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ABSTRACT

Many non-muscle cells  assemble actin-myosin  II  structures such as stress fibers to 

produce force for motility and adhesion. Stress fibers also serve as mechanosensors 

that signal changes in cell organization and gene expression. Many components of non-

muscle cell stress fibers are known, but key aspects of stress fiber organization and 

signaling mechanisms remain poorly understood. Our lab discovered that isoforms of 

the multifunctional  elastic  protein  titin  exist  in non-muscle cells  and are localized in 

stress fibers. In striated muscles, titin plays important roles as a structural protein that 

assembles and maintains the structure of the sarcomere as well as a mechanosensor 

that signals changes in protein turnover and gene expression. It is likely that that cellular 

titin (c-titin) plays similar structural and regulatory roles in non-muscle cells. C-titin, like 

striated muscle titin, contains a kinase domain near its C-terminus, which might play a 

role in titin signaling activity.  Yeast two hybrid (Y2H) screening of a HeLa cell cDNA 

library revealed that the c-titin kinase domain interacts with the C-terminal end of Hax1. 

Hax1 is a ubiquitously expressed multifunctional protein that interacts with a variety of 

proteins including the actin regulating protein, cortactin. Hax1 plays a variety of roles in 

modulating apoptosis  and in  regulating  the  contribution  of  actin  cytoskeleton  to  cell 

adhesion and motility.  Additional Y2H analysis using alanine mutants revealed that a β-

sheet  cap region  of  the  titin  kinase domain  interacts  with  a  short  highly  conserved 

region of Hax1 encompassing residues 190-195 of the 279 residue protein. This titin 

kinase interaction region of Hax1 is near a possible phosphorylation site. Western blot 

analysis using a mouse monoclonal anti-serine/threonine primary antibody revealed that 

the titin kinase domain phosphorylates Hax1 in vitro. Immunolocalization revealed that 

some  Hax1  and  titin  kinase  domain  colocalize  in  the  lamellipodia  of  human 

mesenchymal stem cells. The interaction between the titin kinase domain and Hax1 

points to a possible role for c-titin signaling in regulating actin cytoskeleton activity.  

xiii



CHAPTER 1

GENERAL INTRODUCTION

This dissertation focuses on the cellular titin in non-muscle cells (c-titin) 

and its interaction with Hax-1. This interaction may play structural and signaling roles in 

cell motility and cell adhesion. To understand possible functions of c-titin in nonmuscle 

cells, it is important to consider the much more extensively characterized structural and 

functional aspects of different isoforms of titin in striated muscle. 

Striated Muscle and the Organization of the Sarcomere

Muscles produce force for movement,  which is one of the fundamental 

phenomena of life. The vertebrate musculature consists of two types of muscle: smooth 

muscle and striated muscle. Smooth muscle lines the walls of the hollow organs and 

structures such as the gastrointestinal tract, the vascular system, and the uterus and is 

responsible  for  the involuntary contractions of  these organs and structures.  Striated 

muscle is found in the heart and the skeletal system. Cardiac muscle in the heart, also 

under involuntary control, produces force for blood circulation. Skeletal muscle as the 

name implies is  connected to  the  skeleton,  and its  contraction  is  stimulated by the 

voluntary nervous system. Skeletal  muscles generate force by two different types of 

contraction viz. isotonic contraction (for moving) and isometric contraction (for support).

The striated muscle contractile system consists of myofibrils, which are 

composed of linearly arranged sarcomeres. The sarcomere is the basic structural and 

functional  unit  of  muscle  contraction  in  both  skeletal  and  cardiac  muscles.  The 

sarcomere consists of four major regions – the Z-line, I-band, A-band and M-line. One 

sarcomere spans from one Z-line to the next over a distance of 2.0-2.5μm. It contains 

three major  types  of  filaments.  The thin  filaments  are  made of  actin,  and the  thick 

filaments  are  made  of  myosin  II.  The  actin  and  myosin  together  contribute  to  the 

structure  of  the  sarcomere  and generate  the  force  for  the  muscle  contraction.  The 

sliding filament theory,  which was proposed, by both A. Huxley and R. Niedergerke 

(1954) and H.Huxley and J. Hanson (1954) explain the generation of the force. During 
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muscle contraction, myosin heads produce the force on the actin filaments through an 

ATP-dependent cross-bridge cycle, which causes the thick and the thin filaments, which 

remain unchanged in length, to slide past each other to pull the Z-lines closer together.  

The thin filament protein actin is anchored to Z-disc by interaction with 

several proteins including α-actinin, which is an actin cross-linking protein. Each thin 

filament extends into the I-band. The myosin II bipolar thick filament myosin forms the 

A-band and is anchored to the M-line by its interaction with myomesin.  

Titin as the third major filament of the sarcomere

In addition to the thick and thin filaments, there is a third major filament 

system, which is made of titin, also known as connectin (Maruyama et. al., 1977). Titin 

is a giant protein, which spans one-half of the sarcomere with its N-terminus anchored 

in the Z-line and it’s C-terminus in the M-line. Titin is the largest known polypeptide to 

date with a molecular weight of up to 3.7MDa and an unstretched length of 1 µm. Titin 

interacts with  various sarcomeric  proteins through which it  contributes to  sarcomere 

assembly  and  elasticity  and  mechanosensitive  signaling  pathways.  Because  of  the 

various different roles played by titin, it has been referred to as a “molecular control 

freak” (Trinick et. al., 1999). 

In humans, titin is encoded by a single gene that is located in region 2q31 

on chromosome 2 (Labeit et. al., 1990). The titin gene contains 363 exons and codes 

for a total of 38,138 amino acids (Bang et. al., 2001). Differential splicing of the exons 

yields various different titin isoforms with sizes ranging from 2MDa to 4MDa.

Titin  is  a  modular  protein,  and ~90% of  its  length  consists  of  multiple 

copies  of  two  modules,  viz.  Immunoglobulin  (Ig)  domains  and Fibronectin  III  (FnIII) 

domains  (Labeit  et.  al.,  1990).  The  rest  of  the  titin  contains  many other  functional 

domains including the Z-repeat domain in the Z-line region, the PEVK domain which is 

so called due the prevalence of the proline(P), glutamate(E), valine(V) and lysine(K) 

residues in the I-band region, and a kinase domain in the M-line region. The kinase 

domain provides a means through which titin can play more than a structural role. 
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Titin as a multifunctional protein – its structure, function and interactions

Titin is long linear molecule containing multidomains and different regions 

of  titin  interact  with  a  variety  of  other  proteins.  Some of  these interactions  provide 

structural linkages, whereas other interactions provide the basis for stretch sensing and 

gene regulation. Titin interacts with various different proteins in the Z-disc, I-band, A-

band and the M-line.  

(A) Z-disc connections of titin

The N-terminus of titin is anchored to the N-terminus of a second titin in 

the Z disc by the interaction the Z-line protein telethonin also known as T-cap with Z1 

and Z2 Ig domains on each of the titins. (Zou et. al., 2006). This interaction provides the 

ability to withstand the strong forces, which the Z-disc undergoes during the stretching 

of the muscle (Lee et. al., 2006). Just downstream of the titin Z1Z2 domain are seven 

differentially  spliced  45-residue  Z-repeat  (Zr)  domains  which  interact  with  the  actin 

filament cross-linking protein α-actinin, The titin Z-repeats interact with the α-actinin C-

terminal  EF hand to  which  the  Zr7  binds  with  nanomolar  affinity  (Sorimachi  et.  al., 

1997). The single Zq domain next to Zr7 of titin binds to the α-actinin central rod region 

(Young  et.  al.,  1998;  Chi  et.  al.,  2008).  Through  these  and  other  interactions,  titin 

contributes  to  the  structure  of  the  Z-disc,  which  resists  sarcomeric  forces  and 

contributes to sarcomere stability.
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Figure  1.   Domain  structure  of  the  skeletal  muscle  titin  in  the  sarcomere 
according to Labeit and Kolmerer (1995). 
Titin mainly consists of immunoglobulin (Ig) domains (red) and fibronectin  
type III (FnIII) domains (white). The N-terminus of titin is anchored Z-line  
through its interactions with telethonin and α-actinin. The I-band consists  
of tandem Ig like domains and the PEVK region, which provide elasticity  
to the titin molecule. The A-band region of titin consists of super-repeats 
of Ig and FnIII domains. The C-terminal region of titin is embedded in the 
M-line and through its interaction with the M-line proteins it maintains the  
anchorage to the myosin thick filament. A kinase domain located near the  
M-line accounts for the signaling role of titin. 

(B) I-band and Titin as a molecular spring

The I-Band region of titin is extensible and provides the structural basis for 

titin's  activity  as  a  “molecular  spring”.  The  I-Band  region  is  mainly  composed  of  a 

proximal region of tandem Ig domains, a differentially spliced PEVK region, which is rich 

in proline (P), glutamate (G), valine (V) and Lysine (K) and a distal region of tandem Ig 

domains. Titin can act as a ‘molecular spring’ through the extension of the PEVK region 

and unfolding of individual Ig domains in the I-band. Most titin isoforms contain the N2A 

region, but the elastic N2B region is only found in cardiac sarcomeres. The organization 

and constitution of the differentially spliced Ig and PEVK domains and the presence or 
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absence of the N2B region determines the elasticity of titin isoforms and the passive 

tension of the sarcomere. 

Several different isoforms of titin have been reported to date. The most 

prevalent isoform in skeletal muscle is the N2A titin, which is the largest in size with a 

mass of ~4MDa and length of 1μm. Cardiac muscles express two other major isoforms: 

the N2B isoform, which is shorter and stiffer having a mass of ~3MDa, and the N2BA 

isoform, which is more elastic and has a mass of ~3.2-3.7MDa.

Figure 2. Structural layout of the I-band region of different titin isoforms present  
in human skeletal and cardiac muscles. 
All titin isoforms contain the Ig domains and the PEVK region. The exon  
splice patterns of human soleus and psoas skeletal muscle are shown. Both 
skeletal isoforms contain the N2A region. The skeletal titin isoforms vary in  
the  number  of  Ig  domains  and  in  the  length  of  the  PEVK region.  Both  
cardiac isoforms contain the unique N2B region. The N2B isoform has the  
N2B region, a very short PEVK region, and fewer proximal Ig domains. The  
N2BA isoform has the N2B and the N2A regions,  a much longer PEVK 
region, and also more proximal Ig domains. (Modified from Granzier et. al.,  
2007)

(C) A-band and the thick filament association of Titin

The A-band region of titin associated with the myosin II thick filament is 

the largest part of titin with a molecular weight of ~2MDa and a length of ~0.8μm. It 

consists of Ig and FnIII domains (the only location of FnIII domains in titin) in a series of 
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distinct 7- and 11- super-repeat regions. (Labeit and Kolmerer, 1995). The super-repeat 

region interacts with one pole of the bipolar thick filament myosin. It has been proposed 

that  the titin super-repeat  region determines the length of the myosin filament as a 

“molecular ruler”.

(D) M-line connections of titin

The C-terminal end of titin is anchored in the M-line. It predominantly 

consists of Ig-like domains that interact with myomesin (Obermann et.al., 1997), which 

crosslinks titin to the thick filament myosin and to the M-line. This region also contains 

the titin serine/threonine kinase domain, which is responsible for the signaling function 

of titin.

Figure 3. Major interactions of titin with other proteins. 
Locations of the binding sites for several binding partners along the different  
regions of titin spanning one-half of the sarcomere from the Z-line till the M-
line are shown. (Modified from Tskhovrebova et. al., 2004)

Kinase domain of titin

The kinase domain of titin is a serine/threonine kinase and is located in 

the sarcomere at the transition between the A-band and M-line (Labeit et. al., 1992). 

Protein  kinases  in  general  catalyze  the  transfer  of  the  γ-phosphate  of  ATP to  the 

hydroxyl group of a serine, threonine, or tyrosine within the substrate of the protein to 
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regulate the protein activity. Titin kinase is closely related to myosin light chain kinase 

(MLCK) and is regulated by a dual mechanism of binding of Ca2+/calmodulin (CaM) to 

the regulatory tail,  which removes it  from a blocking position in the active site,  and 

autophosphorylation of a tyrosine residue present  in the active site (Mayans et.  al., 

1998).  The  X-ray  crystal  structure  of  the  auto-inhibited  conformation  of  the  kinase 

domain  revealed  the  position  of  the  regulatory  tail  blocking  the  active  site.  It  also 

revealed that the catalytic residue aspartate 127 (D127) is coordinated in a hydrogen 

bonding network with the tyrosine 170 (Y170) and arginine 129 (R129) residues. The 

dual mechanism of activation was put forward by Mayans et. al.,1998, which included 

removal of the regulatory tail from its position blocking the active site. This exposes the 

ATP binding site and stimulates autophosphorylation of the tyrosine 170 residue, which 

renders the catalytic residue D127 active. 

