | 72923 | N/A
Template 2 Thermus 73.72
(LYN) ©) N/D aquaticus N/D 805 | 131 | 64 | 76155 | '/
Note:

F = Favored residues, A = Allowed residues, O = Outliner residues

N/D (Not defined)
N/A (Not available)

** & *** indicates the same homology model was utilized to represent different CSls

‘“+” represents value similar to the previous value.
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Table 3: List of my other published articles in which the GlabModeller was utilized to
generate the homolog models and analyses of the structural location of CSls in protein

structure.

S.No. References

Khadka, B., Chatterjee, T., Gupta, B.P., and Gupta, R.S. (2019). Genomic Analyses
Identify Novel Molecular Signatures Specific for the Caenorhabditis and other

1 Nematode Taxa Providing Novel Means for Genetic and Biochemical Studies. Genes
10, 739.
Alnajar, S., Khadka, B., and Gupta, R.S. (2017). Ribonucleotide Reductases from

2 Bifidobacteria Contain Multiple Conserved Indels Distinguishing Them from All

Other Organisms: In Silico Analysis of the Possible Role of a 43 aa Bifidobacteria-
Specific Insert in the Class 111 RNR Homolog. Front Microbiol. 8, 14009.

Khadka, B., Adeolu, M., Blankenship, R.E., and Gupta, R.S. (2017). Novel insights
3 into the origin and diversification of photosynthesis based on analyses of conserved
indels in the core reaction center proteins. Photosynth. Res. 131, 159-171.

Ho, J., Adeolu, M., Khadka, B., and Gupta, R.S. (2016). Identification of distinctive
4 molecular traits that are characteristic of the phylum "Deinococcus-Thermus™ and
distinguish its main constituent groups. Syst. Appl. Microbiol. 39, 453-463.

Zhang, G., Gao, B., Adeolu, M., Khadka, B., and Gupta, R.S. (2016). Phylogenomic
Analyses and Comparative Studies on Genomes of the Bifidobacteriales:
Identification of Molecular Signatures Specific for the Order Bifidobacteriales and Its
Different Subclades. Front Microbiol. 7, 978.

Naushad, S., Adeolu, M., Goel, N., Khadka, B., Al Dahwi, A., and Gupta, R.S.
(2015). Phylogenomic and molecular demarcation of the core members of the
polyphyletic pasteurellaceae genera actinobacillus, haemophilus, and pasteurella.
Int. J Genomics. 2015, 198560.

Gupta, R.S. and Khadka, B. (2015). Evidence for the presence of key chlorophyll-
biosynthesis-related proteins in the genus Rubrobacter (Phylum Actinobacteria) and
its implications for the evolution and origin of photosynthesis. Photosynth. Res. 127,
201-218.

Hassan, F.M.N. and Gupta, R.S. (2018). Novel Sequence Features of DNA Repair
8 Genes/Proteins from Deinococcus Species Implicated in Protection from Oxidatively
Generated Damage. Genes. 9, 149.

Sharma, R. and Gupta, R.S. (2019). Novel Molecular Synapomorphies Demarcate
9 Different Main Groups/Subgroups of Plasmodium and Piroplasmida Species
Clarifying Their Evolutionary Relationships. Genes. 10, 490.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS
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Research Summary

The exponential growth of genome sequence information from diverse organisms
has allowed efficient use of the comparative genomic approaches for the discovery of
novel and reliable shared-derived molecular characteristics that serve to clearly demarcate
different groups of organisms. One such class of molecular markers that provide powerful
means for distinguishing different groups of organisms and to elucidate several of the
evolutionary and phylogenetic relationships between them is referred to as Conserved
Signature Insertions and Deletions (CSls) (Rivera and Lake, 1992; Baldauf and Palmer,
1993; Gupta, 1998; Rokas and Holland, 2000; Gupta, 2014). CSls are insertions or
deletions of defined lengths that are present at specific locations within highly conserved
regions of widely distributed proteins (Gupta, 1998). CSls have been identified at
multiple phylogenetic depths ranging from those shared by multiple phyla (Griffiths and
Gupta, 2007) to those specific to individual strains (Ahmod et al., 2011; Wong et al.,
2014). Additionally, CSls have been used in the past to resolve a number of important
evolutionary questions, dating back billions of years. These include clarifying
relationships among animals, plants and fungi (Baldauf and Palmer, 1993; Gupta, 1995),
identifying closest relatives of the vertebrates as well as the primates (Janecka et al.,
2007; Gupta, 2016c), shedding light into the origin and evolution of photosynthetic
reaction center core proteins (Gupta, 2012; Gupta and Khadka, 2015; Khadka et al., 2017)
and providing insight into the branching order of the main bacterial phyla (Gupta, 2001;
Gupta, 2014). In addition, earlier work has shown that CSls, including the CSls that have

