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ABSTRACT

Analysis of genome sequendsnablingdentification of numerous novel
characteristics that provideluablemeans for gnetic and biochemical studié3f these
characteristics, Conserved Signatumgels(CSIs) in proteins which are specific for a
given group of organisms have proven patéidy useful for evolutionary and
biochemical studies. My research work focused on using comparative genomics
techniques to identifglargenumber of CSls which are distinctive characteristics of
fungi and other important groups of organisms. These C&is wtilized to understand
the evolutionary relationships among different proteins (speeied also regarding their
structural features and functional significance. Based on multiple CSls that | have
identified for the PIP4K/PIP5K family of proteinsfigrent 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 providgsortant insights into the evolutionary
history of this protein family. The functional significance of ofi¢he CSI in the PIP5K
proteins, specific for thBaccharomycetacedamily of fungi, was also investigated. The
results from structural analysasd molecular dynamics (MD) simulation studies show
that this 8aaCSlI plays an important role in facilitating the binding of fungal PIP5K
protein to the membrane surface. In other work, we identified muhighdy-specific
CSls in thephosphoketolas@K) proteirs, 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 PKwhich 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. Detded bioinformatics analyses on one of these CSls shova thatberof

residue from this CSlI, 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
temperatureMy 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 i@ protein sequences as

valuable meanfor genetic, biochemical, structural and evolutionary studies.
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PREFACE

The following work is a sandwich thesis. Chapter 1 pravateintroduction to the
different subjects to provide contexts for the significance of the manuscripts and Chapters
described in this thesis. Chagé@r 3, and 4 are unaltered manuscripts published in the
years 2017 to 201@hapter 5 is an unaltered manuscsipibmitted for publication in
November 2019Chapter 6 describes anluse developed software pipeline for
homology modelling o€Skcontainirg proteins Chapter 7 reflects on the presented
studies and describes the overall usefulness and future directions of th&®eferkences
for Chapters 16 and 7 are provided at the end of this theBe preface section in each
Chapter describes the dés of the published and submitted work, as well as my
contribution to the multiplauthored articles. All the chapters have been reproduced with
the consent of all cauthors. Irrevocable, neexclusive license has been granted to
McMaster University antb the National Library of Canada from all publishers. Copies

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

viii



TABLE OF CONTENTS

DESCRIPTIVE NOTE ...ttt e eeeee e e e e e e e e eeeeans i
DEDICATION .ttt ettt e e e e et e e e e e ennmeaeeena e eeas lii
AB ST R A T et e eree e ettt e e e et enan e e e e e Y
ACKNOWLEDGEMENTS ..oiiiiiiiiieeeiteeee et smmmeeeesnnnnnnnn e M
PREFACE . ... ettt e e ettt e e e e e e vili
TABLE OF CONTENTS L. eeeee et IX
LIST OF FIGURES ...ttt ee e et e et e eaeeee s Xiii
LIST OF TABLES ..ottt e XVii
LIST OF ABBREVIATIONS ..ot Xviii
GLOSSARY L.ttt eree e e e ettt e e r b n——e e e e ae e e rnnnrnn XX
CHAPTER 1: BACKGROUND AND INTRODUCTION ....ccoiiiiiiiiiiiiee i 1

1. From Orgaisms to Molecular Sequences to Understanolutionary Relationships 2
2. Impact of MoleculaSequence and Structures on Comparative Evolutionary

Y 10 0 1= PSURR §
3. The rise of the Genomics Era and its Implication on Comparative Genomics and
EVOIUtIONArY SYSIEMALICS. .....cciiiiiiiiiiiie e 6
4. Evolutionary Studies Using Molecular Sequence and Phylogenetic.................. 11
5. Conserved Signatutaedels as a @ol for Evolutionary Studies..............ccoooviiiees 14

6. Importance of Structural and Functional Studies on CSils in Protein Structure.17
7. Conserved insadns and deletions (Indels) in Protein Structure and Understanding

their Functiorfrom Bioinformatics and @mputational perspective..............cc....... 19
5.1 BLAST AND PSEBLAST ... .ottt eeeeeessnsaeer e e e e e e e e e e e s emesaeeesaaeaaeaeas 22
5.2 Homology Modelling for the Prediction of Protein Structures..................... 24
5.3 Proteirligand DOCKING ........ccouiiiiiiiii e 25
5.4. Proteirprotein DOCKING.........oiii oo eeeee e 27
5.5.Molecular Dynamis SIMuUIAtioNS...........coooiriiiiiiiiiiieee e 29
8. RESEAICN ODJECHIVES. ... .ttt eree e e e eaneee s 32
9. OUtling Of thiS TNESIS. .. ci it 35



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 Famly ..., 38
PIEIACE ...ttt e 38
ADSIIACT . ... arnn e e e e e e eaens 39
INEFOAUCTION ..t enense bbb e e e e eees 40
Materials and MEthOUS...........ooeiiiiiiiii e e e e e e e e e eneas 41

Identification of Conserved Signature Indels and Phylogenetic Analysis.........41

Homology Modelling and Structural ANalySES.......coovveviiieiiiiiieeeiieie e 41
S L PPOPOPRPPPPPY ¥24

Species Distribution and Phylogenetic Analysi®#t?4K/PIP5K Protein Family....42
Conserved Signature Indels that are Distinctive Features of the PIP4K and PIP5K
Family of Proteins and the Insightsgvided by them into the Evolutionary

RElAtIONSNIPS ... i ————— 45
Locations of the Identified CSis in the Structureshef PIP4K/PIP5K Proteins.....51
[ 11T o1 U 1= (o] o 1 K2
[ LS (<] (=] [0 55

CHAPTER 3: Identification of a conserved 8 aa insert in the PIP5K protein in the
Saccharomycetaceatamily of fungi and the molecular dynamics simulations and

structural analysis to investigate its potential functional role............cccccceeiviiiiineees 60
PIEIACE .. s 60
Y 011 > Vo PP 61
110 [T i o] o IR 61
Materials and MEthOUS...........ooviiiiiiii e e e e e e e e e e e eneas 62
Sequence alignment and phylogenetic analysis and priseguence analysis of the
TAIGET PIOTEINS. ...ttt ettt ettt e e e e e e e e e e nnee e 62
Homology modeling and electrostatic potential analysis..............cccccovveeeeeee..n. 62
Molecular dynamic (MD) simulation of the interaction of PIP5K with model lipid
MEMDBrane DIlAYEIS..........uiii it 63
TS U 63

Importance of evolutiondly conservedndels in protein sguences and identification
of aconserved insert in PIP5K homologs specific for the fuBgcECharomycetacepe

........................................................................................................................... 63
Sequence analysis of phosphati.dyl..f60sitol
Homology modeling o8. cerevisia@and human PIP5K proteins.............cceeeeeee. 66
Electrostatic potential surface of PIPSK.............ciiiiiiiii e, 68
Molecular dynamiss i mul ati on of PI P5K membrane syst
conformational stability and flexibility...............ccccuiiiiiem) 68
Analysis of the PIPSK..li.pi.d..bi.l.ay.e?0 i nter
DISCUSSIGN.....c ittt oottt sttt e e e e e e e e e e e e e e emama s s s e e e e e e eeeaeeeeees 70
] (=] (= o = 71

X



CHAPTER 4: Novel molecular, structural and evolutionary characteristic of the

phosphoketolases fronbifidobacteria and Coriobacteriales..............cccceevvvvvvvieeee.... 75

e 1] = Lot PRSP .01

L 0] 1 = o SO PPPPPPPPPPPPP 76

oo [¥ o3 1o o [T 4 4

111 Lo 0 KT PP P PP 78
Identification of conserved indels aptylogenetic tree constructian................... 78
Structural analysis of the CSIs and homology modeling of phosphoketolase homologs
........................................................................................................................... 78
Proteinprotein docking to examine the dimerization potential ohifidobacteria

RESUILS. ...t eee e eeeeeee e d O
Distinguishing features of the phosphoketolase sequence$ifmiobacterialesand
(@0] 4 0] o= Toa (] = 1 L= PP PPPPPPPRRRNPPRPPPIRY 4
Phylogenetic branching pattern of the PKs indicate horizontal gene transfer from
Coriobacterialego theBifidobacteriales...........ccccccvviiiiiiiicccee, 81
Locations of the CSls ithe phosphoketolase structure and their possible significance
........................................................................................................................... 84

9 o U 7] o] o 1R 88

RETEIENCES. ...ttt e e bbb 92

CHAPTER 5: Novel Sequence Feature ddecATranslocase ProteinUnique to
Thermophilic Bacteria: Bioinformatics Analyses to investigate their Potential Roles

............................................................................................................................... 96
PIETACE s 96
AB ST RACT ettt —aaan o 97
INTRODUGCTION ..ottt eeee et enens bbb e e e e e e e e e e seensseeeees 97
MATERIALS AND METHODS ...ttt et e e e e e e e e emraaa e e e e e e e 99
Identification of Conserved Signature Indels (Insertions/Deletions) and Phylogenetic
F N = 1] PP TP PP PPPPPPPPPP N Q9
Homology Modelling of SecA homologs and Structural Analysis of CSls......... 99
Molecular DynamiCSImMUIAtIONS. ..........oooiiiiiiiiiiiieeer e 99
RESULTS ettt et e rmmme e e e e e e e e s s s amnessssssseneeneeees 100
Identification of Conserved signature Indels in SecA homologs Treenmotogales
Aquificales andThermalesand their Phylogenetic Implications........................ 100
Phylogenetic Analysis of the SecA proteins to investigate Shared Pres&8sof. ..
......................................................................................................................... 102
Computational Analysis of the CSIs in SecA proteins............cccccvvvvimmnnniiinnns 104

Molecular dynamics (MD) simulation studies of SecA containing 50 aa CSI specific
ThermotogalesndAquificales analysis ofThermotoga maritim&ecA(TmSecA)
conformational stability andeXibility ..............ccooeeiiiiiiiiicee e, 105
Identification of Conserved CShediated water network inmSecA..................... 106



DISCUSSION . ...t errr e e e e e e e e e e e e e anens s e e e e e e eees 108
REFERENCES....... e 110

CHAPTER 6: GlabModeller: A Graphical User Interface to a Streamed line

Pipeline for Homology Modelling ProCeSS.........cciiiiiiieieieeeitieeeeii e eeeeeeeeeeeeeiees 122
27 Tod (o [ £ 10 T 123
Graphicaluser interface of Glaodeller..............ooovevviiiiic e 127
Other Requirements to rBlabModeller...............uuueiiiiiiiii e eeeen 129
Mapping the CSls in DNAlependent RNA polymerase Alpha Subunit (RpoA) and

