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ABSTRACT

SRMS &rc-related kinase lacking €@rminal regulatory tyrosine and-tdrminal myristoylaton
sites) is a nofreceptor tyrosine kinase that belongs to the BRK family kinases (BFKsjsand
evolutionarily related to the Src family kinases (SFKs). Like SFKs and BFKs, the SRMS protein
comprises of two domains involved in protprrotein interactions, namely, the Stomology 3
domain (SH3) and Srbomology 2 domain (SH2) and one catalytinalge domain. Unlike
members of the BFKs and SFKs, the biochemical and cellular role of SRMS is poorly understood
primarily due to the lack of information on the substrates and signaling intermediates regulated by
the kinase. Previous biochemical studiase shown that wild type SRMS is enzymatically active
and leads to the tyrosighosphorylation of several proteins, when expressed exogenously in
mammalian cells. These tyrosipbosphorylated proteins represent the candidate cellular
substrates of SRM&hich are largely unknown. Further, previous studies have determined that
the SRMS protein displays a characteristic punctate cytoplasmic localization pattermmalian
cels These SRMS cytoplasmic puncta are uncharacterized angpragie insightsinto the
biochemical and cellular role of the kinase.

Here, we utiized mass spectromeligsed quantitative lab&ke phosphoproteomics to
(a) identify the candidate SRMS cellular substrates and (b) candidate signaling intermediates
regulated by SRM, in HEK293 cells expressing ectopic SRMS. Specifically, using a
phosphotyrosine enrichment strategy we identified 663 candidate SRMS substrates and consensus
substratamotifs of SRMS. We used customized peptide arraysand performed tharbiggphp ut
validation of a subset of the identified candidate SRMS substrates. Further, we independently
valdated Vimentin and Sam68 as bonafide SRMS substrates. Next, using Titanium dioxide
(TiO2)-based phosphopeptide enrichment columns, we identified multipialisgy intermediate s
of SRMS. Functional gene enrichment analyses revealed several common and unique cellular
processes regulated by the candidate SRMS substrates and signaling intermediates. Overall, these
studiesled to the identification of a signii;it number of novel and biologically relevant SRMS
candidate substratesnd signaling intermediatesvhich mapped to a number of cellular and

biological processes primarily involved in cell cycle regulation, apoptosis, RNA processing, DNA



repair and protei synthesis.Thesefindings provide an important resource for future mechanistic
studies to investigate the cellular and pbiggiical functions of the SRMS

Studies towards characterizing the SRMS cytoplasmic puncta showed that the SRMS
punctate strucies do notolocdize with some of the major cellular organelles investigateath
as the mitochondria, endoplasmic reticulum, golgi bodies and lysosomes. However, studies
investigating the involvement of the SRMS domains in pulocialization revealedhat the SRMS
SH2 domain partly regulatesighiocalization patternThese results highlight the potential role of
the SRMS SH2 domain in thecalization of SRMSto thesecytoplasmic sitesand lay important

groundwork for future characterization studies



ACKNOWLEDGMENTS

| deemit invaluable tothank my supervisor and mentor, Dr. Kiven Erique Lukong for his guidance,
and perseverance towards the completion of my Doctoral program. | extend my gratitude to the
present and former memiseof our lab, Y&unde Ogunbolude, Joshua MeasslandBerg, Aditya
Mandapati,Chenlu Dai, Dr. Sayem Miah, Dr. Edward Bagu and Lexie Martimvould like to
express my special and heartfelt gratitude to Akanksha Baharani for her great friendship and help
all these years.| greatly appreciate the assistance of the former and present administrative
secretaries of our Department, Mrs. Margaret Strohan, Mrs. Lori Lisiiza and Mrs. Deana
Thunderchild. | also thank the members of my supervisory committee, DanWil. Roesler
(Department Head), Dr. Stanley Moore, Dr. Deborah Anderson (Director of Research,
Saskatchewan Cancer Agency), Dr. Jeremy Lee (Department Graduate Chair) and Dr. Vikram
Misra (Department of Veterinary Microbiology and Cognate member ofdvisary committee).

And it is but in no less measure that | also extend my gratitude to all personnel of the Health
Sciences Supply center, Colege of Medicine.

| cherish and laud the priceless support and faith bestowed upon me by my family and Bg, Luko

alike.



TABLE OF CONTENTS

PERMISSION TO USE ... .ottt ettt e e et e e e e e e e e et aeeeeennnnas i
N 13 I A o O i
ACKNOWLEDGMENTS.....uiiiiiiiiie ettt e et e e e e e e e e e eat e e e e eeasn s aeseessnnaaeeeesed Y
TABLE OF CONTENTS. ...ttt ettt e e e e e e et e e e e e e et e e e e e eaaan s eeaeennes Y
LIST OF TABLES ... .o e e et e e e en X
LIST OF FIGURES. ... .ottt e e e e e e e e e et s e e e eaa e eeeaees X
LIST OF ABBREVIATIONS ittt ettt e e et e e e et Xii
1. REVIEW OF THE LITERATURE. ... .ottt 1
1.1 TYFOSING KINASES. ... ettt ettt e et et e e e e et e e e e e eaa s 1
1.1.1 ReCepPtOTYrOSINE KINASES ... c.uuiiiiieii ettt eenas 2
1.1.1.1 EGFR signaling pathway............cccoeuiiiiiiiiee e 3

1.1.2 NORreceptor tyroSiNG KINASES.......cuuuiiiiiiiiiieeeete et e e e 7
1.1.2.1 Src family KINGSES......ceu it A
1.1.2.2 BRK family KINASES........c.uiiiiiiiiieii e 11
1.1.2.2. 1 SRMS ..ottt e e aaae 14
1.1.2.2.2 Biochemicakgulation of SRMS enzymatic activity..............cccceeeeeeenn. 14

1.1.2.2.3 Protein expression in mammalian cells and tisSSues.............cc.cceeevnees 16

1.1.2.2.4 Subcellular localizatiQml.............coouiiiiiiiieii e 18

1.1.2.2.5 Substrates and binding Partners............cooeveuiieieiiieeiieee e 19

1.12.2.6 Cellular and physiological roles...........ccoooiieiiiiiii e, 22

1.2 Phosphoproteomics analyses by mass spectrametry.........c.cccovvviveiieviineciiieiineennn. 24
1.2.1 Quantitation approaches in mass spectrometry analyses..........cccooccceeveiinnnieens 28

2. HYPOTHESIS AND OBIECTIVES. ... oottt 31
2.1. Rationale and hYPOtNESIS........ccuuiii e 31
2.2 ODJBCTIVES ..t 31

3. MATERIALS AND METHODS ... ..ottt e et eeeeae e e eeees 33



3.1 Reagents and CheMICAIS........ .o 34

3.2 Expression vectors and SIRNA ... 36
3 2. LEXPIrESSION VECTOIS. .. evueeiieeiieee e et e e e et e e e e e et e e et e e e e e e e e e e anneeaneeennnes 36
3.2.1.1 Sitedirected MULAGENESIS .......ciivi it 38

B.2.2 SRMS SIRN A et 39

3.3 Cell liNes and CEll QUITE ..........ooeeiii e 39
3.3.1 Plasmid/siRNA transfection and EGF stimulation...............ccccoovviiiiiiieiineennnn. 40
3.4. SDSPAGE and Western DIOttING ..o 41
A L SDSPAGE.... .ottt aana 41
3.4.2 WeESTEIN DIOIEING. ... e e e ean s a1
3.5 Primary and secondary antiDodies...........cccuveiiiiiieieiiieiiiiieeeieeeieeei e A2
3.6 Expression of recoml@int GSTfused ProteinS.........c.vveeiiiiiiiiiiii e 43
3.7 Immunoprecipitation and Vitro KINASE @SSAYS.......c..uvevrrireieriieeneeeiieeieeeieeenneeanns 45
3.8 CONFOCAI MICTOSCOPY. .. ettt ettt ettt ettt e e e et e e et e e eaa e eee 46