size of 1-2 amino acid in length, in several important proteins (e.g., GroEL, DnaK, GyrB,
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etc.) play important functional roles in the CSl-containing organisms, and abolition or any
substantial changes in the sequences of CSls adversely impact cell growth or other critical
functions (Chatterji et al., 2000; Singh and Gupta, 2009; Schoeffler et al., 2010; Clarke
and Irvine, 2013; Alnajar et al., 2017; Gupta et al., 2017). Moreover, analyses of a
number CSls has shown that the CSls are generally located within surface loops of the
proteins with their residues exposed toward the surface (Hsing and Cherkasov, 2008;
Singh and Gupta, 2009; Gupta and Khadka, 2015) and thus are predicted to play
important roles in protein-protein and protein-ligand interactions (Akiva et al., 2008;
Hashimoto and Panchenko, 2010). In view of the high degree of specificity (i.e.
evolutionary conservation) of CSls for particular group of organisms and their
localization in protein structures in surface exposed loops, it is hypothesized that CSls are
involved in ancillary functions that are essential for the CSI-containing group of
organisms. However, despite the important predicted role played by the CSls, the
underlying functional mechanism of most of the identified CSls in different essential
genes/proteins remains largely unknown. An understanding of these new ancillary
functions as a result of these rare genetic changes in the sequence and structural change is
of much importance. This is particularly relevant in light of the worldwide effort by
structural genomics which aims to provide a structural representative for most
homologous protein families (Baker and Sali, 2001; Chance et al., 2004; Khafizov et al.,
2014). A knowledge of three-dimensional structural information of proteins often
provides useful insights required to understand the macromolecular function (Terwilliger,

2011; Fajardo and Fiser, 2013) and the analyses of the structural features of CSIs is thus
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critical to shed lights into the previously undetected functional relationships of CSls
hidden at the sequence level.

The major focus of my thesis is on using comparative genomic approaches to
identify large numbers of CSls in important proteins which are distinctive characteristics
of fungi as well as other important groups of organisms. | have utilized the identified
CSls to understand both the evolutionary history of protein families for delineating
relationships between organisms and to investigate the structural and functional aspects of
CSls using various bioinformatics and computational approaches. The evolutionary
aspects of my research include work that | have described in Chapter 2 of this thesis.
Here, | describe the use of a CSl-based approach in conjunction with species distribution
and phylogenetic analysis to provide novel insight into the origin/distribution and
evolutionary relationships of the PIP4K/PIP5K protein family.

The members of PIPAK/PIP5K family constitute crucial players in the regulation
of phosphatidylinositides, which reside at the core of the phosphatidylinositol signalling
pathway, controlling a wide range of fundamental cellular processes in eukaryotes
(Martin, 1998; Oude Weernink et al., 2000; van den Bout and Divecha, 2009; Bulley et
al., 2015). Despite the important role played by these proteins, there is a limited
understanding of the overall evolutionary relationships between different members of
PIP4K/PIP5K families and subfamilies of proteins. Additionally, no molecular or
biochemical characteristics are known that clearly distinguish the different members of
this protein family. In this work, we describe the detailed analysis of the species

distribution pattern of PIP4K/PIP5K isozymes/homologs in various eukaryotic lineages
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and phylogenetic analysis based on the sequences of these proteins. In parallel, our
comparative analysis of the PIP4Ks and PIP5Ks protein sequences have identified six
highly-specific molecular markers consisting of CSls that are uniquely shared by either
PIP4K or PIP5K proteins or both, or specific to subfamilies of these proteins. On the
basis of the analysis of distribution pattern of these identified CSls, we were able to
reliably determine the specific stages in the evolutionary history of eukaryotic organism,
where the gene duplication events leading to the diversification of the PIP4K/PIP5K
families and subfamilies of proteins have occurred. In addition, we also explored the
structural features and location of all the identified CSls in the PIP4K/PIP5K family of
proteins and showed that all identified CSls are located on surface exposed loop regions
and are thus predicted to perform important roles in mediating novel functional
interactions (Khadka and Gupta, 2019).

