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ABSTRACT 

 

SRMS (Src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristoylaton 

sites) is a non-receptor tyrosine kinase that belongs to the BRK family kinases (BFKs) and is 

evolutionarily related to the Src family kinases (SFKs). Like SFKs and BFKs, the SRMS protein 

comprises of two domains involved in protein-protein interactions, namely, the Src-homology 3 

domain (SH3) and Src-homology 2 domain (SH2) and one catalytic kinase 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 studies have shown that wild type SRMS is enzymatically active 

and leads to the tyrosine-phosphorylation of several proteins, when expressed exogenously in 

mammalian cells. These tyrosine-phosphorylated proteins represent the candidate cellular 

substrates of SRMS which are largely unknown.  Further, previous studies have determined that 

the SRMS protein displays a characteristic punctate cytoplasmic localization pattern in mammalian 

cells.  These SRMS cytoplasmic puncta are uncharacterized and may provide insights into the 

biochemical and cellular role of the kinase.     

 Here, we utilized mass spectrometry-based quantitative label-free phosphoproteomics to 

(a) identify the candidate SRMS cellular substrates and (b) candidate signaling intermediates 

regulated by SRMS, in HEK293 cells expressing ectopic SRMS. Specifically, using a 

phosphotyrosine enrichment strategy we identified 663 candidate SRMS substrates and consensus 

substrate-motifs of SRMS.  We used customized peptide arrays and performed the high-throughput 

validation of a subset of the identified candidate SRMS substrates.  Further, we independently 

validated Vimentin and Sam68 as bonafide SRMS substrates.  Next, using Titanium dioxide 

(TiO2)-based phosphopeptide enrichment columns, we identified multiple signaling intermediates 

of SRMS.  Functional gene enrichment analyses revealed several common and unique cellular 

processes regulated by the candidate SRMS substrates and signaling intermediates.  Overall, these 

studies led to the identification of a significant number of novel and biologically relevant SRMS 

candidate substrates and signaling intermediates, which mapped to a number of cellular and 

biological processes primarily involved in cell cycle regulation, apoptosis, RNA processing, DNA 
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repair and protein synthesis.  These findings provide an important resource for future mechanistic 

studies to investigate the cellular and physiological functions of the SRMS.  

 Studies towards characterizing the SRMS cytoplasmic puncta showed that the SRMS 

punctate structures do not colocalize with some of the major cellular organelles investigated, such 

as the mitochondria, endoplasmic reticulum, golgi bodies and lysosomes.  However, studies 

investigating the involvement of the SRMS domains in puncta-localization revealed that the SRMS 

SH2 domain partly regulates this localization pattern.  These results highlight the potential role of 

the SRMS SH2 domain in the localization of SRMS to these cytoplasmic sites and lay important 

groundwork for future characterization studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGMENTS 

 

I deem it invaluable to thank my supervisor and mentor, Dr. Kiven Erique Lukong for his guidance, 

and perseverance towards the completion of my Doctoral program.  I extend my gratitude to the 

present and former members of our lab, Yetunde Ogunbolude, Joshua MacAusland-Berg, Aditya 

Mandapati, Chenlu Dai, Dr. Sayem Miah, Dr. Edward Bagu and Lexie Martin.  I would like to 

express my special and heartfelt gratitude to Akanksha Baharani for her great friendship and help 

all these years.  I greatly appreciate the assistance of the former and present administrative 

secretaries of our Department, Mrs. Margaret Strohan, Mrs. Lori Lisitza and Mrs. Deana 

Thunderchild.  I also thank the members of my supervisory committee, Dr. William J. 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 of the advisory committee).  

And it is but in no less measure that I also extend my gratitude to all personnel of the Health 

Sciences Supply center, College of Medicine.  

I cherish and laud the priceless support and faith bestowed upon me by my family and Dr. Lukong, 

alike. 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENTS 

 

PERMISSION TO USE .............................................................................................................i 

ABSTRACT............................................................................................................................. ii 

ACKNOWLEDGMENTS........................................................................................................ iv 

TABLE OF CONTENTS ..........................................................................................................v 

LIST OF TABLES .................................................................................................................. ix 

LIST OF FIGURES ..................................................................................................................x  

LIST OF ABBREVIATIONS  ............................................................................................. xii  

1. REVIEW OF THE LITERATURE ........................................................................................1 

   1.1 Tyrosine kinases ..............................................................................................................1 

      1.1.1 Receptor Tyrosine kinases ..........................................................................................2 

          1.1.1.1 EGFR signaling pathway......................................................................................3      

      1.1.2 Non-receptor tyrosine kinases .....................................................................................7 

         1.1.2.1 Src family kinases.................................................................................................7 

         1.1.2.2 BRK family kinases ............................................................................................ 11 

             1.1.2.2.1 SRMS .......................................................................................................... 14 

                1.1.2.2.2 Biochemical regulation of SRMS enzymatic activity .................................. 14 

                1.1.2.2.3 Protein expression in mammalian cells and tissues...................................... 16 

                1.1.2.2.4 Subcellular localization.............................................................................. 18 

                1.1.2.2.5 Substrates and binding partners .................................................................. 19 

                1.1.2.2.6 Cellular and physiological roles ................................................................. 22 

 1.2 Phosphoproteomics analyses by mass spectrometry........................................................... 24 

    1.2.1 Quantitation approaches in mass spectrometry analyses ............................................... 28 

 

2. HYPOTHESIS AND OBJECTIVES ................................................................................... 31 

    2.1. Rationale and hypothesis .............................................................................................. 31 

    2.2 Objectives..................................................................................................................... 31 

 

3. MATERIALS AND METHODS ......................................................................................... 33 



vi 
 

   3.1 Reagents and chemicals.................................................................................................. 34 

   3.2 Expression vectors and siRNA........................................................................................ 36 

          3.2.1 Expression vectors ................................................................................................ 36 

                    3.2.1.1 Site-directed mutagenesis ......................................................................... 38 

          3.2.2 SRMS siRNA ....................................................................................................... 39 

   3.3 Cell lines and cell culture ............................................................................................... 39 

      3.3.1 Plasmid/siRNA transfection and EGF stimulation...................................................... 40 

   3.4. SDS-PAGE and Western blotting .................................................................................. 41 

      3.4.1 SDS-PAGE .............................................................................................................. 41 

      3.4.2 Western blotting ....................................................................................................... 41                   

  3.5 Primary and secondary antibodies.................................................................................... 42 

  3.6 Expression of recombinant GST-fused proteins ................................................................ 43 

  3.7 Immunoprecipitation and in vitro kinase assays................................................................ 45 

  3.8 Confocal microscopy ...................................................................................................... 46 

  3.9 Sample preparation and data analysis procedures for the identification of  

        candidate SRMS substrates by LC-MS/MS-based phosphoproteomics analyses ................ 47 

     3.9.1 Protein digestion and purification of peptides ............................................................. 48 

     3.9.2 Enrichment of phosphotyrosine peptides .................................................................... 48 

     3.9.3 Reversed-phase chromatography and mass spectrometry ............................................ 49 

     3.9.4 Data-processing and analyses..................................................................................... 49 