3.9Sample preparation and data analysis procedures for the identification of

candidate SRMS substrates by-MS/MS-based phosphopraienics analyses............. a7
3.9.1 Protein digestion and purification of peptides..........cccovviiiiiiiii i 48
3.9.2 Enrichment of phosphotyrosing peptides.........covvviiii i 48
3.9.3 Reverse@hase chromatography and mass spectrometry...........cc.ccovvviivnnennnnnn. 49
3.9.4 Dataprocessing and @NalySES ... ... iiuuiiiiie e 49
3.9.5 Dataavailability in public rePOSIEOrY........ccovuiiiiiieii e 51
3.9 6 Peptide array analySes. .........cciuuiiiiiiii e 51
3.9.7 Motif enrichment @nalySES.........ccuuiiiiiii e 52
3.9.8 Functional gene enrichment analySesS........cooveuiiiiiiiiiiiie e 52

3.10Sample preparation and data analysis procedures for the identification of
candidate SRM8egulated signaling intermediates byIMS/MS-based

PhOSPhOProtEOMICS ANAINYSES .. ...u it e aans 53
3.10.1 Protein digestion and purification of peptides...........coooveviiiiiiiiiiiiiineiir e, 53
3.10.2 Phosphopeptide enrichment.............cooiiiii i 54
3.10.3Mass SPEeCIrOMEtry @nNaAlYSES.......cuuueiie et ee e e e e e e e eans %



3.10.4Data processing and anNalYSES. ......c.uviiuniiiiiiii e 55

3.105 Data availability in public repPOSItOLY........ccuuiiiii i 56
3.106 Motif enrichment @nalySES........ccuu i e 56
3.107 Functional gene enrichment analySEeS.........cooiiuiiiiiiiiiiiiiieee e 56
3.10.8 NetWOrKIN @nalySES......cccuiiiiiiiiii e 57
| U 1 10 58
4.11dentification of novel candidate substrates of SRMS.............ccoooviiiiiiiineennn, 58
g YU 1 00 = Y/ 58

7 2 | 1o [§ o3 § (o] s PP 59
1.3 RESUIS ...t e e e 60

4.1.3.1 SRMS induces the tyrosipbosphorylation of cellular proteins in a kinase
depPendent MANNEL.........ii e e e e e e e 60

4.1.3.2Phosphoproteomics workflow to enrich tyrospigosphorylated targets by

Immunaoeaffinity purification.............oiiiiii i 62
4.1.3.3ldentification of candidate SRMS SUDSHRLE. ...........cceeviiiiiiiiiiiiiieiiineeciine, 62
4.1.3.4In silico analyses identifies candidate SRMS substrate motis..................... 69
4.1.3.5Functional gene enrichment analysis of candidate SRMS substrates..........73
4.1.3.6Validation of candidate SRMS substrates using peptide arrays................... 75
4.1.3.7Validation of Vimentin and Sam68 as SRMS substrates.............ccoeeevevvneens 78
4.1.3.8SRMS induces the tyrosine phosphorylation of Sam68 in an

EGRdependent Manner...........coouuiiiii e e e 34

O I T Yo U 1517 ] o PP 87
4.2 Identification of the candidate signaling intermediates of SRMS...............cccooeee! 92
4. 2.0 SUMIMATY. ..ttt e e et e et e et et e et e et e e e e e e et e ea e e e e et e eneeaneenaenaennaennes 92
v | oo [1 o3 § (o] PP 93
B.2.3 RESUIS ...ttt et A
4.2.3.1 Global analysis of the SRM&gulated phosphoproteome...............c........... A
4.2.3.2 Functional annotation of the SRI&gulated phosphoproteome................ 100
4.2.3.3 Analyses of phosphorylation motifs and predicted kinases..................... 101

Vil



N B 1Yo U 1] (0] o RO 14

4.3 Characterizing the SRMS cytoplasmic pUNCIaEe...........cccovviiiiieiii i, 109
G TRt I ST 11 1 7= 1Y/ PP 109
T (T PP 109

4.3.2.1 Colocalization analyse SRMSwith cellular cytoplasne organelles............. 109
4.3.2.1.1Colocalization analyis withendoplasmic reticulum (ER)................... 110
4.3.2.1.2Colocalizationanalysiswith mitochondria.................cccooveiiiniiiinnnnn. 11
4.3.2.1.3Colocalizationanalysiswith Golgi bodies............cccooeiiiiiiiiii, 112
4.3.2.1.4Colocalizationanalysiswith lySOSOMES...........ccovevviiiiiiiiiieeie e, 113

4.3.2.2 Role of SRMS functional domains in the formation of SRMS

CYLOPIASMIC PUNCTA. .....eieiii e 114

5. GENERAL DISCUSSION. ... ittt e e e e e e e e e e e e e e e eanaeeenen 121
o O] o Tod 1157 (o 1 NP 121
S.2FUIUrE DIFECLIONS ...ttt e et e e e ees 123
5.21 Investigating the cellular function of SRMS............ccoiiiiiiiiiii e 123

5.2.1.1Characterizing the functional link between SRMS and Sam&8moentin....123
5.2.1.2 Studying the potential role of SRMS in the regulation of Case#ski

=0 11772 1410 o PP 124
5.21.3Characterizing the role of SRMS as a regulator of BRK acimityjivo......... 124

5.22 Characterizing the SRM8ytoplasmic punCta.............ccoeviiiiiiiiiiiiieiiieeeeie, 15

6. BIBLIOGRAPHY ...t e e e e e e e e e 126
7. APPENDIX A:Supplementarfablesand legends t8upplementary Tables.................. 155

Vil



LIST OF TABLES

Table 1.1 List of potential substrates of SRMS identified by Takeda.et.al..................... 21
Table 3.1 List of reagent and/or chemicals used.............oooviiiiiiiiii s 33
Table 3.2 Reagent supplier addreSSES......c.uuvivniiiiie e 35
Table 3.3 List ofprimary antibodies USEd..........oouuiiiiiiiiiieeee e 43
Table 3.4 List of media/buffers and their compositian............cccoovevvviiieiiiieiiiinecennnn. 44
Table 3.5 List of stock solutions of chemicals /reagents..............ccooovviiiiiiiii e, 45

Table 4.1 List of candidate SRMS substrates identified using quantitative

018017 0] gT0] o] o) (=To ] 1 1 XSRS 63
Table 4.2 List of top SRMS targets validated on peptide arrays.........cccoovvvevviieeenneeennnnn. 77
Table 4.3 List of SRM&lependent upregulated phosphoproteins..............ccoooviiieiieinnnnes 99



LIST OF FIGURES

Figure 1.1 Overview of protein tyrosine phosphorylation and dephosphorylation............. 1
Figure 1.Z2The mammalian receptor tyrosine kinase complement...........c.c.ocoviiieennnennnnn. 3
Figure 1.3The EGFRmediated signaling pathways...........ccoooiiiiiiiiiiiinee e 5
Figure 1.4 The mammalian n@aceptor tyrosine kinase complement....................c.c.......... 8
Figure 1.5 Regulation of-Brc Kinase aCtiVIty..........cocuuiiiieiiieeii e e e e 10
Figure 1.6 Introrexon splicing patten of the BRK family kinases and®rc............cccceeeeeenen. 12
Figure 1.7 Protein domain structure organization of the BRK family kinases&ra.c........ 13
Figure 1.8Protein domaistructure organizatioof SRMS............c..ocoiiiiiiiiieein e 15
Figure 1.9 Outline of a general EK2S/MS-based phosphoproteomic®mkflow ................... 26