In the subsequent work, described in Chapter 3 of this thesis, to investigate the
structural and functional aspects of CSls, | analyzed one of the CSls that we identified in
a member of the PIP4K/PIP5K family of proteins. This includes my work on the enzyme
PIP5K which play a pivotal role in generating phosphatidylinositol (4,5)-bisphosphate
[PtdIns(4,5)-P2], a key regulator of phosphoinositide signalling pathway (Majerus, 1992;
Loijens et al., 1996; van den Bout and Divecha, 2009; Kutateladze, 2010). In yeast, such
as Saccharomyces cerevisiae, it is the sole PIP5K that controls a wide range of essential
cellular functions (Desrivieres et al., 1998; Homma et al., 1998; van den Bout and
Divecha, 2009; Guillas et al., 2013). Using a comparative genomic approach we

compared the available protein sequences of PIP5Ks form different organisms. This led to
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the identification of an 8 aa conserved signature insert in PIP5K protein that is uniquely
shared by different species of Saccharomycetaceae, but absent in any mammalian or
animal homologs. Inserts of smaller sizes are also found in the same position in some
other fungi, which are likely specific for other groups or families of fungi. Because the
conserved insertions or deletions in protein sequences are predicted to be functionally
important for the group of organisms where they are found, | explored the structural
features of the identified 8 aa CSI to gain potential insight into its functional significance.
As no solved structure of PIP5K was available from fungi, | utilized the homology
modelling technique to generate the structural models of PIP5K from Saccharomyces
cerevisiae by using the available PIP4K structures as a template. Analysis of PIP5K
structural model reveals that the Saccharomycetaceae-specific 8 aa CSI forms a surface
exposed loop region at the surface of this protein, which is present at the same face as the
activation loop region of this protein. Furthermore, to investigate its possible role in
membrane binding we calculated the electrostatic potential surface (EPS) of PIP5K from
S. cerevisiae. The EPS analysis shows that the residues from the 8 aa insert contribute
toward the formation of a highly positively charged patch on the surface of this protein,
through which the electrostatic interaction with anionic head groups of the bilayer
membrane, is expected to play a role in the membrane binding. To investigate this
prediction, we then utilize the molecular dynamics (MD) simulations to examine the
binding interaction of the PIP5K, by creating structural models of PIP5K lacking and
containing the conserved insert, using two different membrane lipid bilayer models. The

results obtained from the MD simulation provided insights into the underlying

145



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

mechanism of interaction of PIP5K to the membrane lipid bilayers and underpinned the
idea that the identified fungal-specific 8 aa conserved insert plays an important role in the
membrane binding (Khadka and Gupta, 2017).

In addition to the work that has been described in Chapter 3 of this thesis, | have
also carried out similar structural and functional studies on a number of CSls in key
proteins specific for two important groups of bacteria that are described in chapter 4 and
chapter 5. The work described in Chapter 4 of this thesis is a published work (Gupta et
al., 2017), whereas, the work described in Chapter 5 of this thesis has been submitted for
publication. A brief summary of these two studies is provided below.

Bifidobacteria comprise an important group of commensal bacteria that forms a
significant constituent in the microbiota of humans and other mammals (Biavati et al.,
2000; Turroni et al., 2011; Ventura et al., 2014). These bacteria are known for several
health-promoting benefits on their hosts (Pokusaeva et al., 2011). Bifidobacteria
possesses a unique fermentation pathway known as the “bifid shunt” for the metabolism
of different carbohydrates (Meile et al., 2001; Takahashi et al., 2010) which is based on a
key enzyme called phosphoketolase (PKs). 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). In this study, we focused on analyzing the sequence features
of the phosphoketolases to identify any characteristics that could prove helpful in

understanding the differences between the two forms of PKs found in different
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organisms. This lead to the identification of multiple highly specific molecular
differences in the forms of CSls that clearly distinguish the phosphoketolase of
bifidobacteria from the phosphoketolase homologs found in most other bacteria.
Interestingly, we noted that the most of the molecular signatures that are specific for the
XFPKs from bifidobacteria were also shared by the PKs from the Coriobacteriales order
of bacteria, which is comprised of saccharolytic organisms also belonging to the phylum
Actinobacteria. Analysis of the branching pattern from phylogenetic tree provided
evidence that the PKs in bifidobacteria are specifically related to those found in the
Coriobacteriales, indicating that the gene for PK (XFPK) was horizontally transferred
between these two groups. Additionally, homology modelling, structural analyses, and
protein-protein docking studies revealed that the CSls that are distinguishing features of
Bifidobacteriales/Coriobacteriales are located on the surface exposed loop region at the
subunit interface in the XFPK structure and they are indicated to be involved in the
formation/stabilization of XFPK dimer.