     3.9.5 Data availability in public repository .......................................................................... 51 

     3.9 6 Peptide array analyses ............................................................................................... 51 

     3.9.7 Motif enrichment analyses ......................................................................................... 52 

     3.9.8 Functional gene enrichment analyses ......................................................................... 52 

  3.10 Sample preparation and data analysis procedures for the identification of  

         candidate SRMS-regulated signaling intermediates by LC-MS/MS-based 

         phosphoproteomics analyses........................................................................................... 53 

      3.10.1 Protein digestion and purification of peptides  ......................................................... 53 

      3.10.2 Phosphopeptide enrichment .................................................................................... 54 

      3.10.3 Mass spectrometry analyses .................................................................................... 54 



vii 
 

      3.10.4 Data processing and analyses .................................................................................. 55 

      3.10.5 Data availability in public repository ....................................................................... 56 

      3.10.6 Motif enrichment analyses ...................................................................................... 56 

      3.10.7 Functional gene enrichment analyses....................................................................... 56 

      3.10.8 NetworKIN analyses............................................................................................... 57 

       

4. RESULTS .......................................................................................................................... 58 

   4.1 Identification of novel candidate substrates of SRMS ...................................................... 58 

      4.1.1 Summary ................................................................................................................. 58 

      4.1.2 Introduction.............................................................................................................. 59 

      4.1.3 Results ..................................................................................................................... 60 

         4.1.3.1 SRMS induces the tyrosine-phosphorylation of cellular proteins in a kinase-               

                     dependent manner ............................................................................................... 60 

         4.1.3.2 Phosphoproteomics workflow to enrich tyrosine-phosphorylated targets by  

                     immuno-affinity purification ............................................................................... 62 

         4.1.3.3 Identification of candidate SRMS substrates ........................................................ 62 

         4.1.3.4 In silico analyses identifies candidate SRMS substrate motifs............................... 69 

         4.1.3.5 Functional gene enrichment analysis of candidate SRMS substrates...................... 73 

         4.1.3.6 Validation of candidate SRMS substrates using peptide arrays ............................. 75 

         4.1.3.7 Validation of Vimentin and Sam68 as SRMS substrates ....................................... 78 

         4.1.3.8 SRMS induces the tyrosine phosphorylation of Sam68 in an 

                     EGF-dependent manner....................................................................................... 84 

       4.1.4 Discussion............................................................................................................... 87 

  4.2 Identification of the candidate signaling intermediates of SRMS....................................... 92 

      4.2.1 Summary ................................................................................................................. 92 

      4.2.2 Introduction.............................................................................................................. 93 

      4.2.3 Results ..................................................................................................................... 94 

            4.2.3.1 Global analysis of the SRMS-regulated phosphoproteome ................................. 94 

            4.2.3.2 Functional annotation of the SRMS-regulated phosphoproteome ..................... 100 

            4.2.3.3 Analyses of phosphorylation motifs and predicted kinases ............................... 101 



viii  
 

       4.2.4 Discussion............................................................................................................. 104 

4.3 Characterizing the SRMS cytoplasmic punctae ................................................................ 109 

   4.3.1 Summary .................................................................................................................. 109   

   4.3.2 Results ...................................................................................................................... 109 

         4.3.2.1 Colocalization analyses of SRMS with cellular cytoplasmic organelles............... 109 

                  4.3.2.1.1 Colocalization analysis with endoplasmic reticulum (ER) ....................... 110 

                 4.3.2.1.2 Colocalization analysis with mitochondria............................................... 111 

                 4.3.2.1.3 Colocalization analysis with Golgi bodies ............................................... 112 

                 4.3.2.1.4 Colocalization analysis with lysosomes ................................................... 113 

        4.3.2.2 Role of SRMS functional domains in the formation of SRMS  

                    cytoplasmic puncta ............................................................................................ 114 

 

5. GENERAL DISCUSSION ................................................................................................ 121 

     5.1 Conclusions ............................................................................................................... 121 

     5.2 Future Directions ....................................................................................................... 123 

        5.2.1 Investigating the cellular function of SRMS .......................................................... 123 

              5.2.1.1 Characterizing the functional link between SRMS and Sam68 or V imentin .... 123 

              5.2.1.2 Studying the potential role of SRMS in the regulation of Casein kinase  

                          activation ..................................................................................................... 124 

              5.2.1.3 Characterizing the role of SRMS as a regulator of BRK activity in vivo ......... 124 

        5.2.2 Characterizing the SRMS cytoplasmic puncta.......................................................  125 

 

6. BIBLIOGRAPHY ............................................................................................................ 126 

 

7. APPENDIX A: Supplementary Tables and legends to Supplementary Tables ..................... 155 

 

 

 

 

 



ix 
 

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 ....................................................................... 33 

Table 3.2 Reagent supplier addresses ...................................................................................... 35 

Table 3.3 List of primary antibodies used ................................................................................ 43 

Table 3.4 List of media/buffers and their composition.............................................................. 44 

Table 3.5 List of stock solutions of chemicals /reagents ........................................................... 45 

Table 4.1 List of candidate SRMS substrates identified using quantitative  

                phosphoproteomics .................................................................................................. 68 

Table 4.2 List of top SRMS targets validated on peptide arrays ................................................ 77 

Table 4.3 List of SRMS-dependent upregulated phosphoproteins ............................................. 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF FIGURES 

 

Figure 1.1 Overview of protein tyrosine phosphorylation and dephosphorylation ........................1 

Figure 1.2 The mammalian receptor tyrosine kinase complement ...............................................3 

Figure 1.3 The EGFR-mediated signaling pathways...................................................................5 

Figure 1.4 The mammalian non-receptor tyrosine kinase complement ........................................8 

Figure 1.5 Regulation of c-Src kinase activity.......................................................................... 10 

Figure 1.6 Intron-exon splicing pattern of the BRK family kinases and c-Src ............................ 12 

Figure 1.7 Protein domain structure organization of the BRK family kinases and c-Src ............. 13 

Figure 1.8 Protein domain-structure organization of SRMS...................................................... 15 

Figure 1.9 Outline of a general LC-MS/MS-based phosphoproteomics workflow ..................... 26 

Figure 1.10 Overview of metabolic/chemical labeling of amino acids as a quantification  

                   strategy in mass spectrometry analyses .................................................................. 29 

Figure 1.11 Overview of label-free quantification strategies for mass spectrometry  

                    analyses............................................................................................................... 30 

Figure 4.1 SRMS induces the tyrosine-phosphorylation of several cellular proteins .................. 61 

Figure 4.2 Experimental workflow .......................................................................................... 63 

Figure 4.3 Flowchart depicting the computational pipeline used to identify high  

                 confidence phosphopeptides.................................................................................... 64 

Figure 4.4 Reproducibility of phosphopeptide identifications ................................................... 65 