Figure 5. X-ray crystal structure of the auto-inhibited kinase domain of titin. 
In the auto-inhibited form, the regulatory tail (red) blocks the ATP binding 
site,  and  tyrosine  170  (Y170)  in  the  loop  (purple)  blocks  the  catalytic  
residue aspartate 127 (D127).  Binding of Ca2+/CaM to the regulatory tail  
removes it from the active site and autophosphorylation of Y170 unblocks  
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the catalytic D127 residue. The kinase domain core (shown in blue/gray) 
consists mostly of a globular region containing α-helices and a cap region of  
β-strands on the top. Kinase activity can be activated by physical force that  
removes the regulatory tail from the active site. (Mayans et. al., 1998)  

Two models have been suggested for uncovering the ATP binding site. 

One model suggests the complete release of the regulatory tail (“fall apart”), whereas 

the second model suggests that only the αR2 moves out (“looping out”) and the αR1 

and  βR1  interactions  remain  intact  (Wilmanns  et.  al.,  2000).  Recent  atomic  force 

microscopy and molecular dynamics simulation studies have suggested that titin kinase 

can act as a force sensor in which mechanical stress ruptures interactions in the βR1-

βC10 sheet and βR1-βC11 sheets which rearrange the auto-inhibitory tail and uncovers 

the active site (Grater et. al., 2005). Once the ATP site is opened by the mechanical 

force, the titin kinase can not only bind an ATP but the auto-inhibited tyrosine 170 can 

also  undergo  phosphorylation,  thus  activating  the  maximal  catalytic  activity  of  titin 

kinase (Puchner et. al., 2008). 

Role of Titin kinase in signaling

The muscle protein Telethonin was the first substrate found for titin kinase 

(Mayans et. al., 1998). It has been suggested that during the developmental stages of 

the striated muscle, the activity of the kinase domain of titin plays a role in the assembly 

of the sarcomere through phosphorylation of the Z-line component Telethonin. In mouse 

myoblasts,  the  phosphorylation  telethonin  plays  an  important  role  in  differentiating 

myocytes by disrupting myofibrillogenesis (Mayans et. al., 1998). In mature sarcomeres, 

telethonin binds to the titin N-terminus in the Z-line, where it presumably is inaccessible 

to the titin kinase domain, which is located ~1 μm away at the M-line (Gregorio et. 

al.,1998;  Mues et.  al.,  1998).  The titin  kinase plays  a major  role  in  the sarcomeric 

integrity (Gotthardt et. al., 2003; Miller et. al., 2003; Gregorio et. al., 1998; Musa et. al., 

2006; Ottenheijm et. al., 2009; Leonard et.al., 2010; Irving et. al., 2011)

More recently, NBR1 and p62 have been found to be substrates of titin 

kinase activity (Lange et. al., 2005). It has been hypothesized titin kinase can sense 

mechanical  load  and  initiate  a  stress  response  signalosome.  In  the  proposed 

8



mechanism, mechanical stress opens the active site of titin kinase, which allows it to 

phosphorylate NBR1. The zinc finger protein NBR1 in turn interacts with the titin kinase 

substrate ubiquitin-associated p62 via its PB1 domain. p62 interacts with MURF-2, a 

muscle-specific  RING  B-box  protein.  MURF2  has  the  ability  to  translocate  to  the 

nucleus  and  associate  with  serum  response  transcription  factor  (SRF)  to  prevent 

transcription of genes important for muscle protein expression and turnover (Lange et. 

al., 2005). When MURF2 is associated with the signalosome, it cannot translocate to 

the  nucleus and hence the  serum response  factor  is  activated  to  transcribe  genes 

important for muscle protein expression. More recently, it has been proposed that titin 

kinase and the signaling complex are also associated with the sensing of the sudden 

mechanical arrest of the diaphragm when patients are mechanically ventilated, leading 

to changes in muscle protein expression Ottenheijm et. al., 2011).   

NBR1  was  originally  identified  as  an  ovarian  tumor  antigen  CA125 

(Campbell et. al., 1994) monitored in ovarian cancer. NBR1 contains a PB1 domain, a 

ZZ domain and an UBA domain. The ZZ domain is a putative zinc finger domain and the 

UBA  is  the  ubiquitin-associated  domain  involved  in  the  ubiquitination.  p62  is 

ubiquitously expressed and is found in the cytoplasm and the nucleus in human cells. It 

is a multifunctional protein and  has an N-terminal PB1 domain, a ZZ zinc finger domain, 

two PEST sequences so called because of the prevalence of proline(P), glutamate(E), 

serine(S)  and threonine(T).  The  C-terminal  region  contains  the  UBA (Geetha et.al., 

2002). The PB-1 and the ZZ domains are involved in the protein-protein interactions and 

the UBA domain in binding of the ubiquitin for ubiquitination (Hofmann et. al., 1996). p62 

acts  as  scaffolding  protein  in  number  of  signaling  pathways  (Geetha et.  al.,  2002). 

MURF (muscle  specific  RING finger)  belongs  to  the  RING (Really  Interesting  New 

Gene) finger protein family that includes MURF-1, MURF-2 and MURF-3. MURF-1 has 

been found to bind with the titin Ig domains encoded by exons A168/A169 which are 

present  just  N-terminal  of  the  titin  kinase  domain  (Centner  et.  al.,  2001).  MURF1 

maintains the M-line integrity and also acts as a ubiquitin ligase during muscle atrophy 

recruiting  ubiquitin,  which  targets  muscle  proteins  for  proteasome-dependent 

degradation. MURF-2 is a part of the titin kinase signaling pathway. MURF3 plays an 

important role in myogenesis (Gregorio et. al., 2005).  
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Titin Isoforms expressed in nonstriated muscle cells and nonmuscle cells

Titin isoforms have been found in smooth muscles (Kim and Keller, III, 

2002; Labeit et. al., 2006). Smooth muscle titin was originally found in chicken gizzard 

smooth muscle where it is a component of the smooth muscle contractile apparatus 

performing functions similar to that of striated muscle titin.

Cellular titin 

Our lab isolated a very high molecular weight protein from the extracts of 

intestinal epithelial brush border cells (Eilertsen and Keller, III, 1992; Eilertsen et. al., 

1994) and human blood platelets (Keller,  III,  et.  al.,  2000).  This protein was named 

cellular titin  (c-titin) as its size and molecular morphology resembled that of  striated 

muscle titins. In SDS-PAGE, c-titin migrates slightly faster than the longest isoform of 

striated muscle titin. Electron microscopy of rotary shadowed molecules revealed that c-

titin like striated muscle titin is a 1μm long linear molecule (Eilertsen and Keller, III, 

1992). Moreover, it was shown that the c-titin like striated muscle titin interacts with non-

muscle myosin II filaments and also with the actin cross-linking protein α-actinin as it is 

seen for striated muscle titin. Unlike the striated muscle titin,  c-titin organizes stress 

fiber-like arrays of nonmuscle myosin II filaments (Eilertsen et. al., 1997). 

RT-PCR analysis of total  RNA isolated from the human megakaryocyte 

cells  confirmed  the  presence  of  titin  gene-encoded  mRNA  in  the  nonmuscle  cells 

(Cavnar  et.  al,  2007).  Two  patterns  of  PEVK  domain  splicing  were  found  in  the 

megakaryocyte mRNA. The RT-PCR analysis also revealed that c-titin contains several 

of  the  Z-disc,  I-band,  A-band and M-line  functional  domains  present  in  the  striated 

muscle. The N-terminal region of c-titin contains the Z1 and Z2 Ig domains, which in 

striated  muscle  titin  interact  with  Telethonin/T-cap  protein,  and  Z-repeats,  which  in 

striated  muscle  titin  interact  with  α-actinin.  Telethonin  is  expressed  only  in  striated 

muscle cells (Gregorio et. al., 1998). A α-actinin isoform is expressed in nonmuscle cells 

and most likely interacts with c-titin Z-repeats in a fashion similar to that of α-actinin 

interaction with striated muscle and smooth muscle titin (Young et. al., 1998; Chi et. al., 
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2005).  Moreover,  RT-PCR  analysis  of  the  total  RNA  isolated  from  the  human 

megakaryocyte cells confirmed the presence of the titin kinase domain.

Immunofluorescence studies demonstrated the presence and localization 

of  the  kinase  domain  in  fibroblasts  (Cavnar  et.al.,  2007).  The  kinase  domain  was 

immunolocalized using the TKK rabbit polyclonal antibody, which was raised in our lab 

(as discussed in detail  in chapter 4); in deer skin fibroblasts which assemble robust 

stress  fibers.  In  cells  double  labeled  with  fluorescent  phalloidin  for  actin  filament 

localization, the c-titin kinase domain was found associated with the actin-based stress 

fibers. 

This dissertation also confirms the presence of the kinase domain in non-

muscle  cells  as  it  presents  immunofluorescence  evidence  of  the  localization  of  the 

kinase domain with the actin stress fibers in a less ordered pattern and in leading edge 

lamellipodia of human mesenchymal stem cells.  

Stress Fibers and its organization 

Stress  fibers  are  highly  organized  and  dynamic  contractile  actomyosin 

bundles, which are essential for cell adhesion, motility and cell division. Stress fibers 

bear a resemblance to the muscle sarcomeres in both their organization and protein 

composition (Langanger et. al.,  1986). Due to this similarity,  it is possible that c-titin 

plays a role in the organization of the stress fiber through its interaction with the α-

actinin and nonmuscle myosin II.

Stress fibers are prominent bundles of actin filaments found in many cells 

in culture as well as cells in situ that are under shear stress conditions or involved in 

wound healing  (Byers  et.  al.,  1982).  Endothelial  cells  in  hypertensive  arteries resist 

shear stress by forming stress fibers parallel to the direction of the blood flow (White et. 

al., 1983). These cells also form transverse arc stress fibers for migration (Kolega et. 

al., 1997). Activated blood platelets form stress fibers to spread and adhere to injured 

artery walls or to produce force on fibrin strands for blood clot formation and retraction. 

The formation of stress fibers is regulated by several signaling pathways, mainly by the 

RhoA kinase (ROCK) (Pellegrin et. al., 2007).
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Like  muscle  myofibrils  many  stress  fibers  have  a  sarcomere-like 

arrangement of actin and myosin II filaments and have the ability to produce contractile 

force required for cell adhesion and cell motility depending on the type of stress fiber 

formed (Naumanen et. al., 2008; Hotulainen and Lappalainen, 2006). How stress fibers 

get organized remains poorly understood.  Our lab has shown that c-titin can organize 

stress fiber-like arrays of myosin filaments in the absence of actin filaments in vitro. Our 

lab also demonstrated that nonmuscle α-actinin associates with c-titin-myosin structures 

by interacting directly with c-titin (Eilertsen et. al., 1997). C-titin, therefore, may play a 

role in the organization of the stress fibers. 

This dissertation also reports  the presence of  c-titin  in the lamellipodia 

where it  colocalizes with Hax-1, which also is in the leading edge of the cell  or the 

lamellipodium. 

Lamellipodium and Cell migration

The  migration  of  cells  requires  dynamic  reorganization  of  the  actin 

cytoskeleton. The active role of the actin filaments provides mechanical support to the 

cells for protrusion in the front and retraction at the rear. The lamellipodium is the thin 

sheet of cell extension containing a meshwork of actin filaments, which are key players 

in generating the force for directional protrusion at the leading edge of the cell. The Arp 

2/3 complex (Actin related protein 2/3) and formins assemble different organizations of 

actin filaments near the membrane (Pollard, 2007; Lai et. al., 2008). The dendritically 

branched  actin  network  is  formed  by  the  Arp2/3  complex  (Svitkina  et.  al.,  1999) 

Filopodia, which protrude from the leading edge of many motile cells and which act as 

directional sensors for the cell migration (Zheng et. al., 1996), contain bundles of long 

parallel actin filaments (Small et.al., 2002)..  