DNA-dependent RNA polymerase Beta Subunit (RpoB) using GlabModeller.....130
9 o U 7] o] o 1R 132
CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS ........cceiieviiee. 140
RESEAICN SUMMAIY.....oiiiiiiiiiiiiiee et e 141
FULUIE DIFECHIONS. ...ceiiiiiiiee ettt r e et e e e e e annre e e e e e 149
CoNClUdING REMAIKS ... ettt e e e e e e e e e e e ammne e 152
BIBLIOGRAPHY oo e e eeeeee e e e e et e e e e e e 154

Xii



LIST OF FIGURES
CHAPTER 2

Figure 1. A maximumlikelihood phylogenetic tree of the PIP4K/PIP5K family of
proteins based on the core conserved kinase domain region of the proteircaseduwsn
FEPIESENTALIVE SPECLES......uuviiiiiiiiiiiie i e eeeet ettt ettt e e e e e e e e e e et amr e e e e e e e e e e e e e s e nnne e 44

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 Choaoflagellates and Filasterea but it is not found in any PIP5K homologs

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.
Theboxed CSl is not present in any of the PIP5K homologs as well as the PIP4K/PIP5K
orthologs from plants and other de@@nching eukaryotic lineages........................ 47

Figure 4. Partial sequence alignment of PIP4K/PIP5K family of proteins showing 1 aa
deletion (boxed) ira conserved region that is commonly shared by different PIP4K and
PIP5K homologs but lacking in the single copy PIP4K/PIP5K orthologs from deeper
branching eukaryotichyla including plants and fungi...........cccoooooiiiiiiieeeiiicieeene 48

Figure 5. Partial sequence alignment of different subfamilies of the PIP5K protein
showing 1 aa CSI (boxed) that iobproteinsi.,.quel vy

Figure 6. Excerpts from the multiple sequence alignment of PIP5K homologs showing a
2aainert in a conserved region (boxed) that
of mammals, birds, and reptiles, but absent from all other PIP4K and PIP5K homologs.

Figure 7. Partial sequence alignment of different isoforms of the PIP4K proteimgrsino
a conserved region where4dl aa del etions (boxed) are uni
subfamily of proteins from different classes of vertebrates.............ccceevvvveeeeeeen. 51

Figure 8. Surface representation of the identified CSls in a structural model of the human
Pl P5 Kb . Pphe GSlsevhich constitute inserts are marked in red on the surface, while
for the CSls that are deletions, the protein regions where these deletions are found are
marked in blue on the SUMaCe.............uuiii e 52

Figure 9. A summary diagram showing the evolutionaryatgence of different members
of the PIP4K/PIP5K family of proteins in eukaryotic organisms. The model presented

Xiii



here is based on the species distribution of different proteins as well as the
species/isozyme specificities of different CSls in these protast were identified in the
[T ESIST=T 1 ALY o U PPPSPPRPN 53

CHAPTER 3

Figure 1. Partial sequence alignment of phosphatidylinositphosphate #inase
(PIP5K) homologs showing a 8 aa conserveskrt that is uniquely sharday various
species from the familysaccharomycetaceadut rot found in any animal species.
Smaller inserts that mht be specific for other fungire also present in this position64

Figure 2: A bootstrapped maximuiikelihood tree based upon PIP5K protein sequences.
This tree was rootedising theProtein for the PIP4K homologsAll of the speces
containing the 8 aa inseform a strongly supported clade, which copasds to the
SacCharomyCetaCe@BPECIES. .........oii it ie e et eeeesb b eeeeeeeeeas 65

Figure 3: (A) Secondary structure predictions for the PIP5K sequence $ooeevisiae
for the activation loop (residues 7I/=5) region and the 8 aa C8&bntaining region
(residues 520656). (B) Cartoon representation of homology modelSofcerevisiae
PIP5K. (C) Surface representah of PIP5K fromS. cerevisiashowing thedistribution
Of ChAarge SUMACE... ..o e 67

Figure 4: (A) Snapshots from simulation studies showing the binding interacti@ of
cerevisiaePIP5K to the POPC lipid bilayer membrane. The initial orientation and the
snapshots from 15, 30, and 108 simulation periosl are shown(B) The binding
interaction of the CSlacking PIP5K to PO lipid bilayer at various timeluring the
simulation run.(C) The time evolution of the minimum distance between the residues
from the 8 aa CSI and POPC membraiiaybr during 100 nsimulation for the CSI
CONLAINING PIPSK ..ottt ee e et ernnnees 69

CHAPTER 4

Figure 1. Excerpts from a sequence alignment of phosphoketolases showing a number of
conserved signature indels (CSls) that are either uniquely found in members of the orders
Bifidobacterialesand Coriobacterialesor are commonly shared llge members of these

1170 0 {0 =7 £ 80

Figure 2. Partial sequence alignments of phosphoketolases showing a number of
conserved signature indels (CSIs) where indels of different lengths are present in the
same positios in members of the ordeBsfidobacterialesandCoriobacteriales......... 82



Figure 3. A maximum likelihood distance tree based on PKs sequences for members of
the phylum Actinobacteria are representative outgroupcispefrom the phylum
FITMICULES. ..ottt e et e e e e e e e e e e e e e e s s smmme e e e e e e e e e e e e e ananns 83

Figure 4. Primary sequence of phosphoketolase protein fBifidobacterium longum
depictingthe location of different CSIS..........uuueiiiiiiii e 85

Figure 5. Surface representation of the phosphoketolase crystal structure monomer from
Bifidobacterium [ongun(PDB ID: SAIT7).......coo oo 36

Figure 6. Surface representation of the phosphoketolase crystal structure dimer from
Bifidobacterium [ongun(PDB ID: SAIT7)........ccooiiiieeeeeme e 87

Figure 7. (a) The crystal structure @&fifidobacterium brevghosphoketolase dimer (PDB
ID: 3AHC; green) with all CSls present in the struet@red) versus model structure of
theB. brevephosphoketolase dimer with the CSis&hd # 7 removed (orange)......89

CHAPTER 5

Figure 1.Excerpts fron the sequence alignment of SecA proteins showing a 50 aa
conserved insert that is a distinctiskearacteristis of the ThermotogaleandAquificales
order but are absent in homologs from all other bacteria...................oveeeeeein 101

Figure 2. Partial sequence alignment of SecA showing a 76 aa conserved insert that is a
unique characteristsof the ordeThermalesandHydrogenibacillus schlegelbut absent
from the SecA homologs from all other bacteria................coooovieeeeiiie e, 101

Figure 3. A maximumlikelihood phylogenetic tree based on the SecA protein sequences
form the representative spes of various bacterial groups.............cccccvvvvviieennnnnns 103

Figure 4. Cartoon and transparent surfaepresentation of the crystal structure of SecA
protein fromThermotoga maritimavith 50 aa CSI and homology model Bf maritima
SeCA WIthOUE 50 88 CSl..cceiiiiiiiiiiii e 105

Figure 5. Snapshots of different time intervals extracted froml®@ ns MD trajectories
of TmSecA (+CSl) shows 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 (residues 48ID) inTmSecA at (A)303.15K, and (B)
10T 701 1L - 107

XV



CHAPTER 6

Figure 6.1. Workflow depicting the pipeline protocol to preparen and analyze
homology MOAEIIING......cccoe i e enenees 133

Figure 6.2. Graphical user interference (GUI) for GlabModeller to prepare and run
homMOIOgY MOAEHING.......eeeeieiiiieieee e 134

Figure 6.3. Surface representation of homology models of Di&Ppendent RNA
polymerase subunilpha (RpoA) and DNAdependent RNA polymerase sububéta
(RpoB). The conserved insertions which are located on the surface exposed loop region
are Shown Sred SUIMACE.........ooii i e 135

XVi



LIST OF TABLES

CHAPTER 2

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

LSTU L= 1Y) (PP PPPRUPPR 43
CHAPTER 4

Table 1: Proteinrprotein docking results @ifidobacteriumXFPK structure models for
the CSlscontaining and CSHRCKING Protein..........coeeeeeeiiiiiiiieeei e 38
CHAPTER 6

Table 1: List of different CSls specific for the different microbial groups identified in
RPOA and RPOB PrOteINS......ciiiiiiiiiiiiiee e 137

Table 2 Summary of validation results for various @®htaining RpoA and RpoB
homology MOAELS..........cooi e eeene e 138

Table 3 List of my other pubkhed articles in which the Glalideller was utilized to

generate the homolog models and analyses of the structural location of CSls in protein
] (0 (o1 L1 TP TUPPPPPPT 139

XVil



LIST OF ABBREVIATIONS

2D s rree e eeee e L WO-DiMENSIONA
G ] 5 PSR ThreeDimensional
= b T PP PPRS amino acids
BLAST o Basic LocalAlignmentSearchTool
BLAST P e Protein vs Protein BLAST search
CS i e Conservedsignaturelndel
CS P CONSETVEASIgNAtUreProtein
DGK ettt Diacylglycerol Kinase
DN A e e e e ———— Deoxyribonucleic acid
DNAK ... Chaperone DnaK (Hsp60)
DOPE..... e DiscreteOptimizedPotentialEnergy
DPPC. . Dipalmitoyl-Phosphatidylcholine
E P S e ElectrostaticPotentialSurface
O ... Fructose6-phosphate
GO P .. a1 Glucose6-phosphate
(€] F=T 011, Lo o =11 1= A GuptaLab Modeller
] GeneBanKdentifier
GLEANS. ...t GuptaLabEvolutionaryAnalysisSoftware
] O PP SRRPPRNt Glutamic acid
GIOEL ... Chaperonin GroEL (Hsp70)
GUI e OFAPDICAIUS BT I NtETfETENCE
H G T e e e e HorizontalGeneTransfer
HSPBO.... ... Hea shockprotein of the60 kDa size
HSPT70.. ..o Heatshockprotein of the70 kDa size
1T = InsertionDeletion
AN e I Multiple Alignment using=astFourier Transform
MID <o e eeee ML OlECUIAYD YN@MICS
MEGA ... e MolecularEvolutionaryGeneticsAnalysis
VL e e een e et eaa e e e e annns MaximumtLikelihood
MSA e MU PIE SEQUENCAAligNMeENt
MUSCLE..............ccvveeeeeeeeeeeee. MUltIPle Sequence&Comparison by og-Expectation
NCBI ... ceeee e National Center forBiotechnologyinformation
N e e ———— e —— NeighboutJoining
I3 TR ProteinDataBank
PIAP. .. Phosphatidylinosite#i-Phosphate
PISP. .. Phosphatidylinositeb-Phosphate