Figure 4.5 Overview of the identified tyrosine-phosphoproteome ............................................. 66 

Figure 4.6 SRMS-induced tyrosine phosphorylation of endogenous proteins ............................ 67 

Figure 4.7 Top candidate SRMS motifs identified by motif-x and MMFPh ............................... 70 

Figure 4.8 All  candidate SRMS motifs identified by motif-x and MMFPh ................................ 71 

Figure 4.9 Analyses of candidate SRMS consensus motifs from phosphopeptides 

                  identified at higher relative abundance.................................................................... 72 

Figure 4.10 Functional gene enrichment analyses of candidate SRMS substrates ...................... 74 

Figure 4.11 Validation of target peptides using peptide microarrays ......................................... 76 

Figure 4.12 Validation of Vimentin as a SRMS substrate ......................................................... 79 

Figure 4.13 Validation of Sam68 as a SRMS substrate ............................................................. 81 



xi 
 

Figure 4.14 Validation of Sam68 and V imentin as direct substrates of SRMS ........................... 81 

Figure 4.15 Subcellular localization of wild type SRMS in cytoplasmic punctae ....................... 82 

Figure 4.16 Colocalization of SRMS with Vimentin ................................................................ 83 

Figure 4.17 Colocalization of SRMS with Sam68 .................................................................... 84  

Figure 4.18 EGF-induced phosphorylation of Sam68 mediated by SRMS................................. 86 

Figure 4.19 Phosphoproteomics analyses of cells expressing ectopic wild type SRMS .............. 95 

Figure 4.20 Phosphoproteomics workflow ............................................................................... 96 

Figure 4.21 Overview of the identified phosphoproteome ........................................................ 97 

Figure 4.22 Identification of SRMS-regulated phosphosites ..................................................... 98 

Figure 4.23 Functional enrichment analyses of significantly altered phosphoproteins .............. 101 

Figure 4.24 Motif-enrichment analyses of SRMS-dependent upregulated phosphopeptides ..... 102 

Figure 4.25 Identification of candidate kinases predicted to target the upregulated 

                   phosphosites in the SRMS-regulated phosphosites ............................................... 104 

Figure 4.26 Colocalization analyses of calnexin (endoplasmic reticulum) and  

                    wild type SRMS ................................................................................................ 110 

Figure 4.27 Colocalization analyses of mitofilin ( mitochondria) and wild type SRMS............. 111 

Figure 4.28 Colocalization analyses of golgin p97 (golgi bodies) and wild type SRMS ........... 112 

Figure 4.29 Colocalization analyses of lysosomes and wild type SRMS ................................. 113 

Figure 4.30 Generation of GFP-tagged SRMS domain constructs ........................................... 115 

Figure 4.31 Subcellular localization of SRMS functional domains.......................................... 116 

Figure 4.32 Quantification of puncta localization displayed by SRMS variants ....................... 117 

Figure 4.33 Colocalization analyses of SRMS SH2 domain and native  

                    tyrosine-phosphorylated proteins ........................................................................ 118 

Figure 4.34 Quantification of puncta localization displayed by the SRMS SH2  

                   domain and the SH2-domain mutant.................................................................... 120 

  

 

 

 

 



xii 
 

LIST OF ABBREVIATIONS 

 