The  assembly/disassembly  of  these  actin-containing  structures  is 

regulated by the monomeric GTPases of the Rho family (Kjoller et. al., 1999; Raftopolou 

et. al., 2004; Bustelo et. al., 2007). Rac-1 regulates the formation of lamellipodia and 

Cdc42 regulates the formation of filopodia (Nobes et. al., 1995). Rac-1 is activated in 

response  to  external  stimuli  and  the  down  stream Rac-1  effector  Arp2/3   complex 

induces assembly of nascent actin filaments from sides of the existing filaments forming 
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the  meshwork  of  actin  filaments  looking  like  “twigs  on  a  bush”  in  the  lamellipodia 

(Pollard,  2007;  Bugyi  et.  al.,  2010).  Rac-1  activation  also  triggers  the  downstream 

activator  LIM  kinase,  which  phosphorylates  ADP/Cofilin  and  thus  deactivates  it  to 

regulate  the  actin  turnover  (Heasman  et.al.,  2008).  Cofilin/ADP disassembles  actin 

filaments  by  “severing”  them  (Pantaloni  et.  al.,  2001).  The  activation  of  Cdc42 

stimulates the downstream effector mDia2 formin protein. The activated FH2 domain of 

the formin nucleates assembly of unbranched actin filaments and the filament elongates 

by recruitment of more actin subunits by the FH1 domain of the mDia2. The resulting 

parallel bundles of actin filaments support the filopodia (Pollard, 2007). Like the Rac-1 

pathway, the Cdc42 controls the actin filament turnover by activating the downstream 

activator LIM kinase.
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Figure 4 Structure and regulation of Lamellipodia and Filopodia 
(A) Lamellipodia are formed at the leading edge of the cell by assembly of a  
branched  network  of  actin  fibers.  The  actin-related  protein-2/3(ARP2/3)  
complex  adds  new  actin  filaments  to  the  sides  of  existing  filaments.  
Continual binding of capping protein to the growing plus end of the new 
actin  filaments prevents further  elongation.  Initiation of  new filaments by  
Arp2/3 generates new branches in the network that push the membrane  
forward. Filopodia which can extend out of the lamellipodia are made of  
parallel bundles of actin filaments and act as the sensory probes for the 
migration of  the cells.(B) The formation of lamellipodia and filopodia are  
regulated  by  Rac and Cdc42 proteins  respectively,  which  belong to  the 
monomeric Rho GTPases family of proteins. The activation of the Cdc42 
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activates the downstream effector mDia2,  which belongs to  the class of  
formin  proteins  and  induces  actin  polymerization  to  form  long  actin  
filaments that are bundled by fascin. Lamellipodia formation is controlled by  
Rac  protein  triggering  the  downstream  effector  ARP2/3  complex.  Both  
Cdc42  and  Rac  control  actin  filament  turnover  by  activating  the  down  
stream activator LIM kinase, which phosphorylates Cofilin. Cofilin, which is 
a member of an actin depolymerization factor (ADF)/Cofilin family, severs  
actin filaments generating actin monomers, which can be recycled and be  
used for further assembly of F-actin. (Modified from Heasman et. al., 2008) 

One of the downstream components of the Rac pathway is Hax-1. This 

dissertation reports and characterizes the novel interaction between the kinase domain 

of c-titin and Hax-1 using Yeast two-hybrid system and Pull Down Assays.

Hax-1- its discovery and functions

HS-1 associated protein X-1 (Hax-1) was discovered as a binding partner 

of  HS-1,  which  is  a  substrate  for  Src  kinases  (Suzuki  et.  al.,  1997).  Hax-1  is  a 

ubiquitously expressed protein ranging in size from 26 to 35kD due to the alternative 

splicing of transcripts of the single Hax-1 gene (Grzybowska et. al., 2006; Lees et. al., 

2008).  The most common isoform, Hax-1, contains an N-terminal  acid box which is 

made of aspartate (D) and glutamate (E) residues, followed by the two putative Bcl-2 

homology (BH1 and BH2) domains, a PEST motif (prevalence of proline, glutamate, 

serine and threonine) and a C-terminal hydrophobic helical region that was predicted to 

be a transmembrane (TM) domain but probably is not (Suzuki et. al., 1997). Since its 

discovery  Hax-1  has  emerged  as  an  important  component  of  multiple  biological 

processes through its interaction with a variety of proteins (Gallagher et. al., 2000; Ortiz 

et. al., 2004; Suzuki et. al., 1997; Radhika et. al., 2004; Sharp et. al., 2002; Vafiadaki et. 

al.,  2007; Yedavalli  et.  al.,  2005; Vafiadaki et. al.,  2009; Siamakpour-Reihani et. al., 

2010; Jing et. al., 2011). 

Due to its BH1 and BH2 domain homologies with the anti-apoptotic protein 

B-cell  lymphoma/leukemia-2  (Bcl-2),  it  was  proposed  that  Hax-1  could  regulate 

apoptosis  (programmed cell  death)  and promote  cell  survival  (Suzuki  et.  al.,  1997). 

Several in vitro and in vivo studies have validated this proposal. Studies have shown 

that HeLa cells developed resistance to apoptosis by over expression of Hax1 (Sharp 
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et.  al.,  2002;  Yedavalli  et.  al.,  2005).  Recent  studies  have  also  shown  that 

cardiomyocytes and HEK293 cells were protected from apoptosis due to the presence 

of Hax-1 (Han et.  al.,  2006; Vafiadaki et. al.,  2007).  Further it  was shown that over 

expression of Hax-1 causes psoriasis, which is a severe inflammatory disease, causing 

increasing  proliferation  and  diminished  apoptosis  of  the  keratinocytes 

(Mirmohammadsadegh  et.al.,  2003).  Apoptosis  is  mediated  by  a  family  of  cysteine 

dependent proteases known as caspases and its activation leads to fragmentation of 

the cell into membrane bound vesicles, which are removed by phagocytes (Fadeel et. 

al., 2005). There are two major pathways for the activation of caspases, one is through 

the  extrinsic  receptor-mediated  pathway  and  the  other  is  through  the  intrinsic 

mitochondria-dependent  pathway.  Hax-1  is  a  key  player  in  the  intrinsic  pathway 

because it  plays a role in the regulation of mitochondrial membrane potential during 

apoptosis (Klein et.al., 2007; Sharp et. al., 2002; Cilenti et.al., 2004). Moreover it has 

also been shown that Hax-1 can be localized in the mitochondria where it is an early 

cleavage  substrate  of  the  proapoptotic  protein  Omi/HtrA2  (high  temperature 

requirement protein A2, also called as Omi) [Ciilenti et. al., 2004] and caspase-3 (Lee 

et.al., 2008). 
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Figure 6. The domain structure of Hax-1 and binding regions for its interacting  
partners
The N-terminal acid box, which contains aspartate (D) and glutamate (E)  
residues,  is  followed  by  two  putative  Bcl-2  homology  (BH1  and  BH2)  
domains,  a  PEST  motif  (prevalence  of  proline,  glutamate,  serine  and 
threonine  residues)  and  a  predicted  C-terminal  transmembrane  (TM)  
domain. The residue numbers of the N-terminus and the C-terminus of each  
domain is  shown. Also shown are the regions of  Hax-1 (double headed 
arrows and boundary residue numbers) that have been mapped as binding  
sites for the cellular and viral proteins designated. (Fadeel et.al., 2009).

In addition to its role in apoptosis,  Hax-1 also plays a chief role in the 

regulation  of  cell  migration.  Early  evidence  showed  that  polycystic  kidney  disease 

protein PKD2 interacts with Hax-1, and immunofluorescence studies showed that they 

colocalized in the cell and also at the leading edge lamellipodia of the cell (Gallagher 

et.al., 2000). It was also shown that Hax-1 interacts with Cortactin (Gallagher et. al., 

2000) which is an F-actin associated protein that promotes actin polymerization and 

rearrangement  of  the  actin  cytoskeleton  (Ammer  et.  al.,  2008).  These  findings 

suggested a link between PKD2 and actin cytoskeleton perhaps mediated by Hax-1. 

In  Kostmann  disease,  a  severe  congenital  neutropenia  (SCN),  a 

deficiency in Hax-1 protein (Rezaei et. al.,  2007) caused decreased chemotaxis and 

impaired F-actin polymerization in the neutrophils of the SCN patients (Elsner et. al., 

1993).  Hax-1  interacts  with  Gα13,  the  α-subunit  of  the  heteromeric  protein  G13,  and 

cortactin and is involved in the quaternary complex with cortactin, Rac, Hax-1 and Gα13 

(Radhika et. al., 2004). It was thus proposed that the association of Gα13 and Hax-1 acts 

a switch between the stress fiber-forming Rho signaling pathway and the cell migration-

stimulating  Rac  mediated  pathway.  In  this  proposed  mechanism,  formation  of  the 

quaternary complex was suggested to sequester  Gα13  from the Rho-mediated stress 

fiber formation pathway and to favor the Rac-mediated pathway for cell protrusion and 

migration (Radhika et. al., 2004). More recently, it was shown that Hax-1 binds the β6 

subunit of α5β6 integrin and regulates cell migration by clathrin-mediated endocytosis in 

oral squamous cell carcinomas (Ramsay et. al., 2007). The involvement of Hax-1 in the 

integrin  signaling  pathway  was  confirmed  by  recent  proteomics  studies  and  it  was 

demonstrated that Hax-1 was a binding partner of integrin linked kinase (ILK) [Dobreva 
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et. al., 2008]. Although regulation of the actin cytoskeleton and integrin signaling both 

are important factors in the regulation of the cell motility, more studies are required to 

establish a direct connection between the two processes.

Aim of the work

The  extraordinarily  long  length  and  domain  structure  of  titin  provides 

binding sites for interaction with a variety of different proteins in striated muscles. Long 

titin isoforms have been identified in smooth muscles (sm-titin) and in nonmuscle cells 

(c-titin) by our lab and shown to contain many of the known binding sites. Little is known 

about binding partners of c-titin in nonmuscle cells. This dissertation characterizes the 

novel interaction of the c-titin kinase domain with Hax-1 by mapping the binding site of 

this interaction using Yeast two hybrid analyses and Pull Down Assays.  I  have also 

demonstrated  that  Hax-1 is  phosphorylated  by c-titin  kinase activity.  Finally,  I  have 

showed the subcellular location of c-titin kinase domain-Hax-1 interaction in the leading 

edge lamellipodia of human mesenchymal stem cells (hMSCs).  

Figure 7. Proposed  model  for  the  Gα13 –  Hax-1  mediated  regulation  of  cell  
migration. 
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Once Hax-1 binds to Gα13 it inhibits the binding of Gα13 to the RhoGEF, which 
hinders its activation of Rho. Inhibition of Rho decreases the formation of  
stress fiber and decreases cell adhesion. Hax-1 binding to Gα13 enhances 
Hax-1 association with cortactin. The complex stimulates activation of Rac,  
which promotes the actin polymerization at the leading edge of  the cell,  
providing the protrusive force for cell migration. (Radhika et. al., 2004)
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CHAPTER 2

MAPPING THE BINDING SITE FOR THE INTERACTION OF CELLULAR TITIN WITH 
HAX-1 USING YEAST TWO HYBRID ASSAY AND PULL DOWN ASSAY 

Introduction

Titin is long linear molecule, which contains various immunoglobulin (Ig) 

and fibronectin III (Fn3)-like domains and unique regions that interact with a variety of 

other proteins. Some of these interactions provide structural linkages, whereas other 

interactions provide the basis for mechanosensing and gene regulation. In the Z-disc 

the  N-terminal  Z1  and  Z2  Ig  domains  of  titin  interact  with  a  sarcomeric  protein 

Telethonin (Zou et.al., 2006); this interaction anchors the N-terminus of titin to the Z-disc 

and  contributes  to  sarcomeric  stability.  Also  in  the  Z-line,  the  titin  Z-repeat  region 

interacts with α-actinins, which are actin filament cross-linking proteins. Individual titin Z-

repeats  interact  with  the C-terminal  EF hand domain of  α-actinin  (Somirachi  et.  al., 

1997) and with a related titin Zq domain interacts with the α-actinin central rod domain 

(Young et. al., 1998). These interactions crosslink titin to the actin thin filaments. In the 

I-band the titin  N2A region binds p94/calpain  3 and muscle ankyrin  repeat  proteins 

(MARPs) which are involved in muscle stress activated pathways (Miller et. al., 2003). 