XViii



PIPAK. ... Phosphatidylinositeb-phosphatel-kinase

PIPSK. ... Phosphatidylinositefi-phosphaté-kinase
PIPER..........ccceviiiiiinnns Fast Fourier Transform (FF-Based protein docking program
P e Phosphoketolase
PIAINS. .. Phosphatidylinosital
PIA)P. e Phosphatidylinosite#i-Phosphate
PI(A,5)R e Phosphatidylinosite#,5-Bisphosphate
POPC.. ..o enenes Palmitoytoleoyl Phosphatidylcholine
PSEBLAST ... PositionSpecific Iterated BLAST
PYMOL ..o Python-enhancedolecular Graphics Tool

R e e REQCTTIONCENEET
RMSD ... e Rootmeansquaredeviation
RS ..o e Rootmeansquarefluctuation
RIN A et Ribonucleic acid
RPOA. . e DNA dependent R®&Buntpol ymer
RPOB...ooiiiiiiii DNA dependent RNA o | y mesulausite b
SECA .. SecetoryA, a conserved ATPase protein
SSUIRNA ... Small subunit ribosomal ribonucleic acid
L1 PP UUUUPUPTRP P RPPPRRRRN N o [o| I 4 1
UMCA.....ccooieeeeeieeiieeeeee e dNiCEllUlAr M etazoarCommonAncestor
X e Xylulose 5-phosphate
XFEPK .o X5P/F6P Phosphoketolase only found in Bifidobacteria
XPK ot X5P Phosphoketolase found in other bacteria
B et Angstrom, 0.1nm

XiX



GLOSSARY

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

Apomorphy: Specialized or derived charactateof 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 fructos®&-phosphate (F6P).

Bilayer: A backto-back arrangement of molayers of lipid molecules with ngpolar
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
phylogeretic tree) that involves sampling data into a given number with replacement form
the original set.

Choanoflagellates:Unicellular protest phylogenetically closest to the metazoans.
Clade: A monophyletic group composed of an ancestor and all degsendants

Comparative Genomics:A field of biological researcthatcompares genomic features

of various organisms/species such as sequence characteristics, genes, proteins, gene
order, regulatory sequences, and other genetic or molecular charastaristider to

reveal the biological and evolutionary relationships and differences between organisms.

Conserved Signature Indel (CSl):Insertion or deletiof a specific size uniquely
present in a specific region in gene/protein sequences of organsmghi group of
interest and absent in all other bacterial geo@wnserved residues flanked on both sides
ensure its reliability.

Convergent Evolution: The independent evolution of similar traits in distantly related
organisms due to adaptive benefitsimmilar environments.

Duplication: Mechanism through which sequence is dupdidaduring molecular
evolution.

Eukary ote: One of the three domains of life, differentiated from prokaryotes by
the presence & nucleus or othenembranéoound organelles.

XX



Fungi: A group of saprophytic and parasitic spgreducing eukaryotic organisms that
are grouped in a distinct kingdom within the eukaryotes.

GUI: Graphical User Interface (pronounced Gooey), is a visual component of software
thatrelies onpictureswindows icons, and menus to direct the interaction of users with
applications.

Homologs or Homologous genes/proteinSequences that are evolutionarily related by
descent from a common ancestor.

Homology Model: The threedimensional3D) structure of a protein (query) generated
from its amino acid sequenaed experimental 3D structures of evolutionharelated
proteins that share a similar structure.

Horizontal Gene Transfer: Transfer of genetic materials between organisms other than
by descent in which transmission of DNA ocsthrough the generations as the cell
divides.

Isoforms or Genes/Proteins IsoformsSequences that are similar to each other and that
have arisen fronthesame sequence or different sequence as a result of alterna
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 proballiéingf
produced by the given alignment.

Molecular Dynamics: A compugtional approach that allows study the time evolution
of a system of interacting particles (atoms, molec@tes).

Multiple SequenceAlignments (MSA): Representation of two or moreggences in
such a way that reflects their relationships.

Orthologs or Orthologous genes/proteinsSequences from different species that are
evolutionarily related by descent from a common ancestral sequence and that diverged
from one another as a resultspfeciation divergent events.

Paralogs or Paralogous genes/protein§equences within the same organism/species
and that result from duplication of one original sequence.

XXi



Phylogenetic tree Representationf evolutionary relationshipisetween a set of
sequences, speciesaganismsetc

Phosphoinositides: A family of minority acidic phospholipid®cated in the cytosolic
face of the eukaryotic cell membranes

Protein Data Bank: The repository of experimentally determirtbdeedimensional
structuraldata of large biological molecules, such as proteins, nucleic, acidsomplex
biomolecular assemblies.

Protein Family: A group of proteig that sharea common evolutionary origin, reflected
by their related functionand similarity in sequences siructures.

Ramachandran Plot: A scatterplodepictingthe disposib n of backahdone phi
psi(y) torsion angles for each residueaiprotein or set of proteins. It is a fundamental
tool in structural biology for thanalysis of protein structures.

Root Mean Square DeviatiofRMSD): The measure of the average distance between
the atoms (usually the backbone or CU atom
proteins or residuedt indicates the overall flexibility of protein durifgD simulation.

Root Mean Square Fluctuation(RMSF): The measure dhe fluctuation of the atoms
(usually the backbone or CU atoms of the i
their average positiott indicates thestructural flexibility of each aminacidin aprotein

duringMD simulation.

Single-gene/protein phylogenetic treeReconstruction of a phylogenetic tree based on
the comparison of homologous sequences representing a single gene or protein.

Synapomorphy. A derivedcharactesstate and because it ghared byhe taxa under
consideration, is used to infer common ancestry

Unicellular Metazoan Common Ancestor:The singlecelled 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 Aristotle3338C) who in his
scalanature( Al adder of | ifeo) classified organis
common attributes (e.g. blooded and bloodlesih inanimate things through the plants
to the bottom and higher animals up to man at the pinnacle of cr@sagn, 1982;

Kullmann, 1991; Ragan, 20Q9)he modern basis for the rankiedsed classification of
living systems was first purposed by Carl Linnaeus in tfecgtury, in his book

iNat ur ae (ByneaasplasBBlowever, the first systematic studies for the
understanding of the evolutionamglationship 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 forf@arwin, 1859) Several great steps were
made throughotthe second half of the #Bcentury and coittuing through to the first

half of the 28 century that led to the methods based solely on morphological,
physiological and biochemical characteristics for analyzing the relationship within and
among organism@&ohn, 1875; Vaughan, 1906; Stanier and Van Niel, 1941; Sapp, 2009;
Oren, 2010; Oren and Garrity, 2014; Ramasamy et al., 20hé¥e longestablished
methods used for the biological classification, however, began to approach their
explanatory limits in the second half of the™@entury 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, Z0A8)advent of the

ability to determie 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, 195&rick, 1958; Sanger, 1959; Zuckerkandl and Pauling, 1965;

Eck and Dayhoff, 1966)Since then thase of moleculadatato understand the

evolutionary relationships among organismas proven to be a more consistent and
objective approach to classificat thanmorphologicaland biochemical approachdy

early 1960, the key practices of molecular evolution, which included collecting,
comparing, and computing sequences were already devedlBaeder, 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 sequencafty 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 relationsfdpskerkandl and Pauling, 1969)his
marked the beginning of the field of molecular evolution, which later acqemednous
momentumwith a major improvement in the techniques, such as nucleotide sequencing,
utilized to chareterize the molecular basis of genetic char{§esnan and Begg, 1967,
Sangereal,1977) The astonishing power of mol ecul :
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 calldtea&rchaebacteriélater termed as
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the Archaea(Woese and Fox, 1977; Woese et al., 1990 significant progress in
sequencig 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 itfean structurally discrete and
ordeed motifs (secondary structure elements), which would then arrange compactly into
the more functional three dimensional structural f@Pauling e@l., 1951; Lindorff
Larsen et al., 2012; Bragg et al., 195Mh)e connecting link between the sequence and
structural relationship was hotly contested for decades and was later established by
Christian Anfinsen and colleagu@snfinsen et al.1961; Anfinsen, 1973)500n after the
first structure ofaprotein was reportedd nf i nsen i n his book AThe
Evol ut i oAdmpansontofehe stiictures of homologous proteins (i.e., proteins
with the same kinds of biological adty 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 ckes to the rate at which successful mutations have occurred
throughout evolutionary time and may also serve as an additional basis for establishing
phylogenetic relationship®(Anfinsen, 1959pg. 143). Through their experiment on

enzyme ribonucleasthey elegantly demonstrated that the sequence information of a

4
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protein contains all the information sufficient for the folding of a protein into its native
spatial structuréAnfinsen and Haber, 1961; Anfinsen et al., 1961; Anfinsen, 197
major breakthrough in understanding the relationshigwdset sequence and structure of
proteirs awaited the discovery of-Xrystallography and its successful application to
nucleic acid and proteir(8ragg and Bragg, 1913; Campbell, 2002; Watson and Crick,
1953; Bernal and Crowfoot, 1934he firstcrude model of a protein 3D structure of
myoglobin was reported by Kendrew in 198&ndrew et al., 19585ubsequently, in
1960, the 3D structure of haemoglobiretomic detailwas solvedPerutz et al., 1960;
Perutz, 1985)The success of myoglobin and haemoglobin strustermlutionized the
field of structural biology and furthered our mechanistidarstanding 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 lysozymé¢Blake etal., 1965) ribonucleaséKartha et al., 1967;

Avey et al., 1967)carboxypeptidase Aipscombet al., 1969)etc. Theseearly

structures, together with those of many other enzymes in the 1970s and beyoneldreveal
themechanistic details about the protein function sudictige site confor@tions and
catalytic mechanisms. At the same time,itifeix of structural data (e.g.-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 avdila 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 functi@uckerkandl and Pauling, 1965; Almassy and
Dickerson, 1978; Lesk and Chothia, 1980; Chothia and Lesk, 19Bé%e earlier studies
provided the basis for the understanding of the protein sequénmtyuse and functional
relationship and fueled the beginning of comparative protein structure modelling
approacks(Levinthal, 1966; Browne et al., 1969; Hartley, 1970; Greer, 1981; Perutz,
1983; Chothia and Lesk, 198&hich would later mature into the fully automated
pipelines with the agent of computational methodSali et al., 1990; Fiser, 2004)ater,
the culmination of decades of biochemical and strucstualies and growing number of
structural data led to the foundationtioé Protein Data Bank (PDB) as a repository for
the deposition of thredimensional (3D) coordinates of experimentally determined
biological macromolecule®rotein Data Bank, 1971fstablished in 1971 with just
seven inaugural structures, the PDB now &thé information for 154,015 structures (as
of July 2019) with the number growing rapidly every y@srnstein et al., 1977; Berman
et al., 2003; Burley et al., 201More recently, in addition to theealth ofstructural and
sequence dataje have witnessed tlievelopment of sensitive tools for sequeand
structuralsimilarity searchethatare beginning to shed light on the evolution of protein

structures and functions.