ABL   Abelson Murine Leukemia viral oncogene homolog 1   

ACK   Activated Cdc42-associated Kinase 

AGC   Protein kinase A, protein kinase G and protein kinase C 

ALK    Anaplastic Lymphoma Kinase 

APS   Ammonium Persulfate 

BCR-ABL  Breakpoint Cluster Region- Abelson Murine leukemia viral   

                                         oncogene homolog 1         

BRK   Breast Tumor Kinase 

c-ABL   Cellular Abelson murine Leukemia viral oncogene homolog 1 

CaMK   Calcium/Calmodulin-dependent Kinase 

Cdc2   Cell Division Control protein 2 

Cdc42   Cell Division Control protein 42 

CDK   Cyclin-Dependent Kinase 

CDK1/2/3/5/9  Cyclin-Dependant Kinase 1/2/3/5/9 

CKAP2   Cytoskeletal-Associated Protein 2 

CLK   CDC-like kinase 

CRK   CT-10 Regulator of Kinase 

CSK   c-Src Kinase 

CK   Casein kinase 

CK1   Casein Kinase 1 

CK2a   Casein kinase 2 alpha  

CMGC   CDK, MAPK, GSK, CLK 

DAPI   4,6ô-diamidino-2-phenylindole 

DDR   Discoidin Domain Receptor 

Dok1   Downstream of Tyrosine kinases 1 

DMEM   Dulbeccoôs Modified Eagleôs Medium 

DMSO   Dimethylsulfoxide 

DTT   Dithiothreitol 



xiii  
 

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 Radixin Moesin 

FAK   Focal Adhesion Kinase 

FDR   False Discovery Rate 

FES   Feline Sarcoma 

FGFR   Fibroblast Growth Factor Receptor 

FRK   Fyn-Related Kinase 

GST   Glutathione S-Transferase 

GFP   Green Fluorescent protein 

GNL3L   G-protein Nucleolar 3-Like 

GRB10   Growth factor Receptor-Bound protein 10 

GSK   Glycogen Synthase Kinase 

GSK3 beta  Glycogen Synthase Kinase 3 Beta 

HEK293   Human Embryonic Kidney 293 

HMGA1   High mobility group protein A1 

HNRNPM  Heterogenous Nuclear Ribonucleoprotein M 

IPTG   Isopropyl ɓ-D-1-thiogalactopyranoside 

IR    Insulin Receptor 

JAK   Janus Kinase 

JEF   JAK, ERM, FAK 

KHDRBS1  KH domain-containing, RNA-binding, signal transduction- 

                              associated protein 1 

KRT18   Keratin 18 

LC-MS   Liquid Chromatography- Mass Spectrometry 

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


xiv 
 

LMR   Lemur 

MAPK   Mitogen Activated Protein Kinase 

MCM7   Minichromosome maintenance complex component 7 

MET   Mesenchymal Epithelial Transition 

MOPS   3-(N-morpholino) propanesulfonic acid 

MuSK   Muscle-Specific Kinase 

MYH9   Myosin heavy chain 9 

mTOR   Mammalian Target of Rapamycin 

NRTK   Non-Receptor Tyrosine Kinase 

NUCL   Nucleolin 

PBS   Phosphate Buffered Saline 

PDGFR   Platelet-Derived Growth Factor Receptor 

PEI   Polyethyleneimine 

PFA   Paraformaldehyde 

PHOSIDA  Phosphorylation Site Database  

PI3K   Phosphatidylinositol 3-kinase 

PKA/G/C   Protein kinase A/G/C 

PTEN   Phosphatase and Tensin Homolog deleted on chromosome 10 

PTK   Protein Tyrosine Kinase 

PTK5/6/7/70  Protein Tyrosine Kinase 5/6/7/70 

PTM   Post-Translational Modification 

PTPN13   Protein Tyrosine Phosphatase, Non-receptor type 13    

PMSF   Phenylmethanesulfonyl fluoride 

RET   Rearranged during Transfection 

RTK   Receptor Tyrosine Kinase 

ROR   RAR-related Orphan Receptor 

RYK   Related to tyrosine Kinase 

DN SRMS  N-terminal deletion SRMS 

Sam68   Src-Associated substrate during Mitosis of 68 kDa 

SDS-PAGE  Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 



xv 
 

SH2   Src-homology 2  

SH3   Src-Homology 3 

SRMS   Src-Related kinase lacking C-terminal regulatory                                                                  

                                   tyrosine and N-terminal Myristoylation Sites 

STE   Sterile Kinase 

STE7/11/20  Sterile Kinase 7/11/20 

STYK1   Serine/Threonine and tyrosine receptor Kinase 1 

SYK   Spleen Tyrosine kinase 

TAM   Tyro3-Axl-Mer 

TFA   Trifluoroacetic Acid 

TEC   Transient Erythroblastopenia Of Childhood   

TIE   Tyrosine kinase with Immunoglobulin-like and EGF-like domains 

TNF   Tumor Necrosis Factor 

TRK   Tropomycin Receptor Kinase  

TK   Tyrosine Kinase 

TKL   Tyrosine Kinase-Like  

VEGFR   Vascular Endothelial Growth Factor Receptor  

UMPS   Uridine Monophosphate Synthetase 

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


1 

 

1. Review of the literature 

 

1.1 Tyrosine 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 the tyrosine 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 in these proteins which affects their biochemical function and/or 

intermolecular binding to other proteins, which together modulates intracellular signaling  (Groban 

et al., 2006; Kimura et al., 1996).  Such phosphorylation is reversible where specific tyrosine 

phosphatases catalyze the removal of the phosphate group(s) from the tyrosine residue(s) of these 

proteins (Figure 1) (Frearson and Alexander, 1997; Stoker, 2005).  In this manner, the biochemical 

function of tyrosine kinases is regulated in cells (Frearson and Alexander, 1997; Stoker, 2005).  

With the culmination of the human genome project, a total of 90 tyrosine kinases were found to 

  

        
 

Figure 1.1: Overview of protein tyrosine phosphorylation and dephosphorylation: Protein 
tyrosine kinases (PTKs) covalently attach a phosphate group, derived from an ATP moiety, to the 
nucleophilic hydroxyl group of a tyrosine residue on a protein. Protein tyrosine phosphatases 
(PTPs) in turn catalyze the de-phosphorylation of these residues by removing the phosphate group.  
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be coded by the human genome (Manning et al., 2002; Robinson et al., 2000).  Of these, 58 are 

receptor type and 32 are non-receptor type tyrosine kinases (Manning et al., 2002; Robinson et al., 

2000). 

 

1.1.1 Receptor tyrosine kinases 

          Receptor tyrosine kinases (RTKs) are embedded in the cell membrane and possess both, an 

extracellular domain and an intracellular domain (Lemmon and Schlessinger, 2010; Manning et 

al., 2002).  The extracellular domain is involved in binding to ligands whereas the intracellular 

portion of the RTK is comprised of the kinase domain which catalyzes the phosphorylation of 

tyrosine residues (Hubbard and Miller, 2007; Lemmon and Schlessinger, 2010).  A total of 58 

different receptor tyrosine kinases have been identified to date in the mammalian kinome (Figure 

2).  These are grouped into 20 sub-families, namely, the ErbB, IR (Insulin receptor), PDGFR 

(Platelet-derived growth factor receptor), VEGFR (Vascular endothelial growth factor receptor), 

FGFR (Fibroblast growth factor receptor), PTK7 (Protein tyrosine kinase 7), TRK (Tropomycin 

receptor kinase), ROR (RAR-related orphan receptors), MuSK, (Muscle-specific kinase), MET 

(Mesenchymal Epithelial Transition), TAM (Tyro3-Axl-Mer), TIE (Tyrosine kinase with 

immunoglobulin-like and EGF-like domains), EPH (Ephrin), RET (Rearranged during 

transfection), RYK (Related to tyrosine kinase), DDR (Discoidin domain receptor), ROS (c-Ros1), 

LMR (Lemur), ALK (Anaplastic lymphoma kinase) and STYK1 (Serine/threonine and tyrosine 

receptor kinase 1) (Figure 2) (Lemmon and Schlessinger, 2010).  The extracellular domains of 

receptor tyrosine kinases bind to their respective ligands, triggering receptor dimerization which 

results in the autophosphorylation of tyrosine residues on the intracellular kinase domains of the 

receptor (Lemmon and Schlessinger, 2010).  These phosphotyrosine residues serve as binding sites 

for specific cytoplasmic proteins which relay signaling downstream to elicit specific cellular 

functions (Pawson, 1995).  Notably, the LMR family, STYK1 family and ErbB2 kinase represent 

the only known receptor tyrosine kinases that do not possess an extracellular ligand-binding 

domain (Lemmon and Schlessinger, 2010).  Ligand stimulation-based 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 are not limited to, cytoplasmic kinases 

and adapter or scaffolding proteins (Lemmon and Schlessinger, 2010).  The signals eventually 

culminate in the transcriptional regulation of specific genes in the nucleus and/or the modulation 
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Figure 1.2: The mammalian receptor tyrosine kinase (RTK) complement: Shown here is a 

schematic representation of the 20 receptor tyrosine kinase families encoded by the mammalian 
kinome (Lemmon and Schlessinger, 2010).  The kinase members of each family are indicated. The 
intracellular side of these transmembrane receptor tyrosine kinases comprises the catalytic/kinase 
domain (highlighted in red).  The extracellular side of these kinases represent various subunits that 

form the ligand-binding domain. These include the L (Leucine-rich), Cysteine-rich, Fibronectin 
type III, Cadherin, Discoidin, Ig (Immunoglobulin), EGF (Epithelial Growth Factor), Psi, WIF 
(Wnt Inhibitory Factor), Ephrin-binding, Fz (Frizzled), LDLa (Low-Density Lipoprotein class a) 
YWTD (tyrosine-tryptophan-threonine-aspartic acid), Acid box, Sema and MAM (Meprin/A5-

protein/PTPmu) subunits. 
 
 
of protein function in the cell thereby regulating important biological processes such as cell 

proliferation, migration, apoptosis and senescence, to name a few (Lemmon and Schlessinger, 

2010; Zwick et al., 2001).    

 
1.1.1.1 EGFR signaling pathway 

           The EGFR (Epithelial growth factor receptor) signaling pathway is one of the most well-

characterized and biologically important receptor tyrosine kinase-mediated signal transduction 

pathways that regulates growth, proliferation and differentiation in mammalian cells (Oda et al., 

2005).  The EGFR receptor belongs to the ErbB family of RTKs, whose other three members 

include ErbB2, ErbB3 and ErbB4, all of which display conserved structural and functional 

characteristics.  Several ligands such as EGF (Epidermal growth factor), TGFa (Transforming 
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growth factor alpha), epiregulin, amphiregulin, epigen and betacellulin, are known to bind to 

EGFR.  EGF, however, is the major high-affinity ligand of EGFR (Oda et al., 2005).   