Figure 1.10 Overview of metabolic/chemical labeling of amino acids as a quantification
strategy in mass spectrometry analySesS........coovvuiiiiiiiiiiiiiie e 29

Figure 1.11 Overview of labélee quantification strategies for mass spectrometry

ANANYSES . 30
Figure 4.1 SRMS induces the tyrosipeosphorylation of several cellular proteins............. 61
Figure 4.2 Experimental WOrkflow..............cooioiiii e, 63

Figure 4.3Flowchart depicting the computational pipeline used to identify high

confidence PhOSEIPEPLIAES .......iiiiiieii e 64
Figure 4.4Reproducibility of phosphopeptide identificatians..............ccoveeviiviiniiineiinn 65
Figure 4.50verview of the identified tyrosinphosphoproteome.............ccccoeveviiiiiveiineeennn. 66
Figure 4.6SRMS induced tyrosine phosphorylation of endogenous proteins................... 67
Figure 4.7Top candidate SRM&otifs dentified by motéx and MMFPh............................ 0
Figure 4.8All candidate SRMS motifelentified by motifx and MMFPh............................ 71
Figure 4.9Analyses of candidate SRMS consensus motifs from phosphopeptides

identified athigher relative abundance..............ccooooiiiii e, 72
Figure 4.10 kinctional gene enrichment analyses of candidate SRMS substrates..........74
Figure 4.11 Validation of target peptides using peptide MICroarfays.........ccoccevueeeeevuneeens 76
Figure 4.12 Validation of Vimentin as a SRMS substrate..............ccccooeveviiiiiinieiiineeennnn. 79
Figure 4.13 Validation of Sam68 as a SRMS substrate..............cccocoiiviiiiiiiiiiee e 81

X



Figure 4.14 Validation of Sam68 aMimentin as direct substrates of SRMS.................... 8l

Figure 4.15 Subcellular localization of wild type SRMS in cytoplasmic punctae............. 82
Figure 4.16 Colocalization of SRMS with VIMeNntin..........c.ccovviiiiiiiiiee e, 33
Figure 4.17 Colocalization of SRMS with SamB8.............cccoeiiiiiiiiiiii e, 84
Figure 4.18 EGHnduced phosphorylation of Sam68 mediated by SRMS....................... 86
Figure 4.19 Phosphoproteomics analyses of cells expressing ectopic wild type. SRMS..95
Figure 4.20 Phosphoproteomics WOrKFIOW.............oviuuiiiiiiee e 96
Figure 4.21 Overview of the identified phosphoproteome............cccccoviiiiiiiiiinc, 97
Figure 4.22 Identification of SRM&gulated phosphosites...........ccccoooieviiiiiieiiieceeen, 98

Figure 4.23 Functional enrichment analyses of significantly altered phosphoproteins...101
Figure 4.24 Mot#enrichment analyses of SRM&pendent upregulated phosphope ptided(2
Figure 4.29dentification of candidate kinases predicted to target the upregulated

phosphosites in the SRM8gulated phosphosites..........cocceveviiiiiiiiiicinns 104
Figure 4.26 Colocalizatioranalyses otalnexin endoplasmic reticuim) and

W tYPE SRIMS ... 110
Figure4.27 Colocalizatiomnalyses omitofilin ( mitochondria) and wild type SRMS......... 11
Figure 4.28 Colocalizatioanalyses ofolgin p97 golgi bodies) and wild type SRMS........ 112

Figure 4.29 Colocalizatioanalyses of lysosomes and wild type SRMS...............c......... 113
Figure 4.8 Geneation of GFRtagged SRMS domain CONStructs............cooeevvvviiinennnnnnes 115
Figure 4.3 Subcellular localization of SRMS functional domains.................ccocceeeveennn.e 116
Figure 4.2 Quantification of puncta localization displayed by SRMS variants............... 117
Figure 4.3 Colocalization analyses of SRMS SH2 domain arative

tyrosinephosphorylated proteins............oeeveieiiiiii e 118

Figure 4.3 Quantification of puncta localization displayed by the SRMS SH2

domain and the SHEomMAaIN MUIANT..... ..o 120

Xi



ABL

ACK
AGC
ALK

APS
BCR-ABL

BRK
c-ABL
CaMK
Cdc2
Cdc42
CDK
CDK1/2/3/5/9
CKAP2
CLK
CRK
CSK
CK
CK1
CK2a
CMGC
DAPI
DDR
Dokl
DMEM
DMSO
DTT

LIST OF ABBREVIATIONS

Abelson Murine Leukemiairal oncogene hootog 1

Activated Cdc4zassociated Kinase

Protein kinase A, protein kinase G and protein kinase C

Anaplastic Lymphoma Kinase

Ammonium Persulfate

Breakpoint Cluster RegierAbelson Murine leukemia viral

oncogene homolog 1

Breast Tumor Kinase

Cellular Abelson murine Leukemia viral oncogene homolog 1

Calcium/Calmodulirdependent Kinase
Cell Diision Control protein 2
Cell Division Control protein 42
Cyclin-Dependent Kinase
Cyclin-Dependant Kinase 1/2/3/5/9
CytoskeletalAssociated Protein 2
CDClike kinase

CT-10 Regulator of Kinase

c-Src Kinase

Casein kinase

Casein Kimase 1

Casein kinase 2 alpha

CDK, MAPK, GSK, CLK

4 | -@abnidine2-phenylindole
Discoidin Domain Receptor

Downstream of Tyrosine kinases 1

Dul beccodbs Modi fied

Dimethylsulfoxide

Dithiothretol
Xil

Eagl eds

Medi u



EDTA Ethylenediaminetetraacetic Acid

EPH Ephrin

EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

EGTA Ethylene Glycol Tetraacetic Acid

EIF4A3/1 Eukaryotic Initiation Factor 3/1

ER Endoplasmic Reticulum

ERM Ezrin Radixn Moesin

FAK Focal Adhesion Kinase

FDR False Discovery Rate

FES Feline Sarcoma

FGFR Fibroblast Growth Factor Receptor

FRK FynRelated Kinase

GST Glutathione STransferase

GFP Green Fluorescent protein

GNL3L G-protein Nucleolar 3 ike

GRB10 Growth factor RecepteBound protein 10

GSK Glycogen Synthase Kinase

GSK3 beta Glycogen Synthase Kinase 3 Beta

HEK293 Human Embryonic Kidney 293

HMGA1 High mobilty group protein Al

HNRNPM Heterogenous Nuclear Ribonucleoprotein M

IPTG | s o p r-D{i-thibgalabtopyranoside

IR Insulin Receptor

JAK Janus Kinase

JEF JAK, ERM, FAK

KHDRBS1 KH domaincontaining, RNAbinding, signal transductien
associated protein 1

KRT18 Keratin 18

LC-MS Liquid Chromatography Mass Spectrometry

Xill


https://en.wikipedia.org/wiki/Isopropyl_%CE%B2-D-1-thiogalactopyranoside

LMR
MAPK
MCM7
MET
MOPS
MuSK
MYH9
mTOR
NRTK
NUCL
PBS
PDGFR
PEI

PFA
PHOSIDA
PI3K
PKA/G/C
PTEN
PTK
PTK5/6/7/70
PTM
PTPN13
PMSF
RET

RTK

ROR

RYK

DN SRMS
Sam68
SDSPAGE

Lemur

Mitogen Activated Protein Kinase
Minichromosome maintenance complex component 7
Mesenchymal Epithelial Transition
3-(N-morpholino) propanesulfonic acid
Muscle-Specific Kinase