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

Evolutionary Systematics

Thefirst revolutionin DNA sequencingook placenearly bur decades ago

(Heather and Chain, 2016; Shendure et al., 20 mehods,the MaxamGilbart
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chemical cleavageindthe SangerCoulsonchaintermination marked an important early
landmark that would forever alter the development of sequencing teglriMaxam

and Gilbert, 1977; Sanger et al., 1977; Gilbert and Maxam, 1D#&3pite thextremely
complex and laboriousature otthese earlyechniquestheygreatly enhanced the
throughput sequenciraf DNA. In thefollowing several decadethese methods were
commercializec&ndscaledup through the&oncerted effortef severakesearch groups
bringing them to dominatinefield of DNA sequencingThis in turn allowed for the
sequencing of theeveralandmark genomeStaden, 1979lessinget al, 1981;Sanger

et al, 1982; Smitret al, 1986;Connell et al., 1987)This was followedy exponential
growth in sequence data from various gépeteins and organisms, amdtivated
researchers fdhe creation otentral open access daépositoriessuch assenBank
(Burks et al., 1985; Kneale and Bishop, 1985; Bilofsky and Burks, E38BJFuropean
Molecular Biology LaboratoryfEMBL ) data library(Kneale and Kererd, 1984;

Cameron, 1988)The latedevelopmenand implementatioof varioussearchalgorithms
such aBLAST (Altschul et al., 1990; Butler, 1993)jreatly enriched the spirit of data
sharing and the value of each damabsequence8y 1995, the first complete genome of
Haemophilus influenzasas available, whit marked théeginnirg of agenomicera
(Fleischmann edl., 1995) As of present writing of this thesis, almostyZarsafter the
sequencing offl. influenzaepver 100,000 complete and draft bacterial genomes can be
found in the GeBankdatabaseSequencing 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 tmmplete(Yamey, 2000; Hood and Rowen, Z) EmmeriStreib et
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al., 2017) This developmennarked the arrivabf modern sequencing techniqués so
cal hedt i ge seguercing N@PH) o0 r-g efinseercaotnidon ( 2G) 0 met
the lllumina DNA sequencing platforms, HiSeq and Miean Dijk et al., 2014;
Caporaso et al., 2012n the following years hese breakthrough platforms weapidly
joined by complimentary trd-generation3G) methods, such as Pacific Biosciences
(PacBio)singlemolecule reatime (SMRT) sequencing approadhid et al., 2009;

Schadt et al., 2010; van Dijk et al., 2088) tofourth-generatior{4G) methods, such as
Oxford Nanopore Technologies nanopbesedsinglemolecule sequeneg technology

(Ke et al., 2016; Jain et al.028; van Dijk et al., 2018)The development of more
efficient screening platforms and the growognpetitionamong severalendorsto

develop fasteand morecosteffectivemachines has led #osteadydecline in sequencing
costand increase in sequang speedy severabrdersof magnitude Thisultimately
contributed tahe fulfilment ofthe original goalof sequencinghe genome folessthan
$1000 USD(Schloss, 2008; van Dijk et al., 2001 Recenprogress in efficient

sequencing methodmes led ta remarkable feaif sequencinghewhole humangenome

in 19 hourgClark et al., 2019)The rapid reduction in sequencing cost and time has led
to its democratizationbringingthe genome sequencing technology wittgachof small
laboratoriesandresearcheraround theglobeandresulting in the generation odbmplee
genome sequences from a wide range of biologically and medically importanisorgan
(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 crently available on public repdsries and many thousands more from
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diverse organisms ithe pipeline, the information for genome sequences will continue to
grow inyears to come.

This growing wealth of genomic data has allowed for the development of several
novel and powerfuhnalysismethods with a multitude gfotentialcurrent and future
applicatiors. It has alsprovided a new dimension for understanding thalwionary
relationship between organisr{Gupta, 1998; Koonin et al., 2000; Charleswatfal.,

2001; Wei et al., 2002; Chun and Rainey, 2014; Tyzack et al., 200&)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 diyefsiirganisms and
strains(Wei et al., 2002)Another important aspect of comparative genomics is that it
providesinsights on the pathogenesis of organisms, and also offers vast potential toward
identification of novel drug targets for the developmemnimfel 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 usembmparative genomics methods include examining
the overall nucleotide statistics (e.g. overall (G+C) conigith et al., 1999)the
analysis of syntentic relationships, the comparison of gene locations, relative gene order
and regulatiorfSnel et al., 199®Beldaet al., 2005)the comparison of protein content
(Pellegrini et al., 1999; Tatusov et al., 1990re and pagenome analysiflettelin et
al., 2005; Medini et al., 2005; Tettelin et al., 2Q08)e identificion of genome
signaturegCampbell et al., 1999; Gusev et al., 2044yl the construction of supertree

and supematrix based phylogenetic treganderson 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 (H@&jusov et al., 1997; Li et al.,

2019) These types of analgsare aimed at extending beyond a mere description of
differences and similarities betweerganisms and are focused toward developing the
models and theories that could explain such phenomenon. The growing availability of
multiple genome sequences from diverse model andmwaatel organisms has allowed
comparative genomic analysis to be carpetat 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 relatibips 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 relatioaginmong organisms,
however, they are all based on the gpfteof 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 pecific 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 orgé8iscisgfe

et al., 1992; Gupta, 1998; Gupta and Griffjta802; 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 StudiesUsing Molecular Sequenceand Phylogenetics

Several decaddseforeDNA 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 moleculd&ck, 1962; Zuckerkandl and Pauling, 1965; Eck and
Dayhoff, 1966) The pioneering work of the late MargaBdyhoffand otler researchers
during the 1960s had alreadgabled an early form of bioinformatics, allowing
researchers to utilize computationsiquence determii@an and comparing sequences
from multiple organismg¢Dayhoff, 1965; Fitch and Margoliash, 1967; Needleman and
Blair, 1969; Doolittle and Blombaeck, 1964jince then, the application of
bioinformatics approaches has been increasingly involved in studying protein structure,
function andevolution(Hagen, 2000)These bioinformatics approachaslude
methods, toolsand algorithms for efficient sequence alignment, database searches to
identify homologous sequeesand structuresgnd tothe generation gbhylogenetic trees
to decipher evolutionary relationships. In recent years, unparalleled advancements in
computing methods and algorithmmscombination withcheap sequencing cestave led
to the accumulationfan abundance of genomics data. This wealth of information has
further enhanced our ability to carry out more powerful comparative analysis to address
various keybiological and evolution related research quest{@asusov et al., 1997; Wei
et al., 2002)

Modernphylogenetic analysanost ofterrelied on thausageof both nucleotide
andprotein sequenceblowever, proteirbasedohylogenetic analysesme thought to be

morereliablethan nucleotiddased analyses. Thisdse tothe fact that some

11
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phylogenetic trees based nucleotide sequencase suggesteid be misleadinglue to
factorssuch as thdifferencein G+C contentammg lineagesand theeffect of the
degeneracy ajenetic codesn nucleotide sequenc@sarlin et al, 1995; Gupta and
Johari, 1998)Phylogenetic analysis usipgotein sequenceassually startsvith the
identification ofhomologs/orthologs fromelated family members the protein
databases. Once tBequences aretrievedtheyare alignedand the multiple sequence
alignment (MSA) obtainetbrms an essentigreliminary for phylogeny reconstruction.
The alignment steponstitutes a very cruciatep forevolutionary studyf proteins, as
theimprovemenin MSA havebeen showmo improvethe phylogenetic accuracy,
although thesemprovementsareminor (Cantarel et al.2006; Hall, 2005; Ogden and
Rosenberg, 2006pespite thesehallengesseveral MSA algorithms exist wiimproved
speedandreasonable accurasych as Clustateries of program@&.g.ClustalXand
Clustal Omegp(Sieverset al, 2011; Chennat al, 2003) MUSCLE (Edgar, 2004)
MAFTT (Katohet al, 2005)and T-Coffee(Notredame et 312000) For phylogenetic
reconstructionghemost commonly applied methoaeludedistancematrix methods
and daractetbasednethodsDistancematrix methodsompute a matrix gbair-wise
genetic Adi sdquemeandsummarizetwsirgthe hierarchical clustering
algorithmsuch as Unweighted PaBroup Method with Arithmetic Mean (UPGMA)
(Sneath and Sokal, 1978) NeighborJoining(NJ) (Saitou and Nei, 1987 ompared to
other methods, NJ or UPGMA have the advantage of vapidand arehereforethe
methodof choicewhencarryingoutlarge scale phylogenetianalysesin contrast,

charactetbased methods attemptitder the phylogeny based on #tle individual

12
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charactersn asimultaneously empared alignment gfequenceslhese methodsiclude
maximum parsimony (MP), wth strivesfor the treewith an overallminimumnumberof
overallgeneticchangedetween the taxa lmandomlychanging the topology of the tree
until the parsimony is no longer improvéeitch, 1971) the Maximumlikelihood (ML),
strives for the tree with the maximal likelib toproduce the variation observed in the
given set of sequence ddkelsenstein, 1981and the Bayesian inferenogethod which
seekgo obtainthefull posterior probability distribiion of all possible pylogenies by
combiningthe prior probability distribution withthe tredikelihood of evolutionary
parameterg¢Huelsenbeck et al., 2002)/hen considering thiaferring processof
sequencevolution,the ML methodpossesses a clear advantagera dstanceor
parsimonymethodsas 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 othéFelsenstein, 1981Themajor drawbaclof the
ML method,however, is that it isomputationally demandin&incethe inference from
the individualphylogenetiomutcomedrom mostof theaforementionednethods habeen
suggestedo be affectedby severafactors,themostcommon practice is to include
statistical tests such as bootstrapping partof a tree evaluatiomethodfor a through
phylogenetianalysig(Felsenstein, 1985; Efron, 1992; Tatenolgtl®94) Bootstrapping
is a statistical approadio measureherobustnessf a phylogenetitree thainvolves
randomsamplingof datainto a given numbeof bootstrap sets with replacemémm the
original dataOnemajor advantagef thisapproachs thatit can beappliedto distance,

parsimonylikelihood and just about any of thaher treeconstructionsnethods,

13
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although it musbe notedhatapplyingthis methodcan becomputationally intensivdue
to theincreasen thenumberof boostrap samplesquested.