 Upon ligand-binding, EGFR undergoes homo- or heterodimerization with another EGFR 

monomer or monomers of other members of the ErbB family, respectively (Figure 1.3) (Oda et 

al., 2005; Yarden and Shilo, 2007).  Dimerization stimulates the activation of the cytoplasmic 

kinase domains of EGFR which results in the autophosphorylation of tyrosine residues within the 

cytoplasmic kinase domain (Yarden and Shilo, 2007).  These autophosphorylation residues are 

Y1092, Y1172, Y1197, Y1110 and Y1016 (Nogami et al., 2003).  These autophosphorylated 

residues serve as docking sites for the recruitment of various cytoplasmic proteins to the receptor 

(Figure 1.3) (Oda et al., 2005).  These proteins bind to the docking sites on EGFR via their SH2 

and/or PTB domains (Figure 1.3).   

 Following binding to EGFR, these proteins relay signaling through various intracellular 

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 

EGFR-signaling (Oda et al., 2005).  Figure 1.3 shows some of the major EGFR activation-

dependent signaling pathways.  For instance, Grb2 (Growth factor receptor-bound protein 2) is 

recruited to autophosphorylated EGFR via the Grb2 SH2 domain (Figure 1.3A) (Capuani et al., 

2015).  Grb2 then binds to the guanine nucleotide exchange factor SOS (Son of sevenless) via the 

Grb2 SH3 domains (Zarich et al., 2006).  Upon binding to Grb2, SOS becomes activated (Katz et 

al., 2007; Zarich et al., 2006).  Activated SOS leads to the activation of Ras which in turn activates 

Raf kinase activity (Katz et al., 2007).  Raf kinase phosphorylates and activates Mek1/2 thereby 

activating a MAPK (Mitogen-activated protein kinase) such as Erk1/2 (Extracellular signal-

regulated kinase 1/2) (Katz et al., 2007).  Activated Erk1/2 translocates to the nucleus to 

phosphorylate transcription factors such as Elk1 and c-myc which transactivate target genes 

implicated in cell survival and proliferation (Figure 1.3A) (Schuhmacher and Eick, 2013; Shin et 

al., 2011).   

 Likewise, JAK1/2 (Janus kinase1/2) is recruited to activated EGFR resulting in the 

phosphorylation and activation of the JAK proteins (Figure 1.3B) (Andl et al., 2004).  Activated 

JAK1/2 then phosphorylate STAT3 (Signal transducer and activator of transcription3) resulting in 

STAT3-dimerization (Andl et al., 2004).  Activated STAT3 dimers translocate to the nucleus  
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Figure 1.3: The EGFR-mediated signaling pathways.  A schematic representation of the major 

signaling pathways propagated downstream of ligand-induced activation of EGFR.  Following 
stimulation with EGF, the EGFR monomers undergo dimerization which activates the cytoplasmic 
kinase domains of the receptor.  As a result of enzymatic activation, EGFR undergoes 
autophosphorylation resulting 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 cascades.  A. Recruitment of Grb2 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 and c-Myc.  B. Activated EGFR 

recruits and phosphorylates JAK1/2.  Active JAK1/2 phosphorylates STAT3, causing STAT3 
dimerization, nuclear translocation and transactivation of STAT3-target genes.  c-Src, activated 
downstream of EGFR, also directly phosphorylates STAT3 leading to STAT3-dimerization and 
activation.  C. Activation of PLC downstream of EGFR leads to the hydrolysis of PIP2 into 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 NFkB via IKK leading to the transactivation of NFkB-target genes.  D. Activated PI3K 

catalyzes the conversion of PIP2 to PIP3.  PIP3 promotes the PDK1-mediated activation of Akt 
which triggers the mTOR signaling via S6K resulting in enhanced protein synthesis.  E. c-Cbl 
attenuates membrane-bound EGFR expression and downstream signaling by promoting EGFR 
endocytosis, a process which is negatively regulated by BRK.  Further, BRK also direcly 

phosphorylates AKT leading to AKT activation.  F. Nck-binding to EGFR activates PAK which 
potentiates Jnk signaling through MEKK1 and MKK4.  Activated Jnk translocates to the nucleus 
to phosphorylate and activate, c-Fos and c-Jun.  Jnk-mediated activation of c-Fos and c-Jun results 
in the transactivation of c-Fos and c-Jun-target genes.  All EGFR-regulated transcriptional factors 

are involved in the transcriptional activation of genes broadly involved in cell survival, 
proliferation and migration. 
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where these transactivate target genes involved in cell proliferation and migration (Figure 1.3B) 

(Carpenter and Lo, 2014; Sherry et al., 2009).  c-Src is also known to be activated downstream of 

EGF signaling where activated c-Src directly phosphorylates STAT3 leading to STAT3 

dimerization (Figure 1.3) (Cao et al., 1996; Osherov and Levitzki, 1994; Schreiner et al., 2002).  

 EGFR also activates Phospholipase C which results in the hydrolysis of PIP2 

(Phosphatidylinositol-4,5-bisphosphate) to IP3 (Inositol trisphosphate) and DAG (1,2-

Diacylglycerol) (Iwabu et al., 2004; Xie et al., 2010).  IP3 causes the release of calcium ions (Ca2+) 

from the endoplasmic reticulum which activate calcium calmodulin-dependent kinase (CaMK)-

mediated signaling (Sun et al., 2011).  An increase in the cellular concentration of DAG triggers 

the activation of PKC (Protein kinase C) which in turn phosphorylates and activates IKK ( IkB 

kinase) (Lallena et al., 1999).  IKK activates the transcription factor NFkB leading to the 

transactivation of NFkB-target genes such as those involved in cell survival and growth (Figure 

1.3C) (Cheng et al., 2011; Israel, 2010).   

 One of the major downstream signaling modules of EGFR is PI3K (Phosphatidylinosit ide 

3-kinases) (Figure 1.3D) (Freudlsperger et al., 2011; Slomovitz and Coleman, 2012).  PI3K is 

recruited to and activated by EGFR upon ligand stimulation.  Active PI3K catalyzes the conversion 

of PIP2 to PIP3 (Phosphatidylinositol-3,4,5-trisphosphate).  PIP3 recruits Akt and PDK1 

(Phosphoinositide-dependent kinase1) together which allows PDK1 to phosphorylate and activate 

Akt (Freudlsperger et al., 2011; Slomovitz and Coleman, 2012).  Akt is a key regulator of several 

signaling proteins, one of which includes mTOR (Mammalian target of rapamycin) (Laplante and 

Sabatini, 2012).  Akt phosphorylates and inhibits the activity of the mTOR-inhibitor, TSC2 

(Tuberous sclerosis complex2), thereby relieving the inhibitory constraints on mTOR.  Activated 

mTOR phosphorylates and activates S6K1/2 (Ribosomal protein S6 kinase1/2) thereby promoting 

protein synthesis (Figure 1.3D) (Laplante and Sabatini, 2012).   