Myosin heavy chain 9

Mammalian Target of Rapamycin

Non-Receptor Tyrosine Kinase

Nucleolin

Phosphate Buffered Saline

PlateletDerived Growth Factor Receptor
Polyethyleneimine

Paraformaldehyde

Phosphoylation Site Database
Phosphatidylinositol -&inase

Protein kinase A/G/C

Phosphatase and Tensin Homolog deleted on chromosome 10
Protein Tyrosine Kinase

Protein Tyrosine Kinase 5/6/7/70
PostTranslational Mdification

Protein Tyrosine Phosphatase, Neceptor type 13
Phenylmethanesulfony! fluoride

Rearranged during Transfection

Receptor Tyrosine Kinase

RAR-related Orphan Receptor

Related to tyrosine Kinase

N-terminal deletion SRMS

Src-Associated substrate during Mitosis of 68 kDa

Sodium Dodecyl Sulfat®olyacrylamide Gel Electrophoresis
Xiv



SH2
SH3
SRMS

STE
STE7/11/20
STYK1
SYK
TAM
TFA
TEC
TIE
TNF
TRK
TK

TKL
VEGFR
UMPS

Src-homology 2

SrcHomology 3

Src-Related kinase lacking -@rminal regulatry
tyrosine and Nierminal Myristoylation Sites
Sterile Kinase

Sterile Kinase 7/11/20

Serine/Threonine and tyrosine receptor Kéds
Spleen Tyrosine kinase

Tyro3-AxI-Mer

Trifluoroacetic Acid

Transient Erythroblastopenia Of Childhood
Tyrosine kinase with Immunoglobulitke and EGHike domains
Tumor Necrosis Factor

Tropomycin Receptor Kinase

Tyrosine Kinase

Tyrosine Kinased.ike

Vascular Endothelial Growth Fexr Receptor
Uridine Monophosphate Synthetase


http://www.malacards.org/card/transient_erythroblastopenia_of_childhood

1. Review ofthe literature

1.1Tyrosine kinases

Tyrosine kinases (TKs) or protein tyrosine kinases (PTKs) are enzymes that catalyze the
transfer of a phosphate group from a molecule of ATP to tlusitg residues of proteins (Figure
1) (Knighton et al, 1993) The phosphorylation of tyrosine residues on proteins by tyrosine
kinases entails many biologically important consequences in a cellular and physiological context
(Hunter, 2014) By phosphorylating tyrosine residues on proteins, tyrosine kinases elicit
conformational changes ithese proteins which affects their biochemical function and/or
intermolecular binding to other proteins, which together modulates intracellular sigri@notpan
et al, 2006; Kimuraet al, 1996) Such phospholgtion is reversible where specifiyrosine
phosphatases catalyze the removal of the phosphate group(s) from the tyrosine residue(s) of these
proteins (Figure 1jFrearson and Alexander, 1997; Stoker, 2008)this manner, the biochemical
function of tyrosine kinasess regulated in cell{Frearson and Alexander, 1997; Stoker, 2005)

With the culmination of the human genome project, a total of 90 tyrosine kinasegowedeto

Protein Tyrosine Kinase

PTK
ATP ADP
T
N Hz
Q C‘Q°—L—°®
protein protein |
0
\ -‘ °
Protein with tyrosine side chain Phosphorylated protein

Protein Tyrosine Phosphatase

PTP

Figure 1.1: Overview of protein tyrosine phosphorylation and de phosphorylation:Protein
tyrosine kinases (PTKs) covalently attach a phosphate group, derived from an ATP moiety, to the
nucleophilic hydroxyl group of a tyrosine residue arprotein. Protein tyrosine phosphatases
(PTPs)in turn catalyze the -gnosphorylation of these residues by removing the phosphate group.



be codedby the human genom@ganning et al, 2002; Robinsoret al, 200Q. Of these, 58 are
receptor type and 32 are Rmgceptor type tyrosine kinas@danning et al, 2002; Robinsoret al,
2000)

1.1.1Receptor tyrosine kinases

Receptor tyrosine kinas€RTKs) are embeded in the cell membrane and possess both, an
extracellular domain and an intracellular dom@iemmon and Schlessinger, 2010; Mannigig
al., 2002) The extracellular domain is involved in binding to ligands whsrthe intracellular
portion of the RTK iscomprised of the kinase domainwhich catalyzes the phosphorylation of
tyrosine residuegHubbard and Miler, 2007; Lemmon and Schlessinger, 20M)otal of 58
differert receptor tyrosine kinases have been identified to date in the mammalian kinome (Figure
2). These are grouped into 20 damilies, namely, the ErbB, IRI{sulin receptor), PDGFR
(Plateletderived growth factorreceptor), VEGFR \{ascularendothelial growth factorreceptor),
FGFR Eibroblast growth factorreceptor), PTK7Rrotein tyrosine kinase 7), TRK Tropomycin
receptorkinase), ROR RAR-relatedorphanreceptors), MuSK, Nluscle-specific kinase), ME
(Mesenchymal Epithelial Transitign) TAM (Tyro3-Axl-Mer), TIE (Tyrosine kinase with
immunoglobulinlike and EGKIlke domaing, EPH Eplrin), RET Rearranged during
transfection), RYKRelated toyrosinekinase), DDR Discoidin domain receptor), ROS (&Ros1),
LMR (Lemur), ALK (Anaplasticlymphoma kinase) andSTYK1 (Serine/threonine and tyrosine
receptor kinase 1) (Figure 2hemmon and Schlessinger, 2010Yhe extracellular domains of
receptor tyrosine kinases bind tteeir respective ligands, iggering receptor dimerization which
results in the autophosphorylation of tyrosine residues on the intracellular kinase domains of the
receptoi(Lemmon and Schlessinger, 2010)hese phosplyrosine residueserve as binding sites
for specific cytoplasmicproteins which relay signaling downstream to elicit specific cellular
functions (Pawson, 1995) Notably, the LMR family, STYK1 family andrBB2 kinase represent
the only known receptor tyrosine kinases that do not possesxtracellular ligantinding
domain (Lemmon and Schlessinger, 2010)Ligand stimulatiorbased activation of receptor
tyrosine kinases leads to the activation of specific intracellular signaling cascades that involve a
variety of cytoplasmic proteins. Such proteins include, but arenitetd to, cytoplasmic kinases
and adapter or scaffolding proteifsemmon and Schlessinger, 2010)he signals eventually

culminate in the transcriptionakegulation ofspecific genes in theucleusand/or the modulation
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Figure 1.2: The mammalian receptor tyrosine kinase (RTK) complemeniShown hereas a
schematic representation of the 20 receptor tyrosine kinase famiies encoded by the mammalian
kinome (Lemmon and Schlessinger, 2010)he kinasemembersof each family are indicated. The
intracellular side of these transmembrane receptor tyrosine kinases comprises the catalytic/kinase
domain (highlighted in red). The extraoklr side of these kinases represent various subunits that
form the liganebinding domain. These include the L (Leueiigh), Cysteinerich, Fibronectin

type Ill, Cadherin, Discoidin, Ig (Immunoglobulin), EGEpithelial Growth Factor), Psi, WIF

(Wnt Inhibitory Factor), Ephrirbinding, Fz (Frizzled), LDLal(ow-Density Lipoprotein class a)

YWTD (tyrosinetryptophanthreonineaspartic acig Acid box, Sema and MAMMeprin/A 5-
protein/PTRnu) subunits.

of protein function in the cel thereby regulating inpot biological processes such as cell
prolferation, migration, apoptosis and senescence, to name @.é&wmon and Schlessinger,
2010; Zwicket al.,, 2001)