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 phygktgehistory of organisms can
be more accurately elucidated using the sequence data from multiple genes as well as
using the biochemical, morphological and physiological charactsrstarganisms.
Overall,theuseof phylogeneti@analysesising molecwr sequences has bemmtralfor
severakevolutionary studiedn addition tothe conventionataxonomic uséo infer the
evolutionary relationshipsetweerorganismsphylogenetic trees are often applied,
among manythersto detecthorizontal geng¢ransferdHGT) (Bielawski and Yang,

2004; Ravenhalkt al, 2015) to infer orthologyandparalogyrelationships between
proteins(Fitch, 2000; Gabaldon and Koonin, 201f®) investigate gene duplication events
(Donoghue and Mathews, 1998; Philippon et al., 201 %) infer theancestraktateof

genes/proteinfChang et al., 2005; Hall, 2006)

5. Conserved Signature Indelssa Tool for Evolutionary Studies

The advenbf DNA sequencingechnologycoupledwith advanced computational
methodsn thepasttwo decades hdedto the acquisition o significantabundancef
genome sequence information from divessganismgMcPherson, 2014)'hewealthof
genomic informatiorprovides an unparalleled opportunitycarryoutvarious studieso

discovemovel moleculacharacteristicspecificfor a relatedgroup oforganismsThese

14
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shared molecular signaturét are ideafor evolutionary studieshould be homologous
apomorphiacharactersntroducedonly onceduring the course advolution
(Stackebrandt and Schumann, 2006; Gupta, 2@k class ofsuchmolecular markers
that ourlab has pioneexd thediscoveryandusageof, and has beenfacusof recent
evolutionary studiess Conservedignatue Insertions and deletions (viz. Indgl€SIs)
thatarefoundin a conservedegionof the proteinhomologs from garticulargroup of
organismgRivera and Lake, 1992; Baldauf and Palmer, 1993; Gupta, 1998; Rokas and
Holland, 2000; Gupta andrf#iths, 2002; Gupta, 2014; Naushad et al., 2015; Gupta,
2016b; Zhang et al., 2016&)SIs thatserveas ausefulmolecular markerare theregions
in sequence alignmeswnvherea specificchange is observed theprimary structuref
particularproteins in allmemberf one ormore definedyroups of speciedut not in
othergroups(Gupta, 1998)Thesignaturesnustbe flankedon bothsidesby conserved
regions toensureheir reliability and to rule out alignmeuairtifacs or errors(Gupta,
2014) Sincethese CSlsire limitedto a specific group of organismiie simplestand
mostparsimoniougexplanation for th@resence of these CSisall memberof a
particulargroupis that theraregeneticchangehatgave riseo the CSls occuedoncein
acommon ancest@nd itwas then vertically inheriteloy variousdescendantiRivera
and Lake, 1992; Baldauf and Palmer, 1993; Gupta, 1998; Rokas and Holland, 2000;
Gupta and Griffiths, 2002; Gupta, 201dditionally, basedon thepresencer absence
of thesesignaturesn differentout-groupspeciesit is alsopossibleto infer whether a
given CSl isaninsertionor a deletio(Gupta, 1998; Gupta, 2014jowever,it is also

importantto considerthe possibilitythat in some caseshesharedoresence of theseSl
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couldalso resultrom nonspecific mechanismsuch as lateral gertieansfer(LGTS) or
from independent occurrence of similar genetic changealugenary unrelated lineages
(convergent evolution)Gupta et al., 2017; Gupta, 2018)

A well-definedCSlI ina particular protein alseserves asan important milestone
for evolutionary eventssince all the descendent containing this proseegexpectetb
sharethe CSiwhereaghe homologous protein all otherorganisns which existed
before thiseventwill lackthe CSI(Rivera and Lake, 1992; Baldauf and Palmer, 1993;
Gupta, 1998; Rokas and Holland, 2000; Gupta and Epand,. Z2iri)er the presence or
absence o€Sls invariouslineages or proteins generallynot affectedby factorssuch as
differencedn evolutionaryrates amongineages or proteinsariable aitacts affecting
the construction of phylogenetic trg€aupta, 1998; Rokas and Holland, 2000; Gupta,
2016b) Therefore even a CSof 1 aa lengtlprovides a very useful and reliable marker
for evolutionary studie@Gupta, 1998; Singh and Gupta, 2008)some casesyhen two
proteinsare evolved as a reswit ancient genduplication,the presence or absence of the
CSl in the homalgous proteirmasalso proverusefulto ensurevhether the observed CSI
is aninsertionor a deletioGupta, 1998; Valas and Bourne, 2000¥er the last couple
of decades, Dr. R. &upta andis group hasitilized these CSls toesolveimportant
aspect othe microbial phylogeny and systematjGipta, 1998; Rokas and Holland,
2000; Gupta, 2014; Gupta, 2016b; Gupta et al., 2017; Khadka et al., 2017; Khadka and
Gupta, 209). The utility of CSI to shed insight in number ofmportant evolutionary

guestions is discuss&u Chaptes 2, 3, 4 and 5 of thithesis.
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6. Importance of Structural and Functional Studieson CSls in Protein Structure

Earlier workfrom ourlab ona number ofCSIs inessential proteins (e.g., Hsp70
and Hsp60) hagrovided substantiavidence thatheyplay acritical for cell growthin
theorganismdor whichtheyare foundSingh and Gupta, 2009)lowever,due to a lack
of structural informatiorior mostof the proteinsn which CSlsare foundthe structural
andfunctional characteristiasf these CSlsemaindargely unknownAnalysis of
available hreedimensional3D) structuresof proteinsshowthatmostof the identified
CSlsare generally foundn thesurface loop®f proteins and that thegre usually located
away from the active sitwhich suggests that thejo notdisruptthe core function of a
protein (Singh and Gupta, 2009; Gupta, 120 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 d€Sls onsurface loopslsosuggests that thegould act both
asan fAenabloiafdi b ab p gAkiga et ab,20@B¥s The enablindeatures
of indels couldoe useful to mediate specific interaction (e.g., dimer stabilizabion
binding to some other proteins or ligahdshereas the disablirffgatures ofndels could
prevent interactions with unwanted partni@kiva et al., 2008; Hashimoto and
Panchenko, 2010; Gupta, 2016b; Alnajar et al., 2017)

In addition tothe role of surface exposed loops in ligand and prgistein
binding,they can also play an essential rol@ashorto help periphergbrotein binding
or sensing the membrane bilayer surfagesdli and Sansom, 2014; Kalli et al., 2014,
Chavent et al., 2016; Xu et al., 2016; Khadka and Gupta, 2B&Z¢nt studiesn

number ofdifferentCSls inseveral esmtial proteins such as DNA Gyrase B, DNA
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dependent RNA polymerase Beta SubuRp@B), Phosphatidylinositefl-Phosphaté-
Kinase (PIP5K), Phosphoketolase (PK), Ribonucleotide Reductase (RidRare
specific foranumber ofbacterial phylasupport the eew that these CSkre involvedn
conferring ancillary functions on these protetingt are expectet be vital for the
organism in which thegire found Griffiths and Gupta, 2004b; Schoeffler et al., 2010;
Alnajar et al., 2017; Gupta et al., 2017; Khadka and Gupta, 2017)

Moreover, thestructural differene created by CSisn the surface gfrotein could
act as a unique site that can prowdegh-affinity binding sitefor a specificsubstrate,
ligands, peptides or drug molecu(@herkasov et al., 2005; Nandan et al., 2087)
preliminaryapplication of CSls in designirdyug compoundblasbeenshownby Nandan
etal. (2007) who identified a compound that targeted aadPesidue deletion in the
Elongation factorl alpha EF-1 Uof the protozoan parasitesishmaniadonovani This
deletionprovides auniquebinding site on the surface bf donovaniEF1 Uhereby
allowing selective targeting bgrug compoundthatexhibit greater inhibition of the
targetLeishmanigprotein than the human homolo@$andan et al., 2007 herefore,
CSlscould alsaepresent areviously underutilized classf drug targetand should
prove usefuln the development afovelclasses of therapeutitsat wouldselectively
targeta specificgroupof pathogenic organisms (elgdycobacterium tuberculogisn

which theCSls are preseiiGupta, 2018)
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7. Conservednsertions and deletions (hdels)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 p(Besicarella and Argos,
1992; Benner et al., 1993lowever, the mechanismsiatiel evolution and their
influence orprotein structurebave been relatively understudiéd indel event ina
givenprotein not only alters the length of its primary sequence bubalsgschanges
within the regiorof proteindomairs in which theyoccur.This, in turn,can influence the
structural features and interacticassociated witproteinregion or domain and as
consequencmay impair or improve its stability or functiofBascarella and Argos,
1992; Overingpn et al., 1992; Benner et al., 1993; Matsuura et al., 1999; Chow et al.,
2003; Akiva et al., 2008; Hashimoto and Panchenko, 20m@jelsrarely cvangethe core
of aproteinstructureandare most often founth loops and turns as in those locations
they are less likely to disrufite coreor the foldof a protein.The likelihood of
occurrence of indels on the surfaxfeghe proteins also due to the fact thedsidues
proximity tothe corefunctions are known to impose additional functional constsan
amino acid substitutions or propert{@ussell et al., 1997; Chelliah et al., 2004; Jack et
al., 2016) The occurrencef indels in the outer surface regionpirotein structuress
consideredesponsibldor the functional divergence of homologous prot€Reeves et
al., 2006; Hashimoto and Panchenko, 20P0¢vious studies have shown that vast
majorities of protein indels are short typically with a size ranging fréraa residues in

length and mostly occuin surface loopgPascarella and Argos, 1992; Hsing and
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Cherkasov, 2008; Ajawatanawong and Baldauf, 201&)geindels,however,are most
often foundto constitute separate secondary structure features fotherrggulatory
domain(Griffiths and Gupta, 2004b; Chlenov et al., 2005; H&a®to and Panchenko,
2010; Schoeffler et al., 2010; Gao and Gupta, 2012; Alnajar et al.,.2017)

The increasing availability of sequence and structuralltata allowedarge
scale analyses of the insertions and deletions in praising sequence gtructural
alignment methods and to infer the influence of indels on protein structure or to
understand the evolutionary relationshipising and Cherkasov, 2008; Kim and Guo,
2010; Zhang et al., 2011; Zhang et al., 20E2y instance, if the structunaformation of
closely elated homologous proteins in alignment is available then by analyzing the
alignments or by creating homology modielis possibletoinfeor fAmapo dofhe f ea
indelsfrom the alignment or protein modeldsingthis approacilit is possible to
investigate how these genetic changes in the formdefisinfluence the secondary
structure or surface accessibility witlihre proteinstructurelt is important to note that,
albeit some protein structurashich are usefulor structiral analyses or homology
modelling,may diverge from the physiological reality, most of &vailable cystal
structures offer significant and applicable knowledge attmuproteis. Therefore, these
kinds of sequenestructure analysis approach has beseful for gaining functional clues
for a largenumber ofsequenced proteins that contaidelsand for whichthe structural
or experimental informatioarenot yetavailable(Kristensen et al., 2008; Erdin et al.,