 EGFR signaling is also negatively regulated by the ubiquitin ligase c-Cbl, which promotes 

EGFR endocytosis and subsequent degradation via the lysosomal pathway (Ravid et al., 2004; 

Visser Smit et al., 2009).  In this context, BRK has been shown to antagonize c-Cbl-mediated 

EGFR endocytosis (Figure 1.3 E) (Li et al., 2012). Further, EGF-induced activation of EGFR has 

been shown to promote EGFR-BRK association and BRK activation.  Activated BRK further 

potentiates EGFR signaling by directly phosphorylating and activating EGFR, thereby forming a 

positive feedback loop for EGFR signaling (Li et al., 2012).   
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 Other downstream effectors of EGFR include Nck (Non-catalytic region of tyrosine kinase) 

which is recruited to the activated receptor via its SH2 domain (Figure 1.3F) (Tomar and 

Schlaepfer, 2010). Nck then binds to Pak1 via the Nck SH3 domain (Tomar and Schlaepfer, 2010).  

Nck-bound PAK1 is then activated at the membrane by binding to Rac1 and cdc42 (Lu and Mayer, 

1999).  Activated PAK1 in turn activates Jnk (c-Jun kinase) which is mediated via MEKK1 and 

MKK4 (Tomar and Schlaepfer, 2010).  Active Jnk undergoes nuclear translocation where it 

phosphorylates and activates the transcription factors c-Jun and c-Fos (Tomar and Schlaepfer, 

2010).  Both, c-Jun and c-Fos then transactivate target genes involved in cell proliferation and 

migration (Figure 1.3F) (Ye and Field, 2012).  In this way, ligand-induced activation of EGFR 

triggers multiple cytoplasmic signaling cascades that are essential for mammalian growth and 

development (Sibilia et al., 2007; Zhang et al., 2013).  

 
 
1.1.2 Non-receptor tyrosine kinases 

         Non-receptor tyrosine kinases, as the name suggests, are not membrane-bound and are 

present in the cytoplasm of cells (Neet and Hunter, 1996). There are 32 different non-receptor 

tyrosine kinases encoded by the mammalian genome and are categorized into 10 sub-families 

(Manning et al., 2002; Neet and Hunter, 1996).  These include the ABL, ACK, CSK, FAK, FES, 

SRC, BRK, JAK, SYK and TEC families (Neet and Hunter, 1996). Non-receptor tyrosine kinases 

are composed of a kinase domain that imparts catalytic activity and other specific binding domains 

that mediate interaction with various binding partners, substrates and other molecules such as DNA 

(Neet and Hunter, 1996).        

 

1.1.2.1 Src family kinases  

           The Src family kinases (SFKs) represents one of the most well-characterized non-receptor 

tyrosine kinase families encoded by the mammalian genome (Amata et al., 2014; Parsons and 

Parsons, 2004).  The family comprises nine different non-receptor tyrosine kinases, namely c-Src, 

Yes, Fyn, Fgr, Yrk, Lyn, Blk, Hck, and Lck (Amata et al., 2014; Parsons and Parsons, 2004).  v-

Src is an oncogenic orthologue of c-Src and one of the first constitutively active tyrosine kinases 

to be discovered with oncogenic properties (Hunter, 2015; Hunter and Sefton, 1980).  While v-Src 

was first identified from Rous Sarcoma virus, c-Src was discovered in mammalian cells and 

reported as a protooncogene (Hunter, 2015; Hunter and Sefton, 1980; Oppermann et al., 1979).  c-

https://en.wikipedia.org/wiki/YES1
https://en.wikipedia.org/wiki/FYN_(gene)
https://en.wikipedia.org/wiki/FGR_(gene)
https://en.wikipedia.org/w/index.php?title=YRK_(gene)&action=edit&redlink=1
https://en.wikipedia.org/wiki/LYN_(gene)
https://en.wikipedia.org/wiki/BLK_(gene)
https://en.wikipedia.org/wiki/HCK_(gene)
https://en.wikipedia.org/wiki/LCK_(gene)
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Src maps to chromosomal loci 1p34-p36 and 20q12-q13, both of which are pre-disposed to genetic 

re-arrangements in multiple malignancies (Le Beau et al., 1984; Parker et al., 1985).   

 SFKs possess an N-terminal myristoylation or palmitoylation signal that allows these 

kinases to anchor to the plasma membrane (Koegl et al., 1994; Patwardhan and Resh, 2010).  They 

also possess three evolutionarily conserved functional domains, namely, the SH3 (Src-homology 

3), SH2 (Src-homology 2) and kinase domains (Figure 1.4) (Eck et 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 phosphotyrosine-containing motifs, 

on cellular proteins (Gan and Roux, 2009; Panni et al., 2002; Pawson and Gish, 1992; Pawson and 

Schlessingert, 1993).  The kinase domain imparts catalytic activity to the enzyme and is involved 

 

            
 

Figure 1.4: The mammalian non-receptor tyrosine kinase complement: Shown here is the 

general domain-structure organization of members belonging to the ten non-receptor tyrosine 
kinase families.  The prototypical member of each non-receptor tyrosine kinase family possesses 
a kinase domain (highlighted in red) and one or several intermolecular-binding domains which 
include the SH3, SH2, DNA-binding, actin-binding, JEF (JAK, ERM, FAK), PH (Pleckstrin 

homology), Focal adhesion-binding, kinase-like and CB (Cdc42-binding) domains, as annotated 
in the figure.    
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in autophosphorylation as well as the phosphorylation of target proteins (Hubbard et al., 1998; 

Miller, 2003).  The SH3 domains in Src family kinases are known to bind to sequences displaying 

the X-P-X-X-P consensus motif while the SH2 domains generally exhibit strong specificity 

towards the P-Y-E-E-I motif (where Y represents the phosphorylated tyrosine residue) (Feng et 

al., 1994; Lim et al., 1994; Songyang et al., 1993; Yu et al., 1994).  Further, high-throughput 

kinase assays using libraries of degenerate peptides as candidate substrates have shown that the 

kinase domains of Src family kinases preferably phosphorylate sequences comprising either an 

isoleucine, leucine or valine at the -1 position and a glutamic acid or glycine at the +1 position, 

with respect to the central phosphotyrosine residue (Deng et al., 2014; Shah et al., 2018; Songyang 

et al., 1995).  Both, motif specificities of the kinase domain as well as the SH3 and/or SH2 domains 

are involved in substrate-selection by members of the Src family kinases (Miller, 2003).     