In another study, we have examined the evolutionary and functional significance
of several CSls in the SecA protein. The SecA, a conserved ATPase, is a key component
of bacterial Sec-translocation system (Mori and Ito, 2001; Vrontou and Economou, 2004)
that plays a key role in the secretion of a wide variety of bacterial proteins (Schmidt and
Kiser, 1999; Gil et al., 2004). Previous work from our lab has identified a large number of
CSils that constituted distinguished molecular characteristics of the order of bacteria
which contains some of the most thermophilic and hyperthermophilic species of bacteria

known (Griffiths and Gupta, 2004a; Griffiths and Gupta, 2006; Gupta and Bhandari,
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2011; Gupta and Lali, 2013). Of the identified CSls, one CSI constitutes a large 50 aa
insert present exclusively in SecA homologs from the orders Thermotogales and
Acquificales. Another CSI comprised of a 76 aa insert in the homologs of SecA is
uniquely shared by members of the order Thermales and Hydrogenibacillus schlegelli.
However, it remains unclear how the shared presence of these rare genetic changes in
SecA homologs, that are distinctive characteristics of a thermophilic/hyperthermophilic
group of bacteria, contribute toward the function of this protein. To investigate this, I
carried out the computational analysis of the sequence and structural features of these
large CSls in SecA protein. A phylogenetic tree based on the proteins sequences of SecA
homologs was created and analyses of its branching pattern provided evidence that these
large CSls have originated independently in these unrelated phyla of hyperthermophilic
bacteria due to their selective advantageous functional roles. As the main commonly
shared characteristic of these phyla is their ability to grow at high temperature, it strongly
suggests that the presence of these large CSls in the SecA protein is advantageous or
necessary for its functioning at high temperature. Analyses of the amino acid composition
and structural features of these CSlIs show that these large CSls constituting mostly of
conserved charged amino acid residues are located on the surface exposed region of the
SecA. To further investigate the functional significance of these CSls that are specific for
thermophilic/hyperthermophilic bacteria, a comparison of the crystal structure and
homology model of Thermotoga maritima SecA structure with and without 50 aa CSI
was carried out. These comparisons showed that the CSI in the protein was interacting

with a number of water molecules and they formed an intermediate interaction between
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the insert and adenosine group of ADP molecule. In view of this observation, to
investigate the structural dynamics of 50 aa CSI and water molecules, we explore the MD
simulation using TmSecA crystal structure at two different temperature settings, (303.15K
and 363.15K). The results from MD studies identified a conserved network of stable
water molecules near the 50 aa insert. Conserved residues such as GLU185 which is
present within the loop region of CSI are found to make a key contribution toward these
interactions. The results from this analysis have provided novel insight into the possible
role of this CSI and open up an area for future biochemical experiments to be conducted

to further clarify the function of these CSls towards the thermostability of the protein.

Future Directions

The research that | have presented in this thesis provides several intriguing
directions for future study. One interesting line of research is to utilize the tools and
methods (e.g. the computational pipeline “GlabModeller”), for the rapid and efficient
mapping of structural location and features of a large number of previously identified or
newly discovered CSls in different proteins. The work from our lab over the past few
decades has identified >1000 various CSls in important proteins which are specifically
found in a different group of organism (pathogenic and non-pathogenic). Most of these
CSls are found in highly conserved proteins which are involved in essential functions
(Chan et al., 2007). A few examples of such important target proteins where such
analysis can be performed include, (i) Recombinase A (RecA), which is essential for the

repair and maintenance of DNA (Cox, 2007) (ii) Serine hydroxymethyl transferase
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(SHMT), which links amino acid and nucleotide metabolisms by generating key
intermediate for one-carbon transfer reactions (Rao et al., 2000), and (iii) Lon Protease,
an ATP-dependent protease essential for regulation and energy-dependent degradation of
short-lived proteins (Tsilibaris et al., 2006). The primary biochemical functions of these
conserved proteins are critical for cell viability and growth and thus are expected to
remain the same in all organisms. Therefore a key question that emerges is “What
functional constraints help create and maintain these rare genetic changes in these
conserved protein sequence/structure in particular group of organism?”” However, use of
experimental approaches to study all the CSls is a prohibitively time and resource
intensive process and it will require extensive work before the functional significance of
any of these CSls is understood. In contrast, the use of computational and bioinformatics
approaches allows the rapid analysis of large number of CSls. For instance, the
information obtained by mapping and analysing the structural features of various CSls
can be utilized to unravel their novel roles in protein function by employing additional
bioinformatic approaches such as molecular dynamics simulation, genomic organizations
of the genes containing these CSI and protein-protein interaction network analysis.
Biochemical experiments can then be conducted to further complement the results. In
addition to the GlabModeller, our lab has developed a number of computational tools that
are useful in this regard. These include tools for the identification of CSls available on the
www.gleans.net website (Gupta, 2014) and tools such as GLIMPSE, a phylogenomic
analysis pipeline tool developed by our lab to create supermatrix based large scale