1.1.1.1EGFR signaling pathway

The EGFR Eptthelial growth factorreceptor) signaling pathway is one of the most -well
characterized and biologically important receptor tyrosine kinaesdiated signal transduction
pathways that regulates growth, proliferation and differentiation in mammalian(©diset al,,
2005) The EGFR receptor belongs to the EraBnily of RTKs, whose other three members
include ErbB2, ErbB3 and ErbB4, all of which display conserved structural and functional
characteristics. Several ligands such as EBpdérmal growth factor), TGR (Transforming
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growth factor alpha), epiregulin, amphiregulin, epigen and betacelluln, are known to bind to
EGFR. EGF, however, is the major hafiinity ligand of EGFR(Odaet al., 2005)

Upon ligandbinding, EGFR undergoes homor heterodimerization with another EGFR
monomer or monomers of other membefshe ErbB famiy, respectivelyFigure 1.3)(Odaet
al., 2005; Yarden and Shilo, 2007)Dimerization stimulates the activation of the cytoplasmic
kinase domains of EGF®hich results in the autophosphorylatiof tyosine residuesvithin the
cytoplasmic kinase domaifYarden and Shilo, 2007) These autophosphorylation residuese
Y1092, Y1172, Y1197, Y1110 and Y10i®ogamiet al, 2003) These autophosphorylated
residues serve as docking sites for the recruitment of various cytoplasmic proteins to the receptor
(Figure 1.3)(Odaet al, 2005) These proteins bind to the docking sites on EGFR via their SH2
and/or PTB domaingFigure 1.3)

Folowing binding to EGFR, these proteins relay signaling through various iniacell
pathways to elicit distinct cellular functions. Notably, EGFR heterodimerization with other ErbB
members recruit multiple other signaling proteins which considerably adds to the complexity of
EGFRsignaling (Oda et al, 2005) Figure 1.3 shows some of the major EGFR activation
dependent signaling pathway$or instance, Grb2Growth factorreceptorbound protein 2) is
recruited to autophosphorylated EGFR via the Grb2 SH2 domain (Figure (Cafyaniet al,

2015) Grb2 then binds to the guanine nucleotide exchéager SOS $on of sevenless) via the
Grb2 SH3 domaingZarichet al, 2006) Upon binding to Grb2, SOSbomes activate(Katz et

al., 2007; Zaricket al, 2006) Activated SOS leads to the activation of Raswhich in turn activates
Raf kinase activity(Katz et al, 2007) Raf kinase phosphorylates and activates M2ktiéreby
activating a MAPK Mitogenactivated protein kinase) such as Erkl/ZEXtracellular signal
regulatedkinase 1/2)(Katz et al, 2007) Activated Erkl1/2 translocates to the nucleus to
phosphorylate transcription factors such as Ekl amdyc which tansactivate target genes
implicated in cell survival and proliferatiofFigure 1.3A)(Schuhmacher and Eick, 2013; Skih

al., 2011)

Likewise, JAK1/2 {anus kinasel/2) is recruited to activated EGFR resultingthe
phosphorylation and activation of the JAK prote{fsgure 1.3B)(Andl et al, 2004) Activated
JAK1/2 then phosphorylate STATSignal transducer andctivator oftranscription3) resulting in
STAT3-dmerization (Andl et al, 2004) Activated STAT3 dimers translocate to the nucleus
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Figure 1.3: The EGFRmediated signaling pathways. A schematic representation of the major
signaling pathways propagated dowwveam of liganenduced activation of EGFR. Following
stimulation with EGF, the EGFR monomers undergo dimerization which activates the cytoplasmic
kihase domains of the receptor. As a result of enzymatic activation, EGFR undergoes
autophosphorylation reting in the formation of docking sites for the recruitment of various
cytoplasmic adapter proteins and kinases. These cytoplasmic proteins relay downstream signaling
leading to the activation of various types of signaling cascadd®ecruitment of Gv2 to docking

sites on activated EGFR leads to signaling through Ras, Raf and Mek1/2 resulting in Erk1/2
activation which enhances the transcriptional activity of ELK1 aiMi/c. B. Activated EGFR
recruits and phosphorylates JAK1/2. Active JAK1/2 phosghies STAT3, causing STAT3
dimerization, nuclear translocation and transactivation of SHafl@t genesc-Src, activated
downstream of EGFRalso directly phosphorylates STAT3 leading to STAliBerization and
activation. C. Activation of PLC downsgam of EGFR leads to the hydrolysis of PIP2into IP3
and DAG. IP3 stimulates Calcium ion release from the endoplasmic reticulum thereby stimulating
CaMK signaling. Increase in cellular DAG concentration stimulates the activation of PKC which
activates NKB via IKK leading to the transactivation of KB-target genesD. Activated PI3K
catalyzes the conversion of PIP2 to PIP3. PIP3 promotes the AieHidted activation of Akt
which triggers the mTOR signaling via S6K resulting in enhanced protein sgnthesc-Chl
attenuates membratimwund EGFR expression and downstream signaling by promoting EGFR
endocytosis, a process which is negatively regulated by BRrther, BRK also direcly
phosphorylates AKT leading to AKT activatiorf-. Nck-binding to EGFRactivates PAK which
potentiates Jnk signaling through MEKK1 and MKK4. Activated Jnk translocates to the nucleus
to phosphorylate and activatefFos and €Jun. Jnkmediated activation of-Eos and €Jun results

in the transactivation of-Eos and e€Juntarget genes. All EGRRegulated transcriptional factors

are involved in the transcriptional activation of genes broadly involved in cell survival,
proliferation and migration.



where these transactivate target genes involved in cell proliferation andionig(Bigure 1.3B)
(Carpenter and Lo, 2014; Sheeyal, 2009) c-Srcis also known to be activated downstream of
EGF signaling where activated-Src directly phosphorylates STAT3 leading to STAT3
dimerization Figure 1.3)(Caoet al, 1996; Osherov and Levitzki, 1994; Schreie¢ml., 2002)
EGFR also activates Phospholipase C which results in the hydrolysis of PIP2
(Phosphatidylinosite#t, 5-bisphosphate to IP3 (nostol trisphosphate and DAG (,2-
Diacylglycerol) (Iwabuet al, 2004; Xieet al, 2010) IP3causes the release of calcium ions2fCa
from the endoplasmic reticulum which activate calcium calmedidpendent kase (CaMK)
mediatedsignaling (Sunet al, 2011) An increase in the cellular concentration of DAG triggers
the activation of PKCRrotein kinase C) which in turn phosphorylates and activats& (1kB
kinase) (Lalena et al, 1999) IKK activates the transcription factor KB leading to the

transactivation of NkB-target genes such as those involved in cell survival and grdwghre
1.3C) (Chenget al,, 2011; Israel, 2010)

One of the major downstream signaling modules of EGFR is FRBEsphatidyihositide
3-kinases)(Figure 1.3D)(Freudispergeet al, 2011; Slomotz and Coleman, 2012) PI3K is
recruited to and activated by EGFR upon ligand stimulation. Active PI3K catalyzes the conversion
of PIP2 to PIP3(Phosphatidylinosite8,4,5trisphosphate) PIP3 recruits Akt and PDK1
(Phosphoinositidede pendentkinasel)together which allows PDK1 to phosphorylate and activate
Akt (Freudispergeet al, 2011; Slomovitz and Coleman, 20123kt is a key regulator of several
signaling proteins, one of which includes mTQWRafnmaliantargetof rapamycin)(Laplante and
Sabatini, 2012) Akt phosphorylates and inhibits the activity of the mHDRbitor, TSC2
(Tuberoussclerosiscomplex2), thereby relieving the inhibitory constraints on mTOR. Activated
MTOR phosphorylates and activates S6K1/2 (Ribosomal protein S6 kinasel1/2) thereby promoting
protein synthesis (Figure 1.3@)aplante and Sabatini, 2012)