 Enzymatic activation in Src family kinases is auto-regulated by intramolecular associations 

involving the SH3, SH2 and kinase domains (Cooper et al., 1986; Liu et al., 1993; Superti-Furga, 

1995; Xu et al., 1999).  Key to this mode of enzymatic autoregulation is the phosphorylation of a 

highly conserved residue, Y530, in the C-terminal tail of Src- family kinases (Figure 1.5) (Cooper 

et al., 1986; Liu et al., 1993; Superti-Furga, 1995; Xu et al., 1999).  This C-terminal residue is a 

target for phosphorylation by c-Src kinase (CSK) (Nada et al., 1991).  Phosphorylation of this site 

by CSK triggers intramolecular rearrangements ultimately leading to the catalytical inhibition of 

SFKs (Figure 1.5) (Nada et al., 1991). Extensive structural and cell-based studies have shown that 

phosphorylation of the conserved Y527 amino acid in chicken c-Src (Y530 in human c-Src) by 

CSK results in the intramolecular binding of Y530 with the c-Src SH2 domain, thereby locking 

the enzyme in an inactive conformation (Figure 1.5) (Cooper et al., 1986; Liu et 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 1.5) (Cooper et 

al., 1986; Liu et al., 1993; Superti-Furga, 1995; Xu et al., 1999).  Accordingly, studies have shown 

that deletion of either the c-Src SH2 or SH3 domain or introducing a point-mutation at Y527 

(Y527F), disrupts the auto-inhibited conformation of the enzyme and results in enhanced catalytic 

activity of the kinase (Okada et al., 1993).  In the context of wild type c-Src however, the 

phosphatase-dependent dephosphorylation of the C-terminal tyrosine residue and/or availability 

of high-affinity SH3/SH2 interactors relieve the intramolecular binding constraints and promotes 

an active conformation of the kinase (Figure 1.5) (Roskoski, 2005; Xu et al., 1999).  A number of 
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phosphatases have been reported to target the C-terminal tyrosine residue in c-Src and Src family 

members leading to the enzymatic activation of these kinases.  These phosphatases include PTP1B, 

SHP1, CD45, RPTPŬ, RPTPŮ, and LAR (Huntington and Tarlinton, 2004; Maksumova et al., 

2005; Ponniah et al., 1999; Roskoski, 2005; Somani et al., 1997; Su et al., 1999; Vacaresse et al., 

2008; Yang et al., 2006; Zheng et al., 2000).       

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

autophosphorylation of a highly conserved activation loop-tyrosine residue (Y419 in c-Src) 

(Figure 1.5) (Xu et al., 1999).  This tyrosine residue lies in the catalytic cleft between the smaller 

N-terminal and larger C-terminal lobes of the kinase domain in c-Src.  In the inactive state resulting 

 

 
Figure 1.5: Regulation of c-Src kinase activity.  Shown here is a schematic representation of the 

conformational changes involved in the activation of c-Src.  A. The autoinhibited conformation is 
characterized by the phosphorylation of the C-terminal Y530 by CSK, leading to the 
intramolecular binding of phosphorylated Y530 (pY530) to the SH2 domain.  Furthermore, the 
SH3 domain also binds to the SH2-kinase 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 autophosphorylation of the 
activation loop tyrosine residue.  B. The de-phosphorylation of the C-terminal Y530 together with 
the binding of the SH3 and SH2 domains with their cellular proteins targets, comprising poly-

proline and phosphotyrosine motifs, respectively, results in an open-conformation of the enzyme.  
In this conformation, the activation loop helix becomes disordered which promotes access of the 
kinase domain to ATP.  C. Access to ATP enables the autophosphorylation of the activation loop 
tyrosine residue, Y419 which results in enzymatic activation.  Figure adapted from (Xu 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 helical 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 activation loop becomes disordered 

which results in increased access of the catalytic cleft to the ATP substrate.  This leads to the 

autophosphorylation and enzymatic activation of c-Src (Figure 1.5) (Xu et al., 1999).  By 

interacting with and phosphorylating target cellular proteins, c-Src and other members of the Src 

family are known to be involved in regulating key cellular processes such cell survival, 

proliferation, angiogenesis, migration and apoptosis (Erpel and Courtneidge, 1995; Fresno Vara et 

al., 2001; Han et al., 2014; Park et al., 2007; Saigal and Johnson, 2008). 

 

1.1.2.2 BRK family kinases 

            BRK or PTK6 (Breast tumor kinase/Protein tyrosine kinase 6), FRK/ PTK5 (Fyn-related 

kinase/ Protein tyrosine kinase 5) and SRMS/ PTK70 (Src-related kinase lacking N-terminal 

myristoylation sites and C-terminal regulatory tyrosine residue/ Protein tyrosine kinase 70) 

represent an evolutionarily conserved lineage of the Src-family kinases (Goel and Lukong, 2015; 

Serfas and Tyner, 2003).  The genes encoding BRK and SRMS lie adjacent on the same 

chromosomal locus, 20q.13.33 whereas the FRK gene is distantly located on chromosomal loci 

6q21-q22.3 (Goel and Lukong, 2015, 2016).  At the genomic level, BRK, FRK and SRMS possess 

8 exons whereas Src family kinases possess 12 exons (Figure 1.6) (Goel and Lukong, 2015; Serfas 

and Tyner, 2003).  Given the distinct pattern of intron-exon splicing, BRK, FRK and SRMS were 

considered a distinct family of non-receptor tyrosine kinases, separate from the Src family (Goel 

and Lukong, 2015; Serfas and Tyner, 2003).  Like c-Src and other members of the Src family 

kinases, BRK, FRK and SRMS possess all three functional domains, namely, the SH3, SH2 and 

kinase domains (Figure 1.7) (Goel and Lukong, 2015, 2016).  Further, the mechanism of enzymatic 

autoregulation in BRK and FRK are conserved with the Src family.  Specifically, the 

phosphorylation of the conserved C-terminal tyrosine residue in BRK (Y447) and FRK (Y497) 

leads to the enzymatic inactivation of these kinases whereas autophosphorylation of the activation 



12 

 

      
 
Figure 1.6: Intron -Exon splicing pattern of the BRK family kinases and c-Src. Shown here is 

a schematic representation of the intron-exon architecture of the BRK family (BRK, FRK and 
SRMS) and the prototypical member of the Src family kinases, c-Src. 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 the DNA 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, 2015, 2016).  SRMS, however, lacks a C-terminal tail altogether, and the 

mode of enzymatic autoregulation was instead shown to be dependent on the 50-amino acid N-

terminal region (Goel et al., 2013). Further, the conserved activation loop autophosphorylat ion 

site, Y380 has been shown to be essential for SRMS enzymatic activity (Figure 1.7) (Goel et al., 

2013).  

 Both BRK and FRK represent well characterized members of the BRK family 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 cancers (Bagu et al., 2017; Brauer and Tyner, 2009, 2010; 

Goel and Lukong, 2015, 2016; Ogunbolude et al., 2017).  Both kinases have been shown to bind 

to and phosphorylate various cellular proteins to regulate these cellular functions (Brauer and 

Tyner, 2009, 2010; Goel and Lukong, 2015, 2016).  SRMS, on the other hand, is an understudied 



13 

 

kinase of this family.  The subsequent sections of this thesis shall review background information 

on SRMS. 