2010; Furnham et al., 2012; Furnham et al., 2016)
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In the pastsome authors have reported datab#satsprovide infomation about
differentrandomly dstributedindelsin variousproteins(Hsing and Cherkasov, 2008;
Zhang et al., 2011; Zhang et al., 2012; Hsing and Cherkasov,. 2088¢ver, unlikehe
CSls, most of the indels those databases avet lineagespecificand are also not
present irconserved regions.hnls, these indels are less likely to possess any
evolutionary or broadunctional significance. In contragESIsare found inrconserved
regionsof the proteis andare uniqudor the groupof organismsn whichtheyare found.
Because of their uniqueness and their preseniciglitly conserved regiaof proteins, it
is reasonabl& infer that mosof these CSlsre providing somancillary functionto the
proteins or organisms in which they are fouNdvel structural alteratios inprotein
structureresulting from the CSIs may contribute to dimer stability, ligaimdling or
proteinprotein interactions and thus are predicted to confer new characteristics unique to
specific groupof organismgGriffiths 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, 20I0@spite their predicted significance, the
functional significance of most of the CStatmodify a partof protein structug remains
relatively inderstudiedAn understanding ahe peculiaritiesof these CSlsan, therefore,
provide novel insights into the mechanisimproteinevolution and as well thencillary
functionassociated with these CSls.

During the last two decades, global structural genomics efforts have resulted
thedevelopment opowerful newin vitro andin silico technologies and higtinroughput

pipelinesthat are capablef generating hundreds of different protein structarasudly
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from diverse organism sourc@hance et al., 2004)n addition tothe emarkable growth
in thesequence and structural data combined with other biological information, the
tremendous improvement inroputational power and resourdesvehelped build the
strongerfoundationfor the implementation ofarious computational methods for
interpolation beween hypothesis and experimental results. As a result, computational
approachestilizing sequence, structural and functional da@now well suiteénd
playingan increasinglymportant role for studying widerange of computational
experiments, such as mapping the structural features and predicting the functional
significance of CSls in protein structyt€noshita and Nakamura, 2003; Watson et al.,
2005; Lee et al., 2007; Gherardini and Hel@gterich, 2008; Alnajar et al., 2017; Gupta
et al., D17; Khadka and Gupta, 201A) summary of the major computational tools and
techniques that | have utilized throughout my thesis work are briefly desaribesl
following sectionsThesencludeBLAST/PSEBLAST, homology modellingprotein

liganddodking, proteinprotein dockingandmolecular dynamics simulations.

7.1BLAST and PSI-BLAST
BLAST (Basic Local Alignment Search Toas)the mostvidely used and cited
sequence similarity search algorithm; it providesmpleand robust method for
searching nucleotide or protein sequence databases to idgguifycant matches
(Altschul etal., 1990) BLAST works by seeking near perfectwerdat c hes fiqguery
w o r d s givedength between the query and database of sequetice.nfatches
scoreabovea given thresholdhe comparison is extendedboth directionsFinally, hits

in the sarch resultare reported the extended alignments meet or exceed the user
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specified BLAST cubffs scores fosignificant matchesAlthoughBLAST enables
searches darge databasdor a similarsequence i@ relativelyshort time, it has limited
sensitivityin detecting distant homologs.

ThePSEBLAST (PositionsSpecific Iterative BLAST), whicls an extension of
the original BLAST s more sensitive isearchinga databastr more evolutionary
divergent proteingAltschul et al, 1997) Iterative search methods suchP&a-BLAST
initially generate Positiespecific Scoring Matrix (PSSM) constructed from multiple
sequences hytilizing 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 pisfileen usedo
further search the database @md process is then iteratedtil no additional sequences
are foundabove theredefinedhreshold. This iterative process mak&BLAST more
sensitive irfinding remotely elated sequenceBue toits effectiveness in finding
distantly elated sequence, several modifications and improvemenbleaveproposed
since its first release in 1997, includiegiployingcompositionbased statistickSchaffer
et al, 2001) employingpesudocountAltschul et al, 2009) optimizing cache utilization
(Aspnas et al.2010)and improving sequence weighting metti@diaet al, 2017)

| have utilized both BLAST and PHRILAST extensively iroughout my thesis
work for tasks ranging from identifyingomologs/ortholog#or species distribution
analysis to identifying homologs with known structures for studying the structural

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

Over thepast few decades, advanceg@mnomesequencing hee led to a massive
increase irthe number oprotein sequence datiicPherson, 2014)At thesame time, the
numbers of protein structureslved by experimental metholdg farbehind As a result,
there is a huge and growing gap betweerktigavn protein sequences asalved protein
structuregMistry et al., 2013; Rose et al., 201B) the absence @tomicresolution
experimental structuresxploring the structural features and functional signitteanf a
large number of CSIs in various proteins remains a crucial challenge. Computational
approaches such aesmology modellingusing an alignment of a novel sequence to that
of a sequence with known protein structure to infer novel structural featwesplaying
an increasinglymportant role to bridge this sequersteucture gagBaker and Sali,

2001; Jaroszewski, 2009; Schwede, 2013)

One of the mostommonly sed tooldor homology modellings MODELLER
(Sali and Blundell, 1993}t is a command lindasedool, which uses python for its
control language and requires all its inpatipts apython scriptsThe process of model
generation using MODELLER requires setting upngiut files and editing gbython
scriptsfor its differert steps, which cabe both timeconsuming anttas the potential to
introduce errors when working wittumerousnodels.In Chapter 6 of this thesis, |
describe the development ofaftware pipeline to streamliribe creatiorof homology
modelsof proteins using MODELLER anather related programs. | hauvglized this
pipelinein order b detemine and analyz#he structural features of a numbelG8+

containing proteins without structural informati@&tructural studieasinghomology
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modelshave provided a wealth of infoation to help understand structduectional
relationshipof a number of CSlglentified in various protein&ao 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, 20h8)utility of homology modellingo
unravelthe structural features of a large numbe€SIs identified in various proteins will

only continue to grow with the increasing experimental structural knowledgeafioice

range ofproteinfamilies. The significanceft he i nt e g r GlabModellgpande | i ne
its applicationto sudythe structural featurem severaldentified CSlsare discussed in

detail n Chapter ®f this thesis.

7.3. Proteinligand Docking

Proteinrligand docking, first reported itme early 1980s, is a computational
approach that aims to predict binding modegroteinligand complexe¢Kuntz et al.,
1982) A docking process comprises two magomponentsa 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 functiongHoffmann et al., 1999; Halperin et al., 2002; Meng et al., 200Hg
scorirg functions utilized by most docking programs can be broadly classified into three
categories: (i) Empirical scoring function, approximates prdtgand binding by adding
up the individual weighted terms each representing a key energetic factor in-protei
ligand binding(Bohm, 1994; Friesner et al., 2004; Liu and Wang, 2Q{ipKnowledge-
based scoring functionvhichis developed with training sets of higlsolution structures

and searches proteligand complexes with an optimal score. It is designed to replicate
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experimental structural complexes rather than binding endfgaske et al., 2000;
Muegge, 2002jiii) Force field-based or Physielsased, utilizes the force field parameters
to calculate the binding energy of protdigand conplexes(Huang and Jacobson, 2007)

A great degree of progress has been noade the last few decadesprotein
ligand dockingorograms which exhiba differentlevel of accuracy and computational
efficiencies Among the several available programs, AutoDock t¢@lsodsell and
Olson, 1990Morris et al., 2009and AutoDock VingTrott and Olson, 201Qre
arguably he two most popular artdghly successfutdocking tools foiproteinligand
dockingstudies available todafoth these toolare open source and maintained at the
Scripps Research Institugérott and Olson, 2010Pue totheir usefulnesm screening
librariesof millions of compoundssuch toolsare becoming an increasing source of lead
molecules fodrug discoveryfMclnnes, 2007.)Despite the progress, protdigand
docking still faces many computational challenges, specifically when considering the
ligand or receptor flexibilitf{Sousa et al., 2006Most dockig 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 protentigand docking to be ceed 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
proteinligand docking approach. Neverthss, 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 extremedgidhble tool for studying the possible functional

role of CSls in protein structure.

7.4.Protein-protein Docking

Protein-protein dockings a computational approatat aims to predidhe
binding conformation of macromolecular complex starting from the individual structure
of the component proteirfkevinthal et al., 1975; Wodak and Janin, 1978)milar to
proten-ligand dockingthe docking process is composed of two major steps. &irst,
rigid-body searctio sample the possible binding conformation with favorable
complementary surfaces and suitable electrostatic and desolvation properties. Second, a
refinement g&p where a suitable scoring function is employed to rank the sampled
conformation(Vajda and Camacho, 2004 s with proteinligand docking, flexibility
still constitutes a vital challenge in protgarmotein docking due to large computational
time that is needed and also due to the lack of sophisticatkohg@dgorithms that allow
better treatment of flexibilityZhang et al., 2016bpespite these limitations, protein
protein docking methods have improved substantially in recent yeass\ardl web
based powerful docking programs are remailable to providen efficient and powerful
means for large scale protganotein docking experimentRitchie, 2008; Janin, 2010;
Moreira et al., 2010; Lensink et al., 201Among these, the tootkat arewidely usedfor
computational protenprotein studies and that | have utilized during my thesrk
includes,PatchDockSchneidmafDuhovny et al., 2005 DOCK (Pierce et al., 2011)

ClusPro(Comeau et al., 200éndRosettaDock (ROSIH)Lyskov et al, 2013)

27



Ph.D. Thesis Bijendra Khadka McMaster UniversBiochemistry

PatchDocks an efficient molecular docking algorithm tleshploysa geometry
basedshape complementarigpproach which aims to yield refined atomic contacts of
proteinprotein complexedt's scoring functiortakes into consideration bogigometric
fit and atomidesolvatiorenergy(SchneidmarDuhovny et al., 2005)ZDOCK utilizes
grid-basedast Fourier transform (FTjTor efficient global search of docking ortation
between two protein@ierce et al., 2011)ts scoring function is based pairwise shape
complementarityelectrostatics, and@airwiseatomic statistical potential developed
using contact propensities of transiprtein complexeChen andVeng,2003;Pierce
et al., 2011)ClusProutilizesPIPER, aigid bodydocking program, whicls based om
novel FastFourier Transform (FF) docking approach witpairwisepotential.lts scoring
function isthusbased on pairwisteraction potentia (Comeau et al., 2004; Kozakov et
al., 2006) RosettaDockROSIE),utilizes aMonte Carlebased algorithm, to search for
therigid-bodyand sidechain conformational space of two interacting macromolecules
and finds their structure complex with minimum fexgergy(Grayet al, 2003; Lyskov
and Gray, 208; Lyskovet al, 2013) These proteiprotein dockingservers provide a
platform to carry ouextremely &st docking experiments without requiring significant
computational time and resourc€sirther, the applicability and utility giroteinprotein
dockingwill 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 watbntain in their structurthese unique molecular
markers (CSIs), and aificacious proteirprotein dockingapproach in combination with

other computational approaches such as homology modelling, would provide a path
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toward understanding the functional significancéaodenumberof identified CSls in
protein structuregAlnajar et al., 2017Guptaet al., 2017)As an example, in Chapter 5
of this thesis, | describe the useefficacious proteirprotein dockingapproaches in

predicting thefunctional role of CSls in the Phosphoketolase proteins.