EGFR signaling is also negatively regulated by the ubiquitin ligaS#, avhich promote s
EGFR endocytosis and subsequent degradation via the lysosomal péRavad/et al, 2004;

Visser Smitet al, 2009) In this context, BRK has been shown to antagonZeblenediated
EGFR endocyisis (Figure 1.3 E{Li et al, 2012) Further, EGFnduced activation of EGFR has
been shown to promote EGHBRK association and BRK activation. Activated BRK further
potentiates EGFR signaling by directly phospfating and activating EGFR, thereby forming a
positive feedback loop for EGFR signalirfgi et al,, 2012)
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Other downstream effectors of EGFR includek (Non-catalytic region of tyrosinginase)
which is recuited to the activated receptor via its SH2 domain (Figure 1(3Bjnar and
Schlaepfer, 2010)Nck then binds to Pak1 via the Nck SH3 dom@iomar and Schlaepfer, 2010)
Nck-bound PAK1is then activated at the membrane by binding to Racl andtdciad Mayer,
1999) ActivatedPAK1 in turn activates Jnk {@un kinase) which is mediated via MEKK1 and
MKK4 (Tomar and Schlaepfer, 2010)Active Jnk undergoes nuclear translocation where it
phosphorylates and activates the transcription factdwncand €~os (Tomar and Schlaepfe
2010) Both, c¢Jun and €~os then transactivate target genes involved in cell proliferation and
migration (Figure 1.3F(Ye and Field, 2012) In this way, ligandnduced activation of EGFR
triggers multiple cytoplasmic signaling cascades that are essential for mammalian growth and
development(Sibilia et al, 2007; Zhanget al., 2013)

1.1.2Non-receptor tyrosine kinases

Nonreceptor tyrosinekinases, as the name suggests, are not memboamel and are
present in the cytoplasm of ce(bleet and Hunter, 1996)There are 32 diférent norreceptor
tyrosine kinases encoded by the mammalian genome and are categorized intefaifilisush
(Manning et al, 2002; Neet and Hunter, 1996These include the ABL, ACK, CSK, FAK, FES,
SRC, BRK, JAK SYK and TEC familiegNeet and Hunter, 1996Nonreceptor tyrosine kinases
are composed of a kihase domain thatimparts catalytic activity and other specific binding domains
that mediate interaction with various binding partnersssates and other molecules such as DNA
(Neet and Hunter, 1996)

1.1.2.1 Src family kinases

The Src family kinase§SFKs) represents one of the most weélthracterized nereceptor
tyrosine kinase famiies encoddy the mammalian genom@mata et al, 2014; Parsons and
Parsons, 2004) The family comprises nine different nogceptor tyrosine kinases, namehsrc,
Yes Fyn, Fgr, Yrk, Lyn, Bk, Hck, andLck (Amataet al, 2014; Parsons and Parsons, 2004)
Src is an oncogenic orthologue ofScc and one of the firstonstitutively active tyrosine kinases
to be discovered with oncogenic properfieltinter, 2015; Hunter and Sefton, 198WVhile +Src
was first identified from Rous Sarcoma virusSic was discovered in mammaliacells and
reported as a protooncogefidunter, 2015; Hunter and Sefton, 1980; Oppernetrad., 1979) ¢
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Srcmaps to chromosomal locp34-p36 and 202-g13, both of whichare predisposedto genetic
re-arrangerant in multiple malignanciegLe Bealet al, 1984; Parkeet al, 1985)

SFKs possess an-tdrminal myristoylation or palmitoylation signal that allows these
kinases to anchor to the plasma membr@eegl et al, 1994; Patwardhan and Resh, 201They
alsopossess three evolutionarily conserved functional domains, namely, the SH®t®rogy
3), SH2 (Srehomology 2) and kinase domains (Figure 1EHket al, 1994; Parsons and Parsons,
2004) The SH3 and SH2 domains are intermolecular binding domains where the SH3 domains
bind to polyproline motifs whereas the SH2 domains bind to phosphoty@smeining motifs,
on celluar proteing(Gan and Roux, 2009; Pamtial., 2002; Pawson and Gish, 1992; Pawson and

Schlessingert, 1993) Thekinase domain imparts catalytic activity to the enzyme and is involved

SH3-binding regio

ABL

FES SH2

syk — SH2 —— sH2 —— " Kinase "|—
i Kinase-ike —{KGaEEI—

csk —SHBIH sH2 ——{INKinaseli—
srk —JISHEN— SH2 |——JiKinasei—

Figure 1.4: The mammalian nonreceptor tyrosine kinase complementShown heres the
general doma#structure organization of members belonging to the temrewmaptor tyrosine
kinase families. The prototypical member of eachmameptor tyrosine kinase famiy posses
a kinase domain (highlighted in red) and one or several intermoldioing domains which
include the SH3, SH2, DNAInding, actirbinding, JEF JAK, ERM, FAK), PH (Pleckstrin
homology), Focal adhesidnnding, kinasdike and CB (Cdc4dinding) donains, as annotated
in the figure.




in autophosphorylation as well as the phosphorylation of target prdidinsbardet al, 1998;
Miller, 2003). The SH3 domains in Src family kinases are known to bind to segsi@isplaying
the XP-X-X-P consensus motif while the SH2 domains generally exhibit strong specificity
towards the PY-E-E-1 motif (where Y represents the phosphorylated tyrosine residhe)get
al., 1994; Limet al., 1994; Songyanget al, 1993; Yuet al, 1994) Further, higithroughput
kinase assays using libraries of degenerate peptides as candidate substrates have shown that the
kinase domains of Src famiy kinases preferably phosphorylate sequencesiogmpilser an
isoleucine, leucine or valine at th# position and a glutamic acid or glycine at the +1 position,
with respectto the central phosphotyrosine regifenget al, 2014; Shalet al,, 2018; Songyang
etal., 1995) Both, motif specificities of the kihase domain aswell asthe SH3 and/or SH2 domains
are involved in substrateelection by members of the Src family kina@ddier, 2003).

Enzymatic activation in Src family kinases is atggulated by intramolecular as@&ions
involving the SH3, SH2 and kinase domaji@ooperet al,, 1986; Liuet al, 1993; Superiurga,
1995; Xuet al, 1999) Key to this mode of enzymatic autoregulation is the phosphorylation of a
highly conerved residue, Y530, in the-t€rminal tail of Srefamiy kinases (Figure 1.FCooper
et al, 1986; Liuet al, 1993; Superi-urga, 1995; Xwet al, 1999) This Gterminal residue is a
target for phosphorylatio by ¢Src kinase (CSK{Nadaet al, 1991) Phosphorylation of this site
by CSK triggersntramolecular rearrangements ultimately leading to the catalytical inhibition of
SFKs (Figure 1.5{Nadaet al,, 1991) Extensive structural and célhsed studies have shown that
phosphorylation of the conserved Y527 amino acid in chick&ncqY530 in human -Src) by
CSK results in the intramolecular binding of Y530 with th&rc SH2 domainthereby locking
the enzyme in an inactive conformation (Figure {&)operet al,, 1986; Liuet al, 1993) This
is followed by additional intramolecular rearrangements where the SH3 domain binds to the SH2
kinase linker region to stabilize the enzymatically inactive conformation (Figure(C&)peret
al., 1986; Liuetal, 1993; Superirurga, 1995; Xet al, 1999) Accordingly, studies have shown
that deletion of eliter the eSrc SH2 or SH3 domain dntroducing a poirmutation at Y527
(Y527F), disrupts the autohibited conformation of the enzyme and results in enhanced catalytic
activity of the kinase(Okadaet al, 1993) In the context of wid type -&rc however, the
phosphatas€ependent dephosphorylation of thetd@minal tyrosine residue and/or availability
of high-affinty SH3/SH2 interactors relieve the intramolecular binding constraints and promotes
an active confonation of the kinase (Figure 1.8foskoski, 2005; Xt al, 1999) A number of



phosphatases have been reported to target-thenthal tyrosine residue in-$rc and Src family
members leading to the enzymadictivation of these kinases. These phosphatases inéidelB,
SHP1, CD45, RP T P U(Hunfdoh Rattl, Tarliatond 2004:ANRksumod all,