 

       

 
Figure 1.7: Protein domain-structure organization of BRK family kinases and c-Src. 

Schematic representation of the BRK family kinases (BRK, FRK and SRMS) and c-Src, showing 
the different functional protein domains present on each protein.  Like c-Src, 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 are implicated in the the regulation of the enzymatic activity of these proteins. 
These include the ATP-contacting lysine (K219 in BRK, K262 in FRK and K258 in SRMS), 
activation-loop autophosphorylation tyrosine residue (Y342 in BRK, Y387 in FRK and Y380 in 
SRMS) required for enzymatic ativation and a C-terminal tyrosine residue present only in BRK 

(Y447), FRK (497) and c-Src (Y530) that negatively regulates enzymatic activity. 
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1.1.2.2.1 SRMS  

               SRMS (pronounced ñshrimsò) is a non-receptor tyrosine kinase and a member of the 

BRK family kinases (BFKs) (Goel 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) differentiation (Kohmura et al., 1994).  The 

gene was named SRMS as an abbreviation to its descriptive nomenclature which essentially 

denotes the characteristic sequence-specific differences observed between SRMS and Src family 

kinases (Kohmura et al., 1994).  Thus, the abbreviation expands to imply that SRMS is a ñSrc-

Related kinaseò, ñlacking a C-terminal regulatory residue and N-terminal Myristoylation sitesò, 

both of which are hallmark biochemical features of the SFKs.  The study also reported that the 

murine SRMS gene is located 2.1 cM distal to chromosomal locus D2Mit25 whereas the human 

SRMS orthologue is positioned adjacent to the BRK gene on the chromosomal locus 20q13.33 

(Kohmura et al., 1994).  Kawachi et al. in 1996 reported on cloning the same gene from murine 

neonatal skin tissue.  The gene was named PTK70 (Protein tyrosine kinase 70) (Kawachi et al., 

1997).  Given the lack of a myristoylation signal and a conserved C-terminal tyrosine residue, 

Kawachi et al. proposed that SRMS is likely a part of another non-receptor tyrosine kinase family 

distinct from SFKs (Kawachi et al., 1997).  Later reports substantiated the classification of SRMS, 

BRK and FRK as a separate kinase family owing to the conserved intron-exon splicing pattern 

associated with these kinases (Goel and Lukong, 2015; Serfas and Tyner, 2003).  Therefore, 

SRMS, BRK and FRK were considered a separate family of non-receptor tyrosine kinases and 

thereafter named the BRK family kinases (Goel and Lukong, 2015; Serfas and Tyner, 2003).  

Since the 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 literature relevant to SRMS biology.  

 

1.1.2.2.1.1 Biochemical regulation of SRMS enzymatic activity 

                  The SRMS cDNA encodes a 54 kDa protein spanning 488 amino acids that harbors a 

SH3, SH2 and a kinase domain; a structural framework common to BRK, FRK and SFKs (Goel et 

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 conserved C-terminal tyrosine residue (Goel 

and Lukong, 2015, 2016; Goel et al., 2013; Li et al., 2007; Yeatman, 2004).  However, SRMS 
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lacks a C-terminal tyrosine residue implying that the mechanism of enzymatic regulation in SRMS 

is biochemically distinct (Goel et al., 2013) (Figue 1.8).  The highly conserved activation loop-

tyrosine residue represents the primary site of autophosphorylation in BRK, FRK and members of 

the Src family kinases and is required for enzymatic activation (Goel and Lukong, 2015, 2016; 

Goel et al., 2013).  This residue corresponds to Y380 in SRMS and site-directed mutagenesis 

studies have confirmed this to be the primary autophosphorylation site in SRMS (Goel et al., 2013) 

(Figure 1.8).  The phosphatases PTPN13 and PTEN have been shown to inhibit the catalytic 

activity of c-Src and BRK by directly dephosphorylating the activating autophosphorylation sites 

on these kinases which correspond to Y419 (c-Src)  and Y342 (BRK) (Glondu-Lassis 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 regulating SRMS 

enzymatic activity is unknown.   

 Previous studies by our group characterized the enzymatic activity of SRMS and 

discovered that the presence of the 50 amino acid-long N-terminal region, preceding the SH3 

domain, is essential for SRMS tyrosine kinase activity (Goel et al., 2013) (Figure 1.8).  Deletion 

of this N-terminal region was found to abolish SRMS cellular tyrosine kinase activity.  

Additionally, an SH2-deletion mutant of SRMS showed lower tyrosine kinase activity compared 

 

 

Figure 1.8: Protein domain-structure organization of SRMS. Schematic representation of the 

protein domain-structure of SRMS, showing the SH3, SH2 and kinase domains.  The unique 50 
amino acid-long N-terminal region essential for SRMS enzymatic activity is highlighted (Goel et 
al., 2013).  Also shown is the W223 residue in the SH2-kinase linker region and the ATP-binding 
K258 and the activation loop-autophosphorylation residue Y380.  



16 

 

to wild 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 ATP-binding pocket in tyrosine kinases (Figure 1.8).  Indeed substituting K258 with a 

methionine residue was found to abolish SRMS catalytic activity.  Furthermore, a 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 family kinases and lies in the SH2-

kinase linker region (Goel et al., 2013) (Figure 1.8).  Structural studies on the Src family kinase-

member Hck have shown that the analogous residue, W260 stabilizes a catalytically inactive 

conformation of the enzyme (LaFevre-Bernt et al., 1998). Specifically, crystal structures of Hck 

revealed that the interaction of the SH3 domain with the SH2-kinase linker region allows the W260 

residue to interact with the aC helix in the N-terminal lobe of the kinase domain which stabilizes 

the inactive conformation.  Accordingly, the Hck W260A mutant showed increased tyrosine kinase 

activity compared to wild type Hck demonstrating the significance of this residue in the 

autoregulation of Hck enzymatic activity (LaFevre-Bernt et al., 1998).  A previous study on BRK 

showed that substituting the conserved W184 residue with alanine resulted in significantly reduced 

kinase activity compared with wild type BRK (Kim and Lee, 2005; Qiu and Miller, 2004).  This 

indicated that unlike the Src family kinase Hck, this conserved residue in BRK likely serves to 

stabilize the active conformation of the kinase (Kim and Lee, 2005; Qiu and Miller, 2004).  

Interestingly, substituting the conserved W223 residue with alanine in SRMS was also found to 

result in significantly reduced tyrosine kinase activity compared to wild type SRMS (Goel et al., 

2013).  This suggested that the tryptophan residue plays a similiar biochemical role in maintaining 

an active conformation in both BRK and SRMS (Goel et al., 2013; Qiu and Miller, 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 

enzymatic activity.    

 

1.1.2.2.1.2 Protein expression in mammalian cells/tissues  

                  To date, very few studies have examined the expression of SRMS protein/mRNA in 

mammalian cells and tissues.  Kohmura et al., credited with the discovery of the SRMS 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 2.6 kb (Kohmura et al., 1994).  