7.5.Molecular Dynamics Simulations

In addition tothe knowledge 08D structureof aprotein,a fundamental
appreciation for insights into the protein function requires understanding the relationship
betweer8D structure of a proteiand its dynamicéLevitt and Warshel, 1975;

McCammon et al., 1977; Karplus and Kuriyan, 20@)mputational methods such as

molecular dynamics (MD) simulatioqday anincreasinglyimportant role by providing

link between protein structure and dynan(i€arplus,2002; Karplus and Kuriyan, 2005;
Freddolino and Schulten, 2009; Klepeis et al., 2009; Bermudez et al., 2016;

Hollingsworth and Dror, 2018)n my thesis work | havatilized, in particular, a classical

mol ecul ar dynami c s compumtiohabniicroscogdlleeebdywn as a A
2009)to investigate the molecular interaction of biomolecular systems with an aim to

shed light into the structural and functional significance of CSils.

The basic principle behind classical MD simulations is to predict the behavior of
an individud atom ina protein or other molecular systeasng thephysics governing
interatomic interactions ovénefunction of time(Karplus, 2002) The concept is that,
giventhe position o&ll theatoms ina given biomolecular system, which may involve
protein solvated bwaters molecules or embeddedifipid bilayer membrane model, it

is possible to estimate the force excreted on each atom by albtohes inthe system
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usi ng Newtonds second | aw or equation of
forces, spatial patgon or acceleration and velocity of eaatom ina system aafunction
of time can therbe calculatedThe trajectories thus obtained can be usechegate
astonishingly dtailed3D representationsf how a biomolecule behaves over time under
a variety oftunable conditionsRecent extensive comparisona¥ariety ofexperimental
data with simulations suggeshat force fields have improvesignificantly oser time but
certain deficienciestill persist requiring future improvemegitindorff-Larsen et al.,
2012) Thereforavhen analyzing the results from the MD approach, it is important to
consider theossible #ects ofthese limitationgLindorff-Larsen et al., 2012 oger et
al., 2016; Nerenberg and He&brdon, 2018)

Cognizantof these limitationsiMD simulationshave greatly expandedhe scope
of biomolecular science, drug discovery and several other fields of sclehas.been
used successfullptstudy the conformational changesasfumberof different proteins,
which otherwise would haveeendifficult or impossible to determiney experimental
techniquegMa et al., 2000; Holyoake and Sansom, 2007; Freddolino and Schulten, 2009;
Klepeiset al., 2009; Bermudez et al., 2016; Hall et al., 203p¥cifically, nembrane
associategbroteins (i.e. both integral and peripheral), for which the structural information
is very scarcedue tobarriers associated with their expression and crysasitiz
(Vattulainenand Rog, 2011; Biggin and Bond, 20Ive greatly benefited from the MD
approach. This growing application potential have letthéamplementation d¥iD
simulation in several software packages which include AMBE&Seet al., 2005)

CHARMM (Bernard et al., 1983PESMOND (Shivakumaret al, 2010) GROMACS
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(Van Der et al., 2005LAMPS (Plimpton, 1995and NAMD (Phillips et al., 2005)
Among these programs, GROMACGROnNingen MAchindor Chemical Simulations
stands out from others due to its efficiency, using an ensemble method tthenladst
possible sage of scarce computational resouf@dsahama et al., 2016)

Over the last few yearsubstantial progress has been madsmputer hardware,
specifically he 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 simulationd®®run locally ér longertime ata very
affordable costKlepeis et al., 2009; Friedrichs et al., 2008ttmann et al., 2009;
Mashimo et al., 2013; Kutzner et al., 2015; Hollingsworth and Dror, 2018; Larsson et al.,
2019) It isimportantto note that, althougalonger time simulation run provides high
resolution atomic details of macromolecular bebax, however, they are
computationallydo intensive. As a resultor the MD simulation studieshat | have
described in Chapter 3 dfis thesis) haveutilized a veryreasonable length of simulation
which makes comprehensisenulation studiesery feasible.Nonetheless, the
cumulative efficiency and availability makéD simulationparticularly wseful for
analyzing the large number of CSls and to generate ana testhanistiilypothesis of
how these CSils function in different proteiAs. most of theCSlsare foundo be located
on the surface loop of the proteins, the analysis ofdihyes interms of their
conformational changes durifdD simulationis vital to unraveltheir potential function.
For instance, analyses af arrayof binding eventsluring proteinligand andér protein

proteinor proteirmembrane interaction processes, e of water molecules. and also
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the effects of mutations artkde modification oprotein ensembles and their functig@su
et al., 2009; Dror et al., 2011; Buch et al., 2011; Gu et al., 2015; Bermudez et al., 2016;

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

8. Research Objectives

The major focus of my graduate research wak been twold: 1)
identification and analysis of CSighich are distinctive characteristics of fungi as well as
of the multiple important groups of microorganisms, and utilizatigghgfogenomicand
comparative genomic approacheslucidateheir evolutionary history and relationships.
2) utilization of vaious computational and bioinformatpproaches tmvestigate the
identified CSls presentithin various essential proteiisorderto elucidateheir
structural and functional significance

With the aim ofunderstanding the evolutionary significanckaveutilized a
combination of phylogenetic analysis and CSI identification to provide important insight
into the evolutionary history dhe PIP4K/PIP5K family of proteins. The members of
PIP4K/PIP5K familyare key players in the regulatiohthemetabolism of
phosphatidylinositide&Pl), which act as a secondary messenger for controlling diverse
cellular processes in eukaryo{®sajerus, 1992; Martin, 1998; Di Bl and De Camilli,
2006; van den Bout and Divecha, 2009; Kutateladze, 2010; Epand, Z8isfamily of
proteins that shares sequence identity within the kinaseadioyare classified into three
distantly related groups of proteins viz. Phosphatmbditot4-phosphate &kinase Type |

(PIP5K), ghosphatidylinositeb-phosphatel-kinase Type Il (PIP4K), and
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phosphatidylinositeB-phosphate &inase Type IIl (or PIKFYVE]Loijens et al., 1996;
Heck et al., 2007; Brown and Auger, 201There are three different isofosnaentified

for both PIPSK(P | P5 KU, ,amIdP 4PK BRdPKRAK(P | P4 KU, ,aRdl P4 Kb
P 1 P 4iKwertebrateglshihara et al., 1996; Ishihara et al., 1998)wever

invertebrates have been reported to corgaly a single homolog of both these proteins
(Brown and Auger, 2011pimilarly, in fungi,a single copynomologs of PIP5Ks are
foundthat shows similarity to both PIP4K and PIP@Besrivieres et al., 1998\vhereas

in plantsmultiple homologghat show similarity to both PIP5&nd PIP4K are present
(Okazaki et al., 2015; Heilmann, Z8)1Dueto the important roles played ltye
PIP4K/PIP5K family ofproteins in many critical processes involved in pathological
conditions these proteins are becoming an increasingly interesting class of molecular
targets for cancgEmerling et al., 2013; Semenas et al., 20tHhjonc pain(Wright et

al., 2015) diabetegVoss et al., 2014)and autoimmune diseagg¢tayakawa eal., 2014)
Despite the important roles in the regulation of many cellular processes, our
understanding of the overall evolutionary relationships eetwand among different
members of th@IP4K/PIP5K families andubfamilies of proteins and the gence of

any uniguegengic/biochemical characteristics that can servdistinguish different
members of this protein familgmains largelgnigmatic and unexploreth my

subsequent work to investigate the functional differentiation of the different members of
the PIP4K/PIP5K family, | have utilizedne of the CSls identified in the PIP4K/PIP5K

family of proteinsthatis specific for theSaccharomycetacedamily of fungi.
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To further understand the functional significance of CSls, | have also studied the
Phosphoketolase (PKs) enzyme from Bifidobacteria, wbactstitute an important group
of comnensal bacteria that inhabit thastrointestinal tracts of humans, othermmals,
as well as inseci{®iavati et al., 2000; Turroni et al., 2011; Ventura et al., 2014)
Bifidobacteriaare known to exert several heafitomotingbenefits on their host
(Pokusaeva et al., 2011; Sanchez et al., 2@7@ important characteristic of
bifidobacteria ighe presence @unique fermentationpatway known as t he i
s h u fortthe metabolism different carbohydrate@eile et al., 2001; Takahashi et al.,
2010) The key enzyme involved ihis pathway is phosphoketolase (PKs) and unlike
phosphoketolase (XPKs) from other bactenihich shows specificity only for only
Xylulose-5-phosphate (XB), the bifidobacteriphosploketolase (XFPK) possess an
unique ability to netabolize both X5P and Fructo&g@hosphate (F6RMeile et al.,

2001; Yin et al., 2005; Takahashi et al., 2010; Henard et al., 2D&§pite the well
known differences in the biological activities of PKs between bifidobacedaother
bacteria, very little is known about the molecular or biochenaigdlor structural
characteristicaccounting for themportantdifferences in the two forms of PKs.