phylogenetic trees and to calculate genomic distance using multiple methodologies
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(Adeolu et al., 2016). The availability of these resources will pave the path for other
researchers to endeavor genome sequence-based evolutionary research, and to search for
novel and informative molecular signatures.

Another interesting line of research is to utilize the structural and functional
information about CSls, that | have described in this thesis, to develop a novel and
important class of drug targets that can be effectively inhibited by small molecule drug
leads (Gupta, 2018). This is particularly relevant as there is a dire need for the
development of new antibacterials with a novel mode of action due to the growing health
and economic burden caused by the rapid spread in antibiotic resistance bacteria (Payne
et al., 2007; Walsh and Wencewicz, 2014; Wright, 2015). Although, the advent of
genomic sequencing held the promise of numerous novel and easily identifiable
antimicrobial drug targets which could be derived from the comparative analysis of
genomic sequence data (Tang and Moxon, 2001). However, there has been limited
success in identifying novel drugs using the information based on genomic sequence data
(Betz et al., 2005; Shendure et al., 2019). The concept of using CSls as a drug target
stems from the fact that CSls have been experimentally shown to be essential for the
organisms in which they are found and their removal or significant alteration in their
sequences are incompatible with the viability of CSI-containing organisms (Singh and
Gupta, 2009). Additional features of the CSlIs which make them attractive drug target is
that most of the CSls identified are present in conserved proteins that play critical roles in
different cellular processes associated with a variety of pathological conditions e.g.

PIP5K, RpoB, etc. and which are proven drug targets (Chan et al., 2007; Drake and
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Huang, 2014; Gupta, 2018). Further, as the CSls in proteins are generally found on the
surface exposed loops in protein structure which are predicted to play important roles in
facilitating novel protein-protein or protein-ligand interactions that are specific for the
CSl-containing organisms (Akiva et al., 2008; Hormozdiari et al., 2009; Hashimoto and
Panchenko, 2010; Clarke and Irvine, 2013; Khadka and Gupta, 2017; Alnajar et al., 2017;
Gupta et al., 2017; Gupta, 2018). Screening for small molecules which bind to the CSls
and inhibit their function(s) should prove growth-inhibitory for the CSl-containing
organisms. The idea of using CSls as drug-target was tested by Nandan et al. to screen for
compounds which showed inhibitory effects against Elongation factor-1 alpha (EF-1a) by
targeting a 12 amino acid deletion in this protein which was specific for the protozoan
parasite Leishmania donovani (Cherkasov et al., 2005; Lopez et al., 2007; Nandan et al.,
2007). Therefore, the application of structural based-drug design approach such as virtual
screening and in vitro assay of the compounds that will bind to these CSls and thereby
interfere with their cellular functions could lead to the discovery of novel compounds that

specifically inhibit the growth of CSI-containing organisms (Gupta, 2018).

Concluding Remarks

The rapid availability of genome sequence data is providing researchers with a
plethora of opportunities to understand the evolutionary relationship of different
organisms. This rich resource is also enabling the discovery of reliable novel molecular
characteristics that are specifically shared by different groups of organisms. The CSls in

protein sequences represent one such important category of molecular markers whose
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discovery has been enabled by genomic sequence data and which are used extensively as
reliable taxonomic markers and efficient diagnostic markers. Recent structural and
functional studies on CSls from our lab and others using various computational and
bioinformatics approaches are providing a novel insights towards the structural location,
features and cellular and physiological roles for the large number of identified CSls in
various proteins (Alnajar et al., 2017; Gupta et al., 2017; Khadka and Gupta, 2017;
Khadka and Gupta, 2019). Future studies aimed at understanding the functions of these
CSls and their applications for the development of novel diagnostics as well as their

potential use as novel drug targets should be of great interest.
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