In the A-band, titin Ig and FnIII domain super-repeat regions bind to myosin tails and act 

as  a  molecular  ruler  for  myosin  bipolar  filament  formation  within  the  sarcomere 

(Houmeida et.  al.,  1995,  Gautel  et.  al.,  1996).  In  the M-line,  C-terminal  Ig  domains 

anchor titin to myomesin (Obermann et. al., 1997), which cross links titin to the myosin 

filaments. The M-line region of titin also contains a serine/threonine kinase domain. .

The presence of a kinase domain in the C-terminal region of titin provides 

a means through which titin can play more than a structural role. In striated muscle titin, 

the titin kinase domain is dually regulated by Ca2+-CaM binding to  a regulatory tail, 

which  displaces  it  from  a  blocking  position  in  the  active  site,  and  by  auto-

phosphorylation of a tyrosine residue in a loop near the active site (Mayans et. al 1998). 

In addition, mechanical stretch during muscle contraction opens the active site of the 
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titin kinase, which assembles a signalosome that regulates muscle protein transcription 

and turnover, indicating a role for titin kinase activity in a mechanosensing signaling 

pathway. 

Our lab discovered the first titin-like protein in nonmuscle cells in the brush 

border array of microvilli at the apical end of chicken intestinal epithelial cells (Eilertsen 

et. al. 1994 &1992) and named it cellular titin (c-titin). Later, our lab found c-titin in the 

stress fibers of different types of cells including human blood platelets (Cavnar et al 

2007;  Keller  et  al  2000).  Non-muscle  cells  use  actin-myosin  II  based  contractile 

structures such as stress fibers to generate force for functions such as cell motility and 

adhesion. 

Our lab also confirmed the presence of the kinase domain in c-titin of non-

muscle cells (Cavnar et. al. 2007). This supports the possibility that c-titin, in addition to 

playing  a  structural  role,  also  may play  a  regulatory  or  signaling  role  in  cells.  This 

dissertation investigates and characterizes the novel interaction of this kinase domain 

with Hax1. 

Hax1 (HS1-associated protein) is a ubiquitously expressed 35-kD protein 

that was first discovered as a protein that interacts with HS1, the lymphocyte cortactin 

(Suzuki et. al. 1997) and cortactin in other cells (Gallagher et. al., 2000; Uruno et. al., 

2001). Cortactins bind F-actin and promote Arp2/3-mediated actin polymerization in the 

leading edge lamella of migrating cells (Hao et. al., 2005; Uruno et. al., 2001). It is now 

known that  Hax1  is  a  multifunctional  protein  that  interacts  with  a  variety  of  cellular 

proteins. Through these interactions, Hax1 plays several roles in modulating apoptosis 

and in regulating the contribution of actin cytoskeleton to cell adhesion and motility.

Most of the binding partners of the titin kinase domain in muscle and of 

Hax-1 were identified using Yeast two hybrid (Y2H) system. Hax-1 was identified as a 

binding partner of the c-titin kinase domain using the Y2H system. The Y2H system 

uses  activation  of  gene  transcription  to  identify  protein-protein  interactions.  Protein-

protein interaction is detected based on the ability of the interacting proteins to bring 

together the DNA binding domain (BD) and the activation domain (AD) of the Gal4 

transcription  factor  in  vivo,  which  activates  transcription  and  expression  of  reporter 

genes. Two yeast hybrids are prepared – the ‘bait’ protein encoding sequence is fused 
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with the Gal4BD domain sequence in the BD vector and the ‘prey’  protein encoding 

sequence is fused with the Gal4AD domain sequence in the AD vector. When these 

coding regions of both vectors are expressed simultaneously in a yeast cell containing 

the appropriate reporter gene, the interaction of the bait with the prey brings the Gal4BD 

and AD domains together which triggers transcription and expression of the intended 

reporter gene. Previously, Peter Cavnar (a former graduate student) screened a HeLa 

cell cDNA library fused to the GAL4 AD with the c-titin kinase domain fused to the GAL4 

BD (Kin4BD). Out of 400 colonies of yeast (CFUs) recovered in the screen; the AD 

vectors of 30 CFUs were analyzed. Of these 30, the AD vectors of 22 CFUs contained 4 

different lengths of Hax-1. I confirmed using the Y2H system that the shortest piece of 

Hax-1 recovered in this screen; Hax3.1AD, interact with  the c-titin kinase domain in 

Kin4BD. Hax3.1 encodes the C-terminal end of Hax-1 from residues 190 – 273.

Materials and Methods

The procedure for making clones for the different Hax-1 constructs and 

Kin4 constructs is discussed below. For the details of the primers, please refer to the 

Primer Tables in the Appendix.

Cloning of the various Hax constructs in AD vector

The cDNA sequence encoding the C-terminus of Hax-1 (190-273) amino 

acids) [Hax3.1] was amplified using the Hax .1f forward primer and reverse primer Hax .

3r. These and many of the other primers used in this investigation contained restriction 

sites for subsequent cloning purposes (see primer table). The standard PCR protocol 

included 30 cycles of denaturation for 30 seconds at 94οC, annealing for 30 seconds at 

2οC below the lowest primer calculated melting temperature and extension for 1 minute 

for per kb of the possible product sequence at 72οC (see primer table). The length of the 

PCR product  was assessed compared to  the standards on a 1% agarose gel.  The 

Hax3.1 PCR product obtained along with the pGADT7 GAL4 activation domain (AD) 

vector, which contains a Leu gene (Clontech), were subjected to restriction digestion 

and run on 1% agarose gel to purify the required Hax3.1 and AD vector bands from 
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unneeded restriction fragments.  The required bands were excised from the gel  and 

purified using a gel extraction kit (QIAGEN). The restriction digested and gel purified 

Hax3.1 construct and the vector were then ligated to create a Hax3.1-GAL4 activation 

domain (Hax3.1AD) construct  and transformed into AH109 strain of  Saccharomyces 

cerevisiae. The yeast was plated on SD/-Leu selective media. A single CFU was picked 

from the  plate  and  grown  in  SD/-Leu  liquid  culture  and  the  DNA was  obtained  by 

digesting the cell wall by adding 20 μl of Lyticase (5U/ml) and incubating for 60 min at 

37οC and adding 70μl of acid washed glass beads (Sigma-G8772) according to the user 

instructions  (Qiagen).  The  lysed  cell  extract  was  subjected  to  standard  Miniprep 

protocol using the Mini-Prep kit (QIAGEN). The sequence of the purified product was 

verified by DNA sequencing using the PCR amplification primers.    

Hax3.1  was  further  cloned  in  three  contiguous,  non-overlapping 

constructs,  Hax3.1.1, Hax3.1.2 and Hax3.1.3, each ~100bp long (Fig.10), from PCR 

products. The Hax3.1.1 construct was amplified using the Hax .1f forward primer and 

Hax.1r reverse primer. Hax3.1.2 was amplified using the Hax .2f forward primer and 

Hax .2r reverse primer. Hax3.1.3 was amplified using the Hax .3f forward primer and 

Hax .3r  reverse  primer.  All  three  constructs  were  cloned into  pGADT7 (AD)  vector 

(Clontech)  to  generate  Hax3.1.1AD,  Hax3.1.2AD  and  Hax3.1.3AD  respectively  and 

were sequence verified using the respective PCR amplification primers. 

Cloning various kinase domain constructs of c-titin in BD vector 

The human c-Titin kinase domain (Kin4), which is the kinase domain of c-

titin without the regulatory tail (Fig. 9), was PCR amplified using the Kin 4.1f forward 

primer  and  Kin  4.2r  reverse  primer  and  the  ~700bp  product  was  cloned  into  the 

pGBKT7BD vector, which contains a Trp gene (Clontech), following the above protocol 

to  generate  the  Kin4  domain  fused  to  the  GAL4-DNA  binding  domain  (Kin4-BD). 

Saccharomyces cerevisiae strain AH109 was transformed with the Kin4BD and plated 

on SD/-Trp selective media. A single CFU was picked from the plate, grown in SD/-Trp 

liquid culture, and frozen as a glycerol stock.  

Two parts of Kin4 were cloned separately as Kin4.1 (~300 bp) and Kin4.2 

(~400 bp). The Kin4.1 construct was PCR amplified using the Kin 4.1f forward primer 
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and Kin 4.1r reverse primer. The Kin4.2 construct was PCR amplified using the Kin4.2f 

forward primer and Kin 4.2r reverse primer. The PCR products constructs were cloned 

into the pGBKT7 vector (Clontech) following the above protocol to generate Kin4.1BD 

and Kin4.2BD respectively.  These constructs  were  then transformed into  the yeast, 

grown in liquid culture, and frozen as glycerol stocks following the above protocol. 

Yeast two hybrid assay of Kin4BD interaction with Hax3.1AD constructs   

The Kin4BD present in  the AH109 strain of  Saccharomyces cerevisiae 

was  grown  in  SD/-Trp  and  subsequently  transformed  with  the  Hax3.1AD  vector 

following the standard protocol (Clontech). The transformants were plated on SD/-Leu/-

Trp/-His/-Ade plates and were incubated for 5-7days at 30°C. The colonies obtained 

were then replated on SD/-Leu/-Trp/-His/-Ade plates and were incubated for 5-7days at 

30’C to double check the interaction.   

Yeast containing the Hax3.1.1AD, Hax3.1.2AD or Hax3.1.3AD vector was 

individually  transformed  with  the  Kin4BD  vector  following  the  above  protocol.  The 

transformants were plated on SD/-Leu/-Trp/-His/-Ade plates and incubated for 5-7days 

at 30°C. Yeast containing Kin4.1BD and Kin4.2BD were transformed with Hax3.1.1AD to 

further narrow down the binding site on the kinase domain of c-titin. 

Site-directed mutagenesis of Hax3.1.1AD and Kin4.1BD residues   

Site-directed  alanine  mutagenesis  using  a  QuikChange  Site-Directed 

Mutagenesis  kit  (Stratagene)  according  to  the  kit  instructions  for  Hax3.1.1AD R7A, 

D13A, S17A, E19A residues (Fig. 15) and for Kin4.1BD E19A, E22A, K23A, R32A and 

H39A  residues  (Fig.  17).  Sequences  of  the  mutant  constructs  were  verified  by 

sequencing using the PCR amplification primers. 

Yeast two hybrid assay of Kin4.1BD with Hax3.1.1AD mutants and Hax3.1.1AD 

with Kin4.1BD mutants  
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AH109 Saccharomyces cerevisiae containing the Kin4.1BD vector were 

grown in SD/-Trp and subsequently transformed with the Hax3.1.1AD mutants - R7A, 

D13A, S17A, E19A - and cultured on SD/-Leu/-Trp/-His/-Ade plates following standard 

protocols (Clontech). The Kin4.1BD vector mutants - E19A, E22A, K23A, R32A and 

H39A - were transformed into the AH109 strain of Saccharomyces cerevisiae, grown in 

SD/-Trp,  and  subsequently  transformed  with  Hax3.1.1AD  following  the  standard 

protocol (Clontech). The transformants were cultured on SD/-Leu/-Trp/-His/-Ade plates 

following the above protocol. 

Cloning of the different Hax constructs in pET41a expression vector

The Hax3.1, Hax3.1.1, Hax3.1.2, Hax3.1.3 PCR products described above 

along with  the pET41a vector (Novagen) were subjected to restriction digestion and 

purified by agarose gel electrophoresis and use of a gel extraction kit (QIAGEN). The 

restriction digested and gel purified Hax3.1 constructs were ligated individually with the 

pET41a vector.  The ligated vectors  were transformed into  the BL21 (DE3) strain of 

E.coli, which were plated on LB-Kan plates. A single CFU was picked for each Hax3.1 

construct and grown in LB-Kan liquid culture. The vector DNA was obtained using the 

Mini-Prep kit (Qiagen). The sequences of the purified products were verified by DNA 

sequencing using the PCR amplification primers.    

Expression and purification of the GST fusion Hax-constructs

The pET41a Hax constructs  Hax3.1,  Hax3.1.1,  Hax3.1.2  and Hax3.1.3 

were all expressed as GST fusion proteins. One liter of LB containing Kanamycin (1ml 

from the 50mg/ml stock) was inoculated with 30ml of an overnight culture of bacteria 

containing the fusion plasmids. The cells were grown to an OD of 0.8 (A600  ~0.8) at 

which time of IPTG was added to a final concentration of 0.1mM and the culture was 

shaken at room temperature for 10-12 hours. The cells were harvested by centrifugation 

at 8000rpm for 15 minutes in the GSA rotor and the supernatant was discarded. The 

cells were resuspended with 1X PBS (137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4 and 

1.47mM  KH2PO4),  centrifuged  at  8000  rpm  for  15  min  and  the  supernatant  was 

discarded. The pellet was resuspended in 40ml GST lysis buffer (1% Triton X-100 in 1X 
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PBS) and incubated on ice for 20 min. The cells were then lysed by sonication in short 

pulses of 12 seconds with 20 seconds rest on ice for 7 cycles. The lysed cells were then 

centrifuged at 15000rpm for 35 min in the SS34 rotor. The supernatant was loaded onto 

a glutathione agarose column 2.5cm X 10cm (Piercenet) which was pre-equilibrated 

with 6 column volumes of 1X PBS buffer. After the supernatant was loaded, the column 

was washed with 6 column volumes of the 1X PBS buffer. The fusion protein was eluted 

using  1X PBS buffer  containing  10mM reduced  Glutathione  (Sigma-  Aldrich).  Eight 

fractions of ~1ml each were collected and analyzed with 12% SDS PAGE. Fractions 

containing  substantial  concentrations  of  protein,  usually  fractions  1  through  4  were 

pooled and concentrated to a final volume of 2 ml in an Amicon Centricon (Millipore). 

The concentrations of the proteins were calculated from the OD at A280 determined with 

a  nanodrop  instrument  using  specific  extinction  coefficients  calculated  for  each 

sequence (including the GST protein sequence) using the ProtParam program. Final 

protein stock concentrations assayed were ~ 1.5mg/ml. 

Cloning of the various kinase constructs into the pMal expression vector

The full-length Kin4 sequence of the c-titin kinase domain and the Kin4.1 

and Kin4.2 fragments described above were cloned into the pMal-c4x vector (NEB). 

Each clone was then transformed into the BL21 (DE3) strain of E.coli and plated on LB-

Amp plates. A single CFU was picked from the plate for each clone and grown in LB-

Amp liquid culture. The vector DNA was obtained using the DNA Mini Prep Kit (Qiagen) 

and it was sequence verified using the PCR amplification primers. 

Expression and purification of the MBP fusion Kinase-constructs

The kinase Kin4, Kin4.1 and Kin4.2 constructs were all expressed as MBP 

fusion proteins. One liter of LB containing glucose (2g/liter) and Ampicillin (1ml from the 

100mg/ml stock) was inoculated with 30ml of an overnight culture of bacteria containing 

the fusion plasmids. The bacteria were induced and sonicated as described above in a 

lysis buffer containing 20mM Tris-HCl, 200mM NaCl and 1mM EDTA, pH 7.4. The 

column was loaded and washed with the lysis buffer. The MBP fusion proteins were 

eluted with lysis buffer containing 10mM maltose. Fractions were collected, pooled, and 
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concentrated and the final protein concentration was determined as described for the 

GST fusion proteins. Final protein stock concentrations assayed were ~ 1.2mg/ml. 

Pull Down Assay

Pull down assay was done to verify the Y2H results with the bacterially 

expressed and purified proteins. Purified MBP fusion Kin4.1protein was dialyzed using 

Spectra/Por molecular porous membrane tubing (MWCO 12-14kD) for 24 hours into the 

binding/wash buffer (100mM KCl, 1mM EDTA, 10mM Imidazole and 0.2% Triton X-100, 

pH 7.0) at 4°C. Once done, 150 μg of the protein was incubated overnight with the 

amylose  beads  at  4°C  with  constant  rotation.  The  beads  were  then  subjected  to 

centrifugation  at  12,000  x  g  for  1  minute  in  a  microfuge  and  the  supernatant  was 

discarded. The beads were washed with the binding/wash buffer 6 times and then the 

different 200 μg of each Hax constructs were incubated for 6-8 hours at 4°C according 

to the instructions (Pierce).. The beads were pelleted as before and the supernatants 

were  prepared  for  SDS-PAGE.  The  beads  were  resuspended  with  4X  SDS-PAGE 

sample buffers and let stand at room temperature for 15minutes. The beads were again 

subjected to centrifugation at 12,000 x g for  10 minutes and the supernatants were 

saved.  For  controls,  the  various  Hax  constructs  were  incubated  overnight  with  the 

amylose beads at 4°C and were treated the same way as described above.  All  gel 

samples  were  heated  at  >90°C for  10  minutes  and were  resolved  on a  12% SDS 

polyacrylamide gel. The polypeptide bands were visualized by staining with Coomassie 

Brilliant BlueR250.  

Results

Yeast two hybrid assay evidence for Hax-1 binding to the kinase domain of c-titin 

Previously,  Peter Cavnar used the yeast two-hybrid system to screen a 

HeLa cell cDNA library in the pGAD-GH GAL4 activation domain vector (Clontech) with 

the kinase domain of c-titin fused to the GAL4 DNA binding domain (Clontech). Of the 

30 CFUs from the final screen that were analyzed, 22 CFUs were found to contain one 

of four clones of Hax-1 (Fig.8). I confirmed that the shortest Hax-1 clone, Hax3.1 AD 
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which encodes the C-terminal 190-273 residues of Hax-1, interacts with Kin4BD using 

the SD/-Leu/-Trp/-His/-Ade selection plates (Fig.11). 

Mapping the binding site of Hax-1 for c-titin Kin4 using yeast two hybrid assay  

To map more finely the Kin4-binding binding site, Hax 3.1 was subcloned 

into 3 pieces of almost equivalent length: Hax3.1.1, Hax3.1.2 and Hax3.1.3, consisting 

of ~32 amino acids each. Using the GOR secondary structure prediction algorithm, the 

Hax3.1.1 and Hax3.1.3 regions are predicted to be predominantly random coils (c) with 

a short helical region (h), and the Hax3.1.2 region is predicted to contain 3-4 β strands 

(Fig.10). The yeast two-hybrid assay showed that Kin4BD interacts with Hax3.1.1AD as 

it resulted in positive colonies similar to those in the Hax3.1AD control. Hax3.1.2AD and 

Hax3.1.3AD showed no interaction with the Kin4BD on the –Leu/-Trp/-His/-Ade plates 

(Fig. 11)

Mapping the binding site of Kin4 for the interaction with Hax-1 using yeast hybrid 

assay   

The kinase domain of c-titin is roughly divisible into a β-sheet cap and a 

helix-containing globular domain that contains most of the active site. The β-sheet cap 

construct was cloned as Kin4.1 and the remainder of the kinase domain region was 

cloned as Kin4.2. The yeast two-hybrid assay showed that Hax3.1.1AD interacts with 

the Kin4.1BD, as it  resulted in positive colonies similar to those in the Kin4 control. 

(Fig.12).  To confirm the results another yeast  two hybrid  assay was performed with 

Kin4.2BD with  the different Hax constructs viz.  Hax3.1AD, Hax3.1.1AD, Hax3.1.2AD 

and Hax3.1.3AD. None of them yielded any colonies, indicating that Kin4.2 region is 

insufficient to bind Hax-1 (Fig.13). 

Fine mapping the binding site of Hax-1 for c-titin kinase domain interaction using 

alanine mutants in the yeast two-hybrid assay    

Sequence alignment of Hax3.1.1 along with the GOR secondary structure 

prediction revealed some charged amino acids that could be involved in binding to the 

28



Kin4 domain. Three of these charged residues and a serine were individually mutated to 

alanine using a QuikChange Site-Directed Mutagenesis kit (Stratagene) to yield R7A, 

D13A, S17A, E19A constructs of Hax3.1.1AD (Fig.15). In a yeast two-hybrid assay with 

Kin4.1BD, yeast containing the Hax3.1.1 R7A mutation grew as well  as wt-Hax3.1.1 

yeast, indicating that this mutation has no detectable effect on the binding. In contrast, 

yeast with the Hax3.1.1 D13A and S17A mutations failed to grow at all, and yeast with 

the E19A mutation grew poorly compared to the wt-Hax3.1.1AD (Fig.16). These results 

indicate that D13 and S17 are essential for the binding of Hax3.1.1 with c-titin and that 

E19 contributes to the interaction. 

Fine mapping the c-titin kinase domain-binding site for Hax-1 interaction using 

alanine mutants in the yeast two-hybrid assay     

The regions of Nck1 and cortactin that bind to Hax-1 have been mapped 

(Radhika et. al., 2004; Suzuki et. al., 1997). Alignment of the sequences of the regions 

of Nck1 and cortactin that contain the Hax-1-binding sites with the sequence of Kin4 

revealed some similarities (Fig.17). Site directed alanine mutagenesis to alanine using a 

QuikChange Site-Directed Mutagenesis kit (Stratagene) of conserved residues in these 

similar regions of Kin4.1 was done for the following residues of Kin4.1: E19, E22, K23, 

R32 and H39. In a yeast two-hybrid assay with Hax3.1.1AD, yeast containing the Kin4 

E19A and H39A mutations grew well, indicating those residues are not involved in the 

binding. Yeast containing the Kin4 E22A and K23A and R32A constructs failed to grow, 

indicating that these residues are essential for the binding of Kin4.1 with Hax-1 (Fig.18).

Confirmation of the yeast hybrid results using the Pull Down Assay

The pull-down assay is an in vitro method used to determine a physical 

interaction between two or more proteins. The pull down assay results validated the 

yeast  two-hybrid  results  (as  seen  from  the  Fig.19).  The  Kin4.1  piece  which  was 

expressed as a MBP fusion protein and was bound to amylose beads which then were 

incubated  with  the  individual  Hax  constructs  –  Hax3.1,  Hax3.1.1,  Hax3.1.2  and 

Hax3.1.3 - which were expressed as GST fusion proteins. Pelleting the Kin4-amylose 

beads copelleted some of the Kin4.1, confirming their  interaction. The Kin4-amylose 
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beads also copelleted some of the Hax3.1.1 fragment, which also confirms the Y2H 

evidence for Kin4 interaction with that region of Hax-1. Neither the Hax3.1.2 nor the 

Hax3.1.3 was copelleted,  indicating that  these Hax-1 fragments do not  interact  with 

Kin4.1, which also confirms the Y2H results. None of the Hax1 constructs pelleted with 

beads lacking Kin4.1.  

Conclusion

Yeast two hybrid (Y2H) screening of a HeLa cell c-DNA library with the 

kinase  domain  of  c-titin  fused  to  the  GAL4BD  (Kin4BD)  yielded  several  colonies 

containing different of lengths of Hax-1. The shortest Hax-1 piece that interacted with 

the Kin4BD was Hax3.1,  which encodes the C-terminal  of  Hax-1 residues 190-273. 

Further fine mapping of the regions of Hax3.1 and Kin4 using yeast two hybrid assay 

showed that  the Hax3.1.1  region  containing Hax-1  residues 190 – 221 and Kin4.1, 

which is the β-sheet cap region of the kinase domain, interact. Yeast two Hybrid studies 

using alanine mutations of both domains further demonstrated that the residues near a 

predicted helical region of the Hax 3.1.1 and the residues in the βC1 strand in Kin4.1 

contributes  significantly  to  this  binding  interaction.  The  Y2H  results  were  further 

confirmed by the in vitro pull down assay using bacterial-expressed proteins. 
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Figure 8. Hax-1 constructs found bound to Kin4 in Y2H screening of a HeLa cell  
cDNA library. 
A HeLa  cDNA  library  cloned  in  the  Gal4AD  vector  was  screened  with  
Kin4BD. Of the 30 CFUs analyzed, 22 were found to be one of 4 clones of  
Hax-1 (3.3, 3.14, 5.11, 3.1), all of which contain the Hax-1 C-terminal 98 
amino acids.  Full  length  Hax-1  consists  of  two  putative  Bcl-2  homology  
(BH1 and BH2) domains, a PEST motif so called due to its prevalence of  
Proline(P), Glutamate(E),  Serine(S) and Threonine(T) residues, and a C-
terminal domain originally predicted to be a transmembrane (TM) domain  
but most likely is not.   
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Figure 9. Diagram of c-titin kinase domain Kin4 and Kin1 constructs.
The Kin4 construct used in this investigation contains the catalytic core of  
the kinase domain but is missing the regulatory tail (RT). The Kin1 construct  
containing the RT was not used in  this investigation.  In  titin,  the kinase  
domain is flanked on its N-terminal end by the A170 FnIII domain and on its  
C-terminal end by the M1 Ig domain. 
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Figure 10. GOR Secondary structure prediction of the three sub fragments of  
Hax3.1 tested for Kin4 binding 
The amino acid sequences for Hax3.1.1, Hax3.1.2 and Hax3.1.3 and the  
GOR secondary structure predictions for  each fragment are shown. The 
program predicts that both Hax3.1.1 and Hax3.1.3 are mostly random coils  
(c) with a small helical region (h). Hax3.1.2 is predicted to contain random 
coils and 4 β-strands (e), which could form a β-sheet.

Y2H Assay Y2H results Score Hax-1 fragment sequence

Kin4BD – 

Hax3.1AD

     
+++

DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

FKSISVTKITKPDGIVEERRTVVDSEGRTETTVTRHEA

DSSPRGDPESPRPPALDDAFSILDLFLGRWFRSR

Kin4BD – 

Hax3.1.1AD

         
+++ DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

Kin4BD – 

Hax3.1.2AD

      
--- FKSISVTKITKPDGIVEERRTVVDSEGRTETTVTRHEA

Kin4BD – 

Hax3.1.3AD

      
--- DSSPRGDPESPRPPALDDAFSILDLFLGRWFRSR
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Figure 11. Y2H analysis of Hax-AD constructs interaction with Kin4BD on SD/-
Leu/-Trp/-His/-Ade Plates. 
The Y2H Assay column shows the BD and AD vectors assayed. The Y2H  
results column shows growth of the yeast on the selective plate. The Score  
column  gives  a  relative  score  of  the  yeast  growth,  which  indicates  the 
strength  of  the  interaction  between  the  binding  partners.  The  Hax-1  
fragment sequence column shows the sequence of the Hax-AD constructs.  
Hax3.1AD and Hax3.1.1AD both show strong binding (+++) to Kin4BD. No  
growth  for  the  Hax3.1.3AD and  Hax3.1.2AD (---)  indicates  the  fragment  
does not interact with the Kin4BD. 
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Figure 12. Y2H analysis of  Kin4-BD constructs interaction with Hax3.1.1AD on 
SD/-Leu/-Trp/-His/-Ade Plates. 
The Y2H Assay column shows the BD and AD vectors assayed. The Y2H  
results column shows growth of the yeast on the selective plate. The Score  
column  gives  a  relative  score  of  the  yeast  growth,  which  indicates  the 
strength of the interaction between the binding partners. The structure of  
Kin4 pieces column shows the approximate regions of the Kin4.1BD and 
Kin4.2BD constructs. Kin4BD and Kin4.1BD both show strong binding (+++)  
to  Hax3.1.1AD.  No growth  for  the  Kin4.2BD (---)  indicates  the  fragment  
does not interact with the Hax3.1.1AD. 

Y2H Assay Y2H results Score Structure of Kin4 pieces

Kin4BD – 

Hax3.1.1AD 
+++

 
Kin4.1BD – 

Hax3.1.1AD 
+++

Kin4.2BD – 

Hax3.1.1AD 
---

Kin 4.1

Kin 4.2

                          , 

Mayans
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Y2H Assay Y2H results Score Hax-1 fragment sequence

Kin4.2BD – 

Hax3.1AD
---

DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSYFKSIS

VTKITKPDGIVEERRTVVDSEGRTETTVTRHEADSSP

RGDPESPRPPALDDAFSILDLFLGRWFRSR

Kin4.2BD – 

Hax3.1.1AD 
--- DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

Kin4.2BD – 

Hax3.1.2AD 
--- FKSISVTKITKPDGIVEERRTVVDSEGRTETTVTRHEA

Kin4.2BD – 

Hax3.1.3AD 
--- DSSPRGDPESPRPPALDDAFSILDLFLGRWFRSR

Figure 13. Y2H analysis of Hax-AD constructs interaction with Kin4.2BD on SD/-
Leu/-Trp/-His/-Ade Plates. 
The Y2H Assay column shows the BD and AD vectors assayed. The Y2H  
results column shows growth of the yeast on the selective plate. The Score  
column  gives  a  relative  score  of  the  yeast  growth,  which  indicates  the 
strength  of  the  interaction  between  the  binding  partners.  The  Hax-1  
fragment sequence column shows the sequence of the Hax-AD constructs.  
No growth for the all  the Hax-AD constructs  (---)  indicates the fragment  
does not interact with the Kin4.2BD. . 
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Figure 14. Hax3.1.1.  residues  selected  for  testing  the  effects  of  alanine  
mutagenesis on binding to Kin4.1.
Sequence  alignment  of  Hax3.1.1  sequences  using  the  Clustal  program 
shows a high degree of conservation across vertebrate species. * indicates  
identity and  : indicates a high degree of conservation across the species  
analyzed.  The  R7,  D13,  S17,  E19  residues  (green)  were  selected  for  
alanine  mutagenesis  to  map  the  Kin4  binding  site.  The  R7  (arginine,  
positively charged) is a K (lysine, positively charged) residue in mouse and  
therefore conserved but not identical, which is denoted by :. The D13, S17 
and E19 are perfectly conserved across the species, which are denoted by  
*. 
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Figure 15. Prediction of secondary structure for residues of Hax3.1.1 subjected 
to  site-directed  alanine  mutagenesis  to  test  for  effects  on  Kin4.1  
binding. 
The residues  of  Hax3.1.1  that  were  mutated  to  alanine  by  site-directed  
mutagenesis for Y2H binding analysis are shown in red and highlighted in  
yellow. GOR secondary structure analysis predicts that D13, S17 & E19 are 
present in and around a short helical region (h) and R7 is in a random coil  
region (c).
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Y2H assay

Hax3.1.1

alanine 

mutants

Y2H results Score Sequence

Kin4.1BD – 

Hax3.1.1AD
    R7A

      
+++ DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

Kin4.1BD – 

Hax3.1.1AD 
   D13A

  

   
--- DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

Kin4.1BD – 

Hax3.1.1AD 
   S17A

   
--- DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

Kin4.1BD – 

Hax3.1.1AD 
   E19A

   
+ DPHPRTREDNDLDSQVSQEGLGPVLQPQPKSY

 Figure  16.  Y2H  analysis  of  Hax  3.1.1-AD  alanine  mutants  interaction  with  
Kin4.1BD on SD/-Leu/-Trp/-His/-Ade Plates. 

                      The Y2H Assay column shows the BD and AD vectors assayed. The 
Hax3.1.1  alanine  mutants  column  shows  the  residues  of  Hax3.1.1  
mutated to alanine. The Y2H results column shows growth of the yeast on 
the selective plate. The Score column gives a relative score of the yeast  
growth, which indicates the strength of the interaction between the binding  
partners. The sequence column shows the sequence of the Hax 3.1.1AD 
construct and the different residues mutated are underlined and shown in  
different color in the sequence. No growth for the D13A and S17A (---)  
indicates  these  residues  do  not  interact  with  the  Kin4.1BD  and  is  
important  for  the  binding  interaction  of  Hax3.1.1AD-Kin4.1BD.  E19A 
shows  a  low  level  of  growth  (+)  indicating  a  weak  interaction  with  
Kin4.1BD suggesting  E19 could  be  involved in  the  binding  interaction. 
R7A show strong binding (+++) to Kin4BD suggesting R7 is not important  
for the binding interaction.
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Figure 17. Kin4.1 residues selected for alanine mutagenesis based on similarities 
between Kin4.1 and the Hax-1 binding regions of Nck1 and Cortactin.
Sequences  of  the  Nck1  and  Cortactin  regions  that  bind  to  Hax-1  were  
aligned  with  the  Kin4.1  sequence.  Shown  are  Nck1  and  Cortactin  
sequences that have high homology (‘*’,  identity;  :,  homology) to closely 
spaced regions of Kin4.1 sequence. The residues mutated for Y2H binding  
analysis are highlighted in yellow. 
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Y2H assay

Kin4.1

alanine 

mutants

Y2H 

results
Score Sequence

Kin4.1BD – 

Hax3.1.1AD
E19A

 

+++ …KASHSSTKELYEKYMIAEDLGRGEFGIVHRC…

Kin4.1BD – 

Hax3.1.1AD
E22A

 

--- …KASHSSTKELYEKYMIAEDLGRGEFGIVHRC…

Kin4.1BD – 

Hax3.1.1AD
K23A --- …KASHSSTKELYEKYMIAEDLGRGEFGIVHRC…

Kin4.1BD – 

Hax3.1.1AD
R32A --- …KASHSSTKELYEKYMIAEDLGRGEFGIVHRC…

Kin4.1BD – 

Hax3.1.1AD
H39A

 

+++ …KASHSSTKELYEKYMIAEDLGRGEFGIVHRC…

   Figure  18.  Y2H  analysis  of  Kin4.1-BD  alanine  mutants  interaction 
withHax3.1.1ADon SD/-Leu/-Trp/-His/-Ade Plates. 

                   The Y2H Assay column shows the BD and AD vectors assayed. The  
Kin4.1 alanine mutants column shows the residues of Kin4.1 mutated  
to alanine. The Y2H results column shows growth of the yeast on the  
selective plate. The Score column gives a relative score of the yeast  
growth,  which  indicates  the  strength  of  the  interaction  between the 
binding partners. The sequence column shows the sequence of the 
Hax  3.1.1AD  construct  and  the  different  residues  mutated  are  
underlined and shown in different color in the sequence. No growth for  
the  E22A,  K23A  and  R32A  (---)  indicates  these  residues  do  not  
interact  with  the  Hax3.1.1AD  and  is  important  for  the  binding  
interaction  of  Hax3.1.1AD-Kin4.1BD.  E19A  and  H39A  show  strong 
binding  (+++)  to  Hax3.1.1AD  suggesting  E19  and  H39  are  not  
important for the binding interaction.
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Pull down assay components
Supernatan

t
Pellet

Hax 3.1 + Amylose Beads + Kin 4.1

Hax 3.1 + Amylose Beads

Hax 3.1.1 + Amylose Beads + Kin 4.1

Hax3.1.1 + Amylose Beads

Hax 3.1.2 + Amylose Beads + Kin 4.1

Hax 3.1.2 + Amylose Beads 

Hax 3.1.3 + Amylose Beads + Kin 4.1

Hax 3.1.3 + Amylose Beads 

Figure 19. MBP-Pull  Down Assays using bacterially-expressed MBP-Kin4.1 and 
GST-Hax3.1  constructs  confirm Y2H analysis  results  demonstrating 
interaction of Kin4.1 with Hax3.1.1. 
The Kin4.1 construct was expressed as an MBP fusion, which binds to the 
Amylose  beads  used  for  the  pull  down  assay.  None  of  the  Hax3.1 
constructs,  which were expressed as GST fusion proteins,  bound to  the 
amylose beads lacking Kin4.1 and as a result all of them were found only in 
the supernatant and not the pellet in those samples. The Amylose beads 
with Kin4.1 bound pulled down some of the Hax3.1 and Hax3.1.1 protein  
into  the  pellet  fractions  although  much  of  the  protein  in  both  samples  
remained in the supernatant fractions. The Kin4.1 amylose beads failed to  
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pull down either the Hax3.1.2 or Hax3.1.3 proteins into the pellet fractions of  
those  samples;  both  of  these  fragments  remained  entirely  in  the  
supernatant  fractions.  The  Supernatant  fractions  represent  protein  not  
pelleted with the amylose beads, and the Pellet fractions represent protein  
released from petted  amylose beads  with  SDS.  Only  the  Hax  construct  
regions of the gels are shown.  
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CHAPTER 3

HAX-1 IS A POTENTIAL SUBSTRATE FOR CELLULAR TITIN

Introduction

In the striated muscle, titin extends through one-half of the sarcomere with 

its N-terminus embedded in the Z-disc at one end of the sarcomere and it’s C-terminus 

in the M line in the center of the sarcomere. A kinase domain is located near the C-

terminus of  titin.  The titin kinase domain has serine/threonine kinase activity  and is 

located at  the transition between A-band and M-line (Labeit  et.  al.,  1992).  The titin 

kinase belongs to the family of MLCK (Myosin Light Chain Kinase)-like kinases. The 

activity of titin kinase is dually regulated by binding Ca2+-CaM (calmodulin) to the C-

terminal  auto-inhibitory  tail,  which  exposes  the  catalytic  site  partially  activating  the 

kinase activity.  Auto-phosphorylation of tyrosine170 in the active site then makes the 

titin kinase domain maximally active. 

The  titin  kinase  domain  phosphorylates  Telethonin  differentiating 

myocytes (Mayans et. al., 1998). This phosphorylation of the terminal serine in a RSLS 

amino  acid  sequence,  which  is  located  near  the  C-terminus  of  Telethonin,  inhibits 

myofibrillogenesis. In mature sarcomeres, Telethonin interacts with the Z1-Z2 domain of 

titin anchoring the end of one titin to another titin in the Z-disc. Since the kinase domain 

of titin is located near the M-line, which is separated from the Z-disc by a distance of 1 

µm, it is likely that telethonin is inaccessible to titin kinase in adult muscle. . 

In addition to  Ca2+-CaM activation,  the titin kinase domain also can be 

activated by mechanical stretch. During muscle contraction, mechanical stretch opens 

the active site of titin kinase which then phosphorylates NBR1 and p62 activating a 

signalosome. The signalosome functions by binding MURF2,  which  prevents it  from 

entering the nucleus and inhibiting SRF transcription activity. SRF transcription activity 

enhances muscle protein expression. The presence of this kinase domain in c-titin has 
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been confirmed in our lab by RT-PCR, Western blot analysis, and immunolocalization in 

cells (Cavnar et. al., 2007). 

In this dissertation, I report a novel substrate of titin kinase activity, Hax-1, 

which  is  the  only  substrate  for  c-titin  kinase  activity  so  far  discovered.  Hax-1  is  a 

ubiquitously expressed 35kD protein, which contains two Bcl-2 homology domains, a 

PEST domain and a helical region that originally was predicted to be a transmembrane 

domain  but  probably  is  not.  Hax-1  is  a  multifunctional  protein  that  was  first  found 

interacting  with  cortactin,  which  promotes  actin  polymerization.  Since  its  discovery, 

numerous investigations  have  shown that  Hax-1 interacts  with  a  variety  of  proteins 

involved in multiple signaling pathways and cellular processes and that through these 

interactions it plays a variety of roles in modulating apoptosis and in regulating actin 

cytoskeleton, cell adhesion and cell motility. 

Materials and Methods

The procedure for making clones for the Hax3.1 construct, full-length 

telethonin constructs are discussed below. For details of the primers please refer to the 

Primer Tables in the Appendix.

Cloning the kinase domain of c-Titin, Hax-1 and Telethonin

The cDNA sequence encoding the human c-Titin kinase domain (Kin4), 

which is the kinase domain of c-titin without the regulatory tail  (Figure 9), was PCR 

amplified using the Kin 4.1fe forward primer and Kin4.2re reverse primer.  The PCR 

protocol included 30 cycles of denaturation for 30 seconds at 94οC, annealing for 30 

seconds at 2οC below the lowest primer calculated melting temperature and extension 

for 1 minute for per kb of the possible product sequence at 72οC. The lengths of the 

products were assessed compared to the standards on a 1% agarose gel. The Kin4 

construct obtained and a pMal vector (NEB) were subjected to restriction digestion and 

the products were run on a 1% agarose gel.  The required bands were excised and 

purified using a gel extraction kit (QIAGEN). The restriction digested and gel purified 

Kin4 construct  and the pMal vector  were  then ligated,  transformed into BL21 (DE3) 

strain of E.coli, and plated on LB-Amp plates. A single CFU was picked and grown in 
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LB-Amp liquid culture.  The Kin4-pMal  vector  DNA was obtained using Mini-Prep kit 

(QIAGEN). To verify the cloning, the insert in the purified vector product was amplified 

using the Kin4-specific primers (above) and the PCR product was sequenced by DNA 

sequencing using both primers.  A similar  protocol  was  used to  clone into  the pMal 

vector full length human telethonin cDNA, using the Tel1fe forward primer and Tel1re 

reverse primer, and the human Hax3.1 construct  encoding the C-terminal region of 

Hax-1 (190-279 amino acids) using the using the forward primer Hax.1feP and reverse 

primer Hax.3reP. Both inserts sequence verified using the PCR primers.

Phosphomimetic mutation to generate the maximally active kinase domain of 

human c-titin

Phosphomimetic mutation was performed to change the c-titin Kin4 kinase 

domain residue Y170 (Tyrosine 170) to E (Glutamate) by site directed mutagenesis 

using a QuikChange Site-Directed Mutagenesis Kit (Stratagene). The Kin4-MBP vector 

described above was used for the site directed mutagenesis. The mutation was verified 

by sequencing a PCR product generated using the above-mentioned PCR amplification 

primers for the Kin4 sequence. 

Expression and purification of the fusion proteins

The kinase domain of c-Titin (Kin4), the full length Telethonin, and the C-

terminal Hax3.1 region of Hax-1 encoding the residues 190-279 were all expressed as 

MBP fusion proteins. One liter of LB containing glucose (2g/liter) and Ampicillin (1ml 

from the 100mg/ml stock) was inoculated with 30ml of an overnight culture of bacteria 

containing one of the MBP fusion plasmids. The cells were grown to an OD600 of 0.8 at 

which  time  IPTG  was  added  to  a  final  concentration  of  0.1mM.  The  culture  was 

incubated with shaking at room temperature for 10-12 hours. The cells were harvested 

by centrifugation at 8000rpm for 15 minutes in a GSA rotor and the supernatant was 

discarded. The cells were washed by resuspension with PBS (137mM NaCl, 2.7mM 

KCl, 4.3mM Na2HPO4 and 1.47mM KH2PO4) and centrifugation at 8000 rpm in a GSA 

rotor for 15 min. The supernatant was discarded. The pellet was resuspended in 40ml of 

column buffer (20mM Tris-Cl, pH 7.4, 200mM NaCl and 1mM EDTA) and incubated on 
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ice for 20 min. The cells were then lysed by sonication in short pulses of 12 seconds 

followed by 20 seconds rest on ice for 7 cycles.  The cells were then centrifuged at 

15000rpm in SS-34 rotor for 35 min. The supernatant was loaded onto a 2.5cm x 10cm 

amylose  column  (Piercenet)  which  was  pre-equilibrated  with  6  column  volumes  of 

column buffer.  After  the  supernatant  was  loaded,  the  column was  washed  with  10 

column volumes of the column buffer. The fusion protein was eluted using column buffer 

containing 10mM Maltose (MP Biomedicals) in one ml fractions which were analyzed 

with 12% SDS PAGE. Fractions containing a substantial amount of the protein (usually 

fractions 1 through 4) were pooled) and concentrated to a final volume of 2 ml in an 

Amicon Centricon (Millipore). The concentrations of the proteins were calculated using 

the A280 determined by nanodrop analysis and extinction coefficients calculated from 

each protein sequence (including the fusion protein sequence) using the ProtParam 

program. The stock protein solutions used were ~ 1.5mg/ml for MBP-Telethonin and 

MBP-Kin4Y170E and ~2.5mg/ml for MBP-Hax3.1. 

 

Refolding of the maximally active kinase domain of human c-Titin

To establish kinase activity in the bacterially expressed kinase domain, the 

Kin4Y170E-MBP- fusion protein was denatured with 8M Urea, 10mM Tris, pH 7.4 and 

5mM DTT (5ml added per mg of the protein) and then dialyzed against decreasing 

concentrations of 8M, 6M, 4M, 2M and 0M urea with ratio of 1:1000 sample volume to 

the  dialysis  buffer.  Finally  it  was  dialyzed  into  the  column  buffer  (20mM Tris-HCl, 

200mM NaCl and 1mM EDTA).  All  dialysis  was performed at 4oC for ~24-28 hours 

each. 

Kinase Assay and Western Blot

For kinase assay of the Kin4-Y170E construct, the different fusion proteins 

were dialyzed into the buffer (20mM HEPES, pH7.4; 150mM NaCl, 1mM EDTA). Ten 

and 20 µg of the purified MBP-Hax3.1 fusion protein were incubated with 1  µg of the 

renatured  MBP-Y170EKin4  in  50  µl  of  kinase  buffer  (20mM HEPES,  pH7.4,  10mM 

MgCl2,  1mM DTT, 10mM p-nitrophenyl  phosphate and 2mM ATP) for 30 minutes at 

30oC. Telethonin and MBP with  no insert  were  used as controls.  The reaction was 
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quenched  with  2X SDS sample  buffer.  The  samples  were  heated  at  >90oC for  10 

minutes  and resolved on a  12% SDS polyacrylamide gel.  Proteins  in  the  gel  were 

transferred to a nitrocellulose membrane (Millipore) for 3 hrs at 80V. The membrane 

was blocked with 5% non fat dry milk in T-PBS (0.1% Triton-X-100 in PBS) for 1 hour 

and  incubated  with  a  1:300  dilution  of  mouse  anti-phosphoserine/threonine  primary 

antibody (BD Biosciences, #612549) prepared in 5% non-fat dry milk in T-PBS for 2 

hours  at  room  temperature  with  gentle  shaking.  Blots  were  washed  rapidly  with  3 

changes  of  T-PBS,  followed  by  a  15-minute  wash  and  then  3  more  washes  for  5 

minutes each with gentle agitation all with T-PBS. Blots were then incubated with HRP-

conjugated  Goat  anti-mouse  secondary  antibody  (Pierce)  prepared  at  a  1:10,000 

dilution in 5% non-fat dry milk in T-PBS for 1 hour at room temperature with gentle 

shaking.  Blots  were  then  washed  as  described  above  after  the  primary  antibody 

incubation and chemiluminescent signal was detected using ECL detection substrate 

(Pierce) 

Results

Expression and Purification of Telethonin

Full-length human telethonin was cloned into the multiple cloning site of 

the pMal vector (NEB) and was expressed as a MBP fusion protein in E. coli. Figure 20 

shows the progressive  elutions  of  the six  column fractions  of  the telethonin.  Eluted 

fractions 1-4 were pooled and concentrated to a volume of 2ml. The overall yield was 

~0.5mg/ml for 1 liter culture and so the expression and purification was scaled up to 3 

liters  to  get  ~1.5mg/ml  of  telethonin.  The  concentration  of  telethonin-MBP  was 

calculated  using  the  A280  of  the  pooled  fractions  and  the  MBP-telethonin  extinction 

coefficient calculated from the sequence using the ProtParam program. 

Expression and Purification of the maximally active titin kinase Y170EKin4

The Kin4 construct is the kinase domain of titin without its regulatory tail. 

To make the maximally active form of the kinase a phospomimetic mutation was made 

to simulate the autophosphorylation that is required for maximal activation of kinase 
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activity. This was done by mutating the Y170 residue to an E residue using a Quick 

Change Site directed mutagenesis kit. The Kin4Y170E construct was expressed as a 

MBP  fusion  protein  in  E.coli.  Figure  21  shows  the  progressive  elutions  of  the  six 

amylose  column fractions  of  the  Kin4Y170E.  Eluted  fractions  1-4  were  pooled  and 

concentrated to a volume of 2ml. The overall yield was ~0.5mg/ml for 1 liter culture and 

so  the  expression  and  purification  was  scaled  up  to  3  liters  to  get  ~1.5mg/ml  of 

Kin4Y170E. The concentration of MBP-Kin4 was calculated using the A280 of the pooled 

fractions and the MBP-telethonin extinction coefficient calculated from the sequence 

using the ProtParam program.

Expression and Purification of the C-terminal of Hax-1

The Hax3.1 construct (encoding the C-terminal 179-279 residues of Hax) 

was cloned into the pMal vector (NEB) and was expressed as an MBP fusion protein in 

E.coli.  Fig. 22 shows the progressive elutions of six column fractions of the Hax3.1. 

Eluted  fractions  1-4  were  pooled  and  concentrated  to  a  volume  of  3ml  and  its 

concentration was ~2.5mg/ml. The concentration of MBP-Hax3.1 was calculated using 

the A280  of the pooled fractions and the MBP-telethonin extinction coefficient calculated 

from the sequence using the ProtParam program.

Hax-1 is a substrate for the kinase domain c-titin

Titin kinase is known to phosphorylate  the muscle protein telethonin in 

differentiating  myocytes.  Titin  kinase  phosphorylates  a  serine  residue  near  the  C-

terminus of telethonin (Fig. 23). Hax-1 contains a similar sequence near its C-terminus 

(Fig. 23). Y170EKin4 kinase assays were performed using the Hax 3.1 piece and a 

telethonin  control.  The  western  blot  analysis  with  the  mouse  anti-

phosphoserine/threonine antibody shows that the control telethonin gets phosphorylated 

in presence of added c-titin Kin4Y170E kinase (Fig. 24, lane 2) but not in the absence of 

added kinase (Fig. 24, lane 1). This demonstrates that the renatured kinase is active 

and phosphorylates a known substrate and that phosphorylation of the telethonin is not 

due  to  a  contaminating  kinase  activity  in  the  bacterially  expressed  telethonin 

preparation. The blot also shows that c-titin Kin4Y170E phosphorylates the bacterially 
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expressed Hax-1-MBP fusion protein (Fig. 24, lanes 4 and 5), which in the absence of 

the Y170EKin4 it is not phosphorylated (Fig.24, lane 3). The bacterially expressed only 

MBP protein  is  not  phosphorylated  in  either  presence (Fig.  24,  lane 7)  or  absence 

(Fig.24, lane 6) of Kin4Y170E. The results shown here confirm that Hax-1 is a substrate 

for the c-titin kinase. 

Conclusions

This dissertation reports the first substrate for the titin kinase in nonmuscle 

cells. Hax-1 was identified as the binding partner of the kinase domain of c-titin using 

yeast two-hybrid system. This raised the possibility that Hax-1 could be a substrate for 

the titin kinase. The maximally active kinase domain was expressed in bacteria and 

purified as a MBP fusion protein. Hax3.1 was also bacterially expressed and purified as 

a MBP fusion protein. Telethonin, which is a known substrate for striated titin kinase, 

was used as a control, which was also expressed in the bacteria and purified as a MBP 

fusion protein. The kinase assay followed by the Western blot demonstrated that Hax3.1 

is  phosphorylated  by  c-titin  kinase.  Striated  muscle  titin  kinase  phosphorylates 

telethonin at  the terminal  serine of  the RSLS sequence,  which  is  located at  the C-

terminus of telethonin. Intriguingly, Hax-1 also contains a similar sequence KSIS near 

its C-terminus. Mapping the phosphorylation site on Hax-1 could show that the terminal 

serine  in  the  KSIS  sequence  is  the  site  phosphorylation,  which  remains  to  be 

elucidated. 
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Figure 20. 12% SDS-PAGE showing progressive elutions of 6 fractions of the  
Telethonin-MBP fusion protein from an amylose column. 
Lane  1,  Marker;  Lane  2,  Bacterial  cell  extract;  Lane  3,  column  wash 
Fraction, Lanes 4-9, Maltose elution fractions. Telethonin-MBP indicates 
the migration distance for  the predicted molecular  weight  of  the fusion  
protein.

1 2 3 4 5 6 7 8

Telethonin-MBP -

9
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Figure 21. 12% SDS-PAGE showing progressive elutions of 6 fractions of the  
Kin4Y170E-MBP fusion protein from an amylose column.

                   Lane 1, Marker; Lane 2, Bacterial cell extract; Lane 3, column wash  
fraction; Lanes 4-9, Maltose elution fractions. Kin4Y170E-MBP indicates 
the migration distance for  the predicted molecular  weight  of  the fusion  
protein.

1 2 3 4 5 6 7 8 9

Kin4Y
170

E-MBP -
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Figure 22. 12% SDS-PAGE showing progressive elutions of 6 fractions of the 
Hax3.1-MBP fusion protein, which encodes the C-terminal of Hax-1 
(residues 190-273 amino acids), from an amylose column. 
Lane 1, Marker; Lanes 2-8, Maltose elution fractions. Hax3.1-MBP indicates 
the  migration  distance  for  the  predicted  molecular  weight  of  the  fusion  
protein. 

 

1 2 3 4 5 6 7 8

Hax3.1-MBP -
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Figure 23. Amino acid sequence of Hax 3.1 and full length telethonin showing the 
similarity  of  a  Hax-1 sequence with the titin  kinase phosphorylated  
sequence of the of telethonin. 
The  terminal  serine  (underlined)  of  the  RSLS  (highlighted)  amino  acid  
sequence  of  telethonin  is  phosphorylated  by  the  kinase  domain  of  titin. 
Hax3.1 contains a similar amino acid sequence KSIS (highlighted) near the  
C-terminus of Hax 3.1.
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Figure 24. Western  Blot  Analysis  of  the  kinase  assay  showing  the 
phosphorylation of Hax3.1 and telethonin by maximally active c-titin  
kinase domain Kin4Kin4Y170E. 
The  known  substrate  telethonin  was  used  as  a  control  to  demonstrate  
kinase  activity.  Lane  1,  Telethonin  without  (-)  Kin4Kin4Y170E;  Lane  2,  
Telethonin phosphorylated by Kin4Y170E (+); Lane 3, Hax3.1 without (-)  

Kin4Y170E; Lanes 4 and 5, 10µg and 20µg of Hax3.1 was incubated with  

1µg of Kin4Y170E(+) and it  demonstrates the phosphorylation of Hax-1 by  
the kinase domain of titin; Lane 6, Maltose Binding Protein (MBP) incubated  
without Kin4Y170E (-); Lane 7, MBP incubated with Kin4Y170E (+) and it  
shows that the kinase does not phosphorylate the MBP part of the fusion 
proteins. 
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CHAPTER 4

IMMUNOFLUORESCENCE STUDIES OF THE INTERACTION OF HAX-1 WITH 
CELLULAR TITIN

                      

            

Introduction

Our lab has demonstrated the presence of c-titin in the chicken intestinal 

brush border, platelets, and several other nonmuscle cell types and shown that it binds 

to both non-muscle myosin II and alpha-actinin. We also found that much of the c-titin is 

present in the stress fibers of the cells that assemble these structures. Stress fibers are 

dynamic and highly organized structures within the cell, which have multiple roles in cell 

motility and adhesion. Many stress fibers have sarcomere-like arrangement of alpha-

actinin cross-linked actin filaments inter-digitated with myosin II bipolar filaments. Stress 

fiber formation is regulated by several signaling pathways but most prominently through 

Rho activation in response to different activators such as sphingosine-1 phosphate or 

lysophosphatidic acid. The Rho activated kinase (ROCK) and the formin protein mDia 

are  downstream Rho effectors  that  induce stress  fiber  assembly (Watanabe et.  al., 

1997) 

In  striated  muscle  titin,  the  C-terminal  end  contains  a  kinase  domain, 

which contributes to roles of titin apart from just providing structural support. The titin 

kinase activity is dually regulated by Ca2+/CaM binding to the regulatory tail, unleashing 

it from the active site, followed by the auto-phosphorylation of the tyrosine170 residue, 

which  maximizes  its  kinase  activity.  In  addition,  mechanical  stretch  during  muscle 

contraction opens the active site of the titin kinase, which assembles a signalosome that 

regulates  muscle protein  transcription  and turnover,  indicating  a  role  for  titin  kinase 

activity in a mechanosensing signaling pathway. In developing myocytes, titin kinase 

phosphorylates  Telethonin  and  inhibits  myofibrillogenesis  and  plays  a  role  in 

organization of the sarcomere. 

Using RT-PCR and immunolocalization studies our lab has confirmed the 

presence of this kinase domain in c-titin in non-muscle cells. The kinase domain has 
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been  shown  to  localize  mostly  along  the  actin  stress  fiber  in  deer  skin  fibroblasts 

(Cavnar et. al., 2007). 

The previous chapters of this dissertation have presented evidence that 

the ubiquitously expressed protein Hax-1 interacts with the titin kinase domain. This 

raises the question of where this interaction occurs in cells. Determining the location of 

the interaction also will provide clues to its function.  

 Hax-1  is  ubiquitously  expressed  in  human  tissues  and  interacts  with 

several cellular and viral proteins (Yedavalli et. al., 2005). Through these interactions it 

plays roles in various signaling pathways and cellular processes. Some reports state 

that Hax1 mostly localizes in the mitochondria and to some extent in the endoplasmic 

reticulum and nuclear membrane (Suzuki et. al., 1997; Sharp et. al., 2002). Hax-1 was 

also found to be a binding partner of PKD2, which is polycystic kidney disease protein, 

in the HeLa cells transfected with Hax-1 and PKD2. Other immunolocalization studies 

showed that colocalization of Hax-1 with other binding partners in the cytosol of COS-7 

and NIH3T3 (mouse embryonic fibroblasts) cells (Radhika et. al., 2004) and specifically 

in the lamellipodia of HeLa cells (Gallagher et. al., 2000). One of the binding partners 

with which Hax-1 interacts is Gα13 (Radhika et. al.,  2004), the α subunit of the G13 

trimeric G-protein. It has been proposed that through this interaction Hax-1 could be a 

mediator between the stress fiber forming Rho signaling pathway and cell  migration 

stimulating Rac mediated pathway (Radhika et. al., 2004).

This dissertation investigates the sub-cellular localization of the presence 

of  Hax-1 and the kinase domain of  cellular  titin  in  human mesenchymal  stem cells 

(hMSC’s).

Materials and Methods

Sudhakar Pattabhi, graduate student in the lab has generously and 

extensively helped me with the cell culture work and immunofluorescence studies 

presented here. 
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Immunofluorescence of human mesenchymal stem cells

Human Mesenchymal Stem Cells (hMSC) were grown on No. 1.5 glass 

coverslips in alpha MEM/modified F10 media (Invitrogen) supplemented with 10% fetal 

bovine serum until they reached approximately 60% confluence. The cells were then 

washed  thrice  with  the  cytoskeletal  buffer  (10mM MES pH  6.1,  138mM KCl,  3mM 

MgCl2, 2mM EGTA with sucrose added fresh on the day of use of the buffer to a final 

concentration of 0.32 M) for 10 minutes at 37οC. The coverslips were gently shaken for 

this step as well as for the subsequent incubation steps. Fixation of the cells was done 

using freshly prepared 3.7% paraformaldehyde mixed 1:1 with the cytoskeletal buffer) 

and alpha MEM/modified F10 media for 10 minutes at 37οC. The cell membranes were 

permeabilized with 0.2% Triton X-100 made in the cytoskeletal buffer for 15 minutes at 

room temperature. After permeabilization, the coverslips were washed with cytoskeletal 

buffer  for  5  minutes  at  room  temperature  and  washed  3  times  with  PBS  at  room 

temperature for 5 minutes each. To minimize non-specific binding the coverslips were 

treated with blocking buffer consisting of 10% normal goat serum (Sigma-Aldrich) and 

0.05% Triton X- 100 in PBS for 60 minutes at room temperature. 

The cells  were  then incubated with  a  primary  antibody diluted  in  PBS 

solution containing 5% normal goat serum and 0.05% Triton X-100 for 1 hour at 37οC. 

The primary antibody used for Hax-1 was a commercially obtained mouse monoclonal 

anti-Hax-1antibody (BD Biosciences,  #610825)  used at  a  1:50  dilution.  The primary 

antibody used for the kinase domain of c-titin was rabbit polyclonal anti-TKK antibody 

that was raised in our lab and used at a 1:100 dilution. To make this antibody, Scott 

Olenych,  a  postdoctoral  fellow  in  the  lab,  used  RT-PCR to  produce  cDNA for  the 

sequence encoding c-titin kinase domain amino acids 31202 – 31371 (GeneBank NP_ 

596869;  N2A amino acid  numbering).  This  sequence was cloned into  the pGEX-2T 

vector (GE Healthcare Life Sciences) and expressed as a GST fusion protein in E.coli. 

The  GST-fusion  protein  was  purified  using  glutathione-agarose  (Pierce)  column 

chromatography  and  SDS-PAGE.  The  target  band  was  excised  from  the  SDS gel, 

mixed with PBS, and injected into the rabbit.  Total  IgG was isolated from the rabbit 

serum using protein A conjugated agarose beads (Pierce). The reactivity of the antibody 

was checked by Western Blot analysis of the expressed GST-fusion proteins and whole 
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cell extracts.(Cavnar et. al., 2007) After the primary antibody incubations the cells were 

subjected to three washes in wash buffer containing 5% normal goat serum, 0.05% 

Triton X-100 and PBS for 5 minutes each at room temperature. The cells were then 

incubated with secondary antibodies diluted 1:1000 dilution in PBS solution containing 

5% normal  goat serum and 0.05% Triton X-100. Alexa-Fluor488-coupled rabbit  anti-

mouse antibody was used to detect Hax-1 and Alexa-Fluor633-coupled goat anti-rabbit 

antibody was used to detect the kinase domain of c-titin. The coverslips were washed 

as after the primary antibody incubation and washed with dH2O three times at room 

temperature for 5 minutes each. The coverslips were mounted onto glass microscope 

slides  using  ProLong  Gold  mounting  