2005; Ponnialet al, 1999; Roskoski, 2005; Somaei al, 1997; Swet al, 1999; Vacaresset al,
2008; Yanget al, 2006; Zhenget al,, 2000)

The active conformation of the Src famiy kinases is characterized by the

autophosphorylation of a highly conserved activation -tyopsine residue (Y419 in-8rc)
(Figure 1.5)(Xu et al, 1999) This tyrosine residue lies in the catalytic cleft betwiersmaller

N-terminal and larger @erminal lobes of the kinase domain ¥Bcc. In the inactive state resulting

Pxxp
Xxp

SH3/SH2
interactions

SH2 pY sH2 PY

Kinase

A-Loop-tyrosine
(N-lobe) __~py 419 autophosphorylated

Kinase
(C-lobe)

Y530

‘19 A-Loop
disordered

Kinase
C-terminal tail phosphorylation (C-lobe)
by CSK

Y530
C-terminal tail dephosphorylation

A B C

Figure 1.5: Regulation of e¢Src kinase activity. Shownhere is a schematic representation of the
conformational changes involved in thetivation of eSrc. A. The autoinhibited conformation is
characterized by the phosphorylation of thete@ninal Y530 by CSK, leading to the
intramolecular binding of phosphorylated Y530 (pY530) to the SH2 domain. FRudterthe

SH3 domain also bind® the SHZinase linker region thereby packing the SH3 and SH2 domains
against the kinase domain lobes. This results in the activation loop adopting a partial helical
structure which occludes access of the kinase domain to ATP for autophosphorydhthe
activation loop tyrosine residudB. The dephosphorylation of the - @&rminal Y530 together with

the binding of the SH3 and SH2 domains with their cellular proteins targets, comprising poly
proline and phosphotyrosine motifs, respectively, results iopg@nrconformation of the enzyme.

In this conformation, the activation loop helix becomes disordered which promotes access of the
kinase domain to ATPC. Access to ATP enables the autophosphorylation of the activation loop
tyrosine residue, Y419 whickesults in enzymatic activationFigure adapted frongXu et al,

1999)
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from the intramolecular interactions of the SH2 domain with Y530, the kinase domain is oriented
in an inflexible conformation that permits the activation loop to form a partial alpha helix. The
partial hettal structure of the activation loop obstructs access of the catalytic site to ATP, thereby
preventing autophosphorylation (Figure 1.5). However, following Y530 dephosphorylation and/or
binding of the SH3 and SH2 domains to target proteins, the aatMatp becomes disordered
which results in increased access of the catalytic cleft to the ATP subsiraiteleads to the
autophosphorylation and enzymatic activation ebrc (Figure 1.5)(Xu et al, 1999) By
interacting with and phosphorylating target cellular proteirSyccand other members of the Src
family are known to be involved in regulating key cellular processes such cell survival,
proliferation, angiogenesis, migration and apopt@Sigpel and Courtneidge, 1995; Fresno Vetra

al., 2001; Haret al, 2014; Parlet al, 2007; Saigal and Johnson, 2008)

1.1.2.2 BRK family kinases

BRK or PTK6 (Breast tumor kinase/Protein tyrosine kinase 6), FRK/ PTK5r@gted
kinase/ Protein tyrosine kinase 5) and SRMS/ PTKS@-related kinase lacking f&rminal
myristoylation sites and @&rminal regulatory tyrosine residue/ Protein tyrosine kinase 70)
represent an evolutionarily conserved lineage of the&@niy kinases(Goel and Likong, 2015;
Serfas and Tyner, 2003) The genes encoding BRK and SRMS lie adjacent on the same
chromosomal locus, 20qg.13.33 whereas the FRK gene is distantly located on chromosomal loci
60210922.3 (Goel and Lukong2015, 2016) At the genomic level, BRK, FRK and SRMS possess
8 exons whereas Src family kinases possess 12 ¢kigjuse 1.6)(Goel and Lukong, 2015; Serfas
and Tyner, 2003) Given the distinct pattern of intr@xon splicing, BRK, FRK and SRMS were
considered a distinct family of namceptor tyrosine kinases, separate from the Src fa(@ihel
and Lukong, 2015; Serfas and Tyner, 200®)ke c¢Src and other members tife Src family
kinases, BRK, FRK and SRMS possess all three functional domains, namely, the SH3, SH2 and
kinase domaingFigure 1.7)(Goel and Lukong, 2015, 2016}-urther, the mechanism of enzymatic
autoregulatic in BRK and FRK are conserved with the Src family. Specifically, the
phosphorylation of the conservedt€minal tyrosine residue in BRK (Y447) and FRK (Y497)
leads to the enzymatic inactivation of these kinases whereas autophosphorylation of thenactivat
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Figure 1.6: Intron -Exon splicing pattern of the BRK family kinases and eSrc. Shown here is
a schematic representation of the inteoton architecture of the BRK family (BRK, FRK and
SRMS) and the prototypical member of the Src family kinas€s¢. The chromosomal loci and
corresponding genetic location on the chromosome is annotated. The exons (highlighted in red for
BRK family kinases and blue for Src) are numbered and the length of each exon indicated. Also
indicated is the length of theNDA and the corresponding coding sequence (CDS). Figure obtained
from (Goel and Lukong, 2015)with the permission and rights to reuse/reproduce.
loop tyrosine residue (Y342 in BRK and Y387 in FRK) results in enzymatic activation (Figure
1.7) (Goel and Lukong, @5, 2016) SRMS, however, lacks a@rminal tail aftogether, and the
mode of enzymatic autoregulation was instead shown to be dependent orathev®Cacid N
terminal region(Goel et al, 2013) Further, the oenserved activation loop autophosphorylation
site, Y380 has been shown to be essential for SRMS enzymatic activity (Figuig&dergt al,
2013)

Both BRK and FRK represent well characterized members of thé BRily in the
context of the signaling intermediaries regulated, and cellular role(s) played by these kinases. For
instance, a number of studies have shown that BRK plays a growth promoting role whereas FRK
plays a tumor suppressor role, in breast ces{@aguet al, 2017; Brauer and Tyner, 2009, 2010;
Goel and Lukong, 2015, 2016; Ogunboludeal, 2017) Both kinases have been shown to bind
to andphosphorylate various cellular proteins to regulate thedgdacefunctions (Brauer and

Tyner, 2009, 2010; Goel and Lukong, 2015, 2016RMS, on the other hand, is an understudied
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kinase of this family. The subsequent sections of this thesis shall review backgrouma tircfor
on SRMS.

ATP-binding Activation Inactivation
K219 4Y342 Y447
L "
BRK = SH3 SH2 Kinase 1
1 11 72 78 170 191 445 451
K262 Y387 : Y497
I
FRK =1 SH3 SH2 Kinase
1 42 110 116 208 234 491 505
K258 Y380
L "
SRMS SH3 SH2 Kinase
1 51 112 120 212 230 488
K298 Y419 Y530
. .
c-Src (1} SH3 SH2 Kinase
1 84 145 151 248 270 523 536

Figure 1.7: Protein domain-structure organization of BRK family kinases and ¢Src.
Schematic representation of the BRK famiy kinases (BRK, FRK and SRMS)-&ra] showing

the different functional protein domains present on @actein. Like eSrc, members of the BRK

family possess all three functional domains, namely, the SH3, SH2 and the kinase domain. The
amino acid positions of the various domains are indicated. Also shown are key conserved amino
acid residues which ammplicated in the the regulation of the enzymatic activity of these proteins.
These include the ATeontacting lysine (K219 in BRK, K262 in FRK and K258 in SRMS),
activationloop autophosphorylation tyrosine residue (Y342 in BRK, Y387 in FRK and Y380 in
SRMS) required for enzymatic ativation and a&eZminal tyrosine residue present only in BRK
(Y447), FRK (497) and-Src (Y530) that negatively regulates enzymatic activity.