| have also extended my analysis of the structural and functional significince
CSis to the CSils identified in the SecA prosgimatareunique to some thermophilic and
hyperthermophilic group of bacteri@ecA, a conserved ATPase, is a multifunctional
dynamic protei that forms a key componentlmdicterial Sedranslocation syste (Mori
and Ito, 2001; Vrontou and Economou, 20@BcA is ssential for the survival of broad

spectrum bacteriasavellas archaea, and playsiadispensable role in the secretion of a
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wide variety of bacterial proteir{§chmidt and Kiser, 1999; Gil et al., 200Barlier
studiesusingcomparative genomic analysis Had to theidentification ofa large

number of Gls that served as a unique molecular characteristics for the orders
ThermotogalesAcquificalesandThermales(Griffiths and Gupta, 2006; Gupta and
Bhandari, 2011yvhich contains some of the stchyperthermophilispecies of bacteria
knownto date with an upper temperature limit of growth up to 95°C (Vieille and Zeikus,
2001).Although previous biochemicahnd 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)
remainsyet unclear whether theniquepresence othese large CSlsontributes to the
stability of SecAor it may be important for the SedaA function at high temperatures in

thermophilic bacteria

9. Ouitline of this Thesis

The analysis completed in my thesgisrk 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
organismgGupta et al., 2017; Khadka and Gupta, 2017; Khadka and Gupta, B019)
Chapter 2 of this thesisprovide novel insightsto theorigin, evolutionary relationship,
and dversificationof PIPAKPIPXK protein family. In thischapter, | described idepth
analyses of specielstributionandhave carried out detailed phylogenetic studies and

comparativeanalyses oprotein sequences to identify many molecular markers in the
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form of CSlIs that are specific for the different memlo¢iB8IPAKPIP5K family of
isoenzymes. Our CSlased approach in conjunction witte results obtained frothe
BLASTp searches for thdistributionof these isoenzymes provides nowelights into
theevolutionary history of PIP4K/PIP5K family of protein. In Chapter 3 of this thesis, |
describe our subsequent work on idhentification andanalysis of a 8 aaCSl, specific
for theSaccharomycetacedamily of fungi. Here, | describe the analysis of this CSI
presenin acoreconserved regioof PIP5K, a key enzyme in the phosphatidylinositol
signalingpathway essential for multiple cellular procesggisPaolo and De Camilli,
2006; Balla et al., 2009; Balla, 2013; Epand, 20B&sed orour results from structural
analysis and molecular dynamics (MD) simulation studiegpneeided useful insights
concerning thenechanisnof theinteractionof PIP5K withlipid bilayerand support the
ideathat the8 aaCSlin S.cerevisiagplays an important role in facilitating the bindiofy
PIP5K withamembranesurface.

In Chapter 4, | describe thgentificaion of multiple highlyspecific mdecular
differences in the forrof CSls that clearly distinguish the phosphoketotzse
bifidobacteria from the phosphoketolase homologs found in most other baéteraso
provide evidence, based on the analyses of the branching pattern from phylogenetic tree,
that the PKs in bifidobacteria (XFPK) are specifically related to those found in the
Coriobacterialesindicating that the gene for this protein was horiatiptransferred
between these two groups. Additionally, we also describe in this chapter the utilization of
molecular modelling, structural analyses and prepeatein docking studies to unravel

that theBifidobacterialegCoriobacterialesspecific CSls ee 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
CSlsin SecA proteins thare uniquely shared by the members of the order
ThermotogalesAquificales andThermaleswhich represent the major thermophilic
phyla In this chapter, | describe the sequences agtbgenetic analyses of these
proteinswhich 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 further unravel the functional significance of
thernmophilic and hyperthermophilispecific CSls) explore the molecular dynamics
(MD) simulations usinghe ThermotogamaritimaSecA structure with and witho@sSlI at
various temperature setting. The results from MD studies idensitedserved network
of water moleculeand onserved residues withthe CSlthatmakekey contributions
toward these interaction&hapter 6 in this thesis describes an interactive graphical
pipeline pGadModelle® cawhi el p@{ir eousedyemphicedusere as 'y
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 strud¢eataires of various
CSls is evident in Chapter 2, Chapter 3, Chapter 4 and Chapter 5 of this thesis. Finally,
Chapter 7 descrilsghe overall significance of the evolutionary, structural and functional
studies on CSls described in this thesis, usefulokthe 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 chapterdescribes thepplicationsof the comparative genomics approafir the
identification of CSls unique to the members dhe PIP4K/PIP5K family of proteinsThe
identified CSls inconjunction withspecies distributions and phylogenetialyses based on their
protein sequenceshed light on therigin and evolutionary history of this protein familjhis
chapter also describes the mapped locations and structural features oftifikdd€S$Is onto the
structure of PIP4K and PIP5K proteirtdy contribution toward the completion of this chapter
includes identification of all the CSls shown and confirmatidntheir species specificities,
analyses of the species distribution of PIP4ARBK 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 protestructures, the writing adirafts and revision of

the manuscriptandproduction 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¥5enes10(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 maximumd-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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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.
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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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Python bivittatus-Alpha-4K XP_007436413.1 R---DDQ-FON--TRS| | CPLAND-PAR- -AR-
Xenopus tropicalis-Alpha-4Kk NP_001123723.1 R---DDQ-F-N--TRY| | SPLAND-QAR--AR-
Maylandia zebra-Alpha-4K XP_004546610.1 R---DDQ-F-N--TRS| |APLNSEAQ-R--AR- b
Homo sapiens-Beta-4K EAW60533.1 R---DDQ--QN-VTRS| [AP-NSD-Q-RC-TR- -V--
Vertebrates Serinus canaria-Beta-4K XP_009084714.2 R---DDQ--QN-WTRS | |APVNSD-Q-RC-AR- V-
PIP4K < Python bivittatus-Beta-4K XP_007429905.1 R---DDQ- -ON-VTRS | | APVYSD-H-RC-VR- V-
Xenopus tropicalis-Beta-+4K XP_002940195.1 R---DDQ--QON--TRS| | APVNSENQ-RF--R-LTTY-RR-V-
(>] 00) Maylandia zebra-Beta-4K XP_004538792.1 R-C-DDQ--ON--TRS| |APLNSDTQ-RF-NRILS-Y-HR-V---
Homo sapiens-Gamma-4K XP_011537049.1 R---DDQ---V--TAN| | -PS-SEG ~ -DGR-LI-Y-RTLV--E
Sturnus vulgaris-Gamma- 4K XP_014747327 .1 R--VDDQ- -QV--TRS| | -PRWAG- -HRLLL-A-RTLVL-E
Python bivittatus-Gamma-4K XP_007422116.1 R-N-DDQ--QV--TRS -PTYETE  G-GR-LL-Y-RTWV--E
Xenopus tropicalis-Gamma-4K XP_017946647.1 R---DDQ-FQA--TRS| | SPYCESE GHDGR-LL-Y-KTLV--E
“ Maylandia zebra-Gamma-4K XP_004560306. 1 R---EDL--QV--TRS -PFSVDD QGEG-LLN-Y-RTLVV-Q
Ciona intestinalis-4K XP_002119441.3 R---ADK--VS---VN| |QPFRVDDK-R---R-LH-F-HKYV---
Brancniostoma floridae -4K XP_002599487.1 R-N-DDV- -MN--TRS| |QPVNTD-P-R--AR-LM-Y-KRYV---
Apostichopus japonicus-4K PIK54083.1 R-TVAETE-RN-FTFG| | -PEYDN- - -K- -AK-MKTH-RR-V- - -
Drosophila melanogaster-4K NP_001033805.1 R--VDDV--RE--TAS| |QP-QID---K--AQ--Q-Y-KF----S
Other Metazoans | Caenornabditis elegans-4K NP_497500. 1 Q- -VONFE- -R--T-Y [E| - *LLDG-AKD-TPR-FI-Y-KK-V--§ *EFD
Biomphalaria glabrata-beta-4K XP_013081123.1 R--LDDN- -MN--8KQ| |QP-SCD-P-R--ARMLM-R-KR-F---
PIP4K Helobdella robusta-4K XP_009023323.1 R-SVDE-C-MN--VKH| |CPTDID-P-K--AR-LI-H-RKY-L--
Macrostomum 1ignano-4K PAA91900.1 K---ERTE--D-FIKR| |QPQYDA-Q-R---K-LCTYNRHYV---
Hypsibius dujardini-4K oaviesl4.1 R-KVTDSQ-ML--T-S| |EP-IKDTH-GQ--TY-LTA-KR-----
Trichoplax adhaerens-4K XP_002111279.1 C-D-DDEQFKQ-IAFS| [--M  QY-D-- K-F--R-KQYWV
Amphimedon queensiandica-4K XP_019863884.1 R-K-DDY- -MS--TQH| | AHLAMDNP-R
Hydra vulgaris-4K XP_002161268.1 R-N-EEQL-AR-FLIQ PCDSNA - -N
Choanoflagellates g Salpingoeca rosetta-4k XP_004998565. 1 I-N-DTA-F-L-M-HK| |--R--SNP-------
& Filasterea Capsaspora owczarzaki-4K XP_004364933.1 R--VDA-Q-----AGA LI EP-PVEAN-K- - -KR-
Saccharomyces cerevisiae NP_010494.1 ---LD-A---V--T-K Y -P-K---F--Y-R-YKY----
Fungi Zygosaccharomyces rouxii XP_002495864 .1 So-LD-A---V--T-K ¥ “P-K---F-
Candida albicans KGU13027.1 -V-ITGK ¥ -P-K---F
Coffea canephora CDP17283.1 --MI-I-GN D “P-K---F--LTN--
Plants {Zsﬂ mays NP_001148043.1 --MV-I-GS D =P-K---V-FL-Q
Oryza sativa Indica Group EEC76033.1 --MIAI-GN D F--LTQ
Acanthamoeba castellanii XP_004336615.1 ----1--TGD Y --F-Y-
Naegleria gruberi XP_002670454.1 R---DASN--VC--H- L --FF-A-
Other Fonticula alba XP_009497027 .1 F-H-D-A--IM--TGR Y --F-A-
Eukaryoles Ectocarpus siliculosus CBJ28352.1 - - --DEAS-MN-VAGD Y -FY-H-
Ostreococcus tauri XP_003080505. 1 RWNVD-A-FVL---GD @ ==msHeaKersaz
Saprolegnia parasitica XP_012202766.1 R-D-DSA---VT--GD F -FY-H-GR-M- - -
Thecamonas trahens XP_013760701.1 SIFLNE-E--L--TR- N A-TTMA-P-K--AS--F-N-LR-V---

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
N Danio rerio-Alpha-5K NP_001018438.1 L
- Homo sapiens-Beta-5K AAC50914.1 A
Felis catus-Beta-5k XP_019671300.2 A -
Gorilla gorilla gorilla-Beta-5K XP_018889556. 1 QA -
Camelus bactrianus-Beta-5K XP_010966211.1 A -
Sturnus vulgaris-Beta XP_U] 4725312.1 A
Serinus canaria-Beta XP_009092185.1 A
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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