13



1.1.2.2.1 SRMS

SRMS ( pr oshimson)c eidsrefeptorntyrame kinase and a member of the
BRK famiy kinases (BFKs)YGoel and Lukong, 2015) The gene encoding SRMS was first
discovered by Kohmura et al. in 1994 in a screen aimed at identifying novel genes that may
potentially be involved in neural precursor cell (NPC) differentiafiiohmuraet al, 1994) The
gene was named SRMS as an abbreviation to its descriptive nomenclature which essentially
denotes the characteristic sequespecific differences observed between SRMS and Src family
kinases(Kohmuraet al, 1994) Thus, the abbreviation -expand
Rel at ed ki na staninal refulatory kesidug ancetNeC mi n a | Myristoyl a
both of which are halmark biochemical features & 8FKs. The study also reported that the
murine SRMSgene is located 2.1 cM distal ebromosoral locus D2Mit25 whereastie human
SRMSorthologue is positioned adjacent to the BRK gene on the chromosomal2dgiBs. 33
(Kohmuraet al, 1994) Kawachi et al. in 1996 reported on cloning the same gene from murine
neonatal skin tissueThe gene was named PTK70 (Protein tyrosine kinaséKéyachiet al,
1997) Given the lak of a myristoylation signal and a conservede@ninal tyrosine residue,
Kawachi et al. proposed that SRMS is likely a part of anothetrrexmeptor tyrosine kinase family
distinct from SFKgKawachiet al,, 1997) Later reports substantiated the classification of SRMS,
BRK and FRK as a separate kinase family owing to the conserved-éxoon splicing pattern
associated with these kinas@Soel and Lukong, 2015; Serfas amginer, 2003) Therefore,
SRMS, BRK and FRK were considered a separate famiy ofreweptor tyrosine kinases and
thereafter named the BRK family kinag€xoel and Lukong, 2015; Serfas and Tyner, 2003)

Since he discovery of SRMS in 1994, a few studies have investigated the biochemical

enzymatic regulation and the potential cellular role of SRMS. The subsequent sections shall

review information from the lterature relevant to SRMS biology.

1.1.2.2.1.1 Biochmnical regulation of SRMS enzymatic activity

The SRMS cDNAencodes a 54 kDa protein spanning 488 amino dlcadfarborsa
SH3 SH2and akinase domaina structural framework common to BRRRK and SFKqGoelet
al., 2013) (Figure 1.6 and 1)7 As described above, the enzymatic activity of SFKs, BRK and
FRK is primarily regulated by phosphorylation of a conservadr@inal tyrosine residuéGoel
and Lukory, 2015, 2016; Goett al, 2013; Liet al, 2007; Yeatman, 2004) However, SRMS
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lacks a Gterminal tyrosine residue implying that the mechanism of enzymatic regulation in SRMS
is biochemically distinct{Goel et d., 2013) (Figue 1.8). The highly conserved activation leop
tyrosine residue represents the primary site of autophosphorylation in BRK, FRK and members of
the Src family kinases and is reqad for enzymatic activatioiGoel and Lukong, 2015, 2016;

Goel et al, 2013) This residue corresponds to Y380 in SRMS anddiiexted mutagenesis
studies have confirmed this to be the primary autophosphorylation site in 8&ddEt al., 2013)

(Figure 1.8). The phosphatases PTPN13 and PTEN have been shown to inhibit the catalytic
activity of Src and BRK by directly dephosphorylating the activating autophosphorylation sites
on these kinases which correspond to Y4181 and B42 (BRK)(GlonduLassis et al,, 2010;
Wozniak et al, 2017) No phosphatase has been reported to dephosphorylate the conserved
activating Y380 residue in SRMS. Therefore the role of phosphatases in regulati§ SR
enzymatic actiy is unknown.

Previous studies by our group characterized the enzymatic activty of SRMS and
discovered that the presence of the 50 amino-laisgd N-terminal region, preceding the SH3
domain, is essential for SRMS tyrosine kinaséviac (Goel et al, 2013) (Figure 1.8). Deletion
of this Nterminal region was found to abolsh SRMS cellular tyrosine kinase activity.

Addttionally, an SH2eletion mutant of SRMS showed lower tyrosine kinast#&ity compared
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Figure 1.8: Protein domain-structure organization of SRMS. Schematic representation of the
protein domairstructure of SRMS, showing the SH3, SH2 and kinase domains. The unique 50
amino acidong N-terminal region essential for SRM®&zaymatic activity is highlighted Goel et

al., 2013) Also shown is the W223 residue in the Skitiase linker region and the ATibinding

K258 and the activation loegutophosphorylation residue Y380.
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to wid type SRMS, indicating that the SH2 domain is potentially also involved in the
autoregulation of SRMS catalytic activity. The SRMS K258 residue forms part of a highly
conserved AThbinding pocket in tyrosine kinases (Figure 1.8). Indeed substituting K258 with
methionine residue was found to abolish SRMS catalytic activity. Fortdnera SRMS W223A
mutant was also generated to study the role of this residue on SRMS catalytic activity. The SRMS
W223 residue is conserved in BRK (W184) as well as Src farnmitsks and lies in the SH2
kinase linker regior{Goel et al, 2013) (Figure 1.8). Structural studies on the Src family kinase
member Hck have shown that the analogous residue, W260 stabiizes a catalyticailye inact
conformation of the enzym@.aFevreBerntet al, 1998) Specifically, crystal structures of Hck
revealed that the interaction of the SH3 domain with the-lShése linker region allows the W260
residue to inteact with theaC helix in the Nterminal lobe of the kinase domain which stabilizes

the inactive conformation. Accordingly, the Hck W260A mutant showed increased tyrosine kinase
activity compared to wid type Hck demonstrating the significance of thiglueesin the
autoregulation of Hck enzymatic activifeaFevreBerntet al, 1998) A previous study on BRK
showed that substituting the conserved W184 residue with alanine resulted in significantly reduced
kinaseactivity compared with wild type BRKKim and Lee, 2005; Qiu and Miler, 2004)This
indicated that unlike the Src family kinase Hck, this conserved residue in BRK likely serves to
stabiize the active conformatio of the kinase(Kim and Lee, 2005; Qiu and Miler, 2004)
Interestingly, substituting the conserved W223 residue with alanine in SRMS was also found to
result in significantly reduced tyrosine kinase activity paned to wid type SRM$Goelet al,

2013) This suggested that the tryptophan residue plays a similiar biochemical role in maintaining
an active conformation in both BRK and SRMGoel et al, 2013; Qiu and Miler, 2004)
Analyses of the crystal structures of wild type SRMS and its inactivating mutants will further help
in characterizing the underlying biochemical mechanisms involved in the autoregulation of SRMS

enzymait activity.

1.1.2.2.1.2 Botein expressionin mammalian cells/tissues

To date, very few studies have examined the expression of SRMS protein/mRNA in
mammalian cells and tissues. Kohmual, credited with the discovery of the BIS cDNA
from mouse neural precursor cells (NPCs), identified two variants of the SRMS mRNA via

Northern blotting analyses, bearing molecular sizes of 2 kb and 2Kdkimuraet al,, 1994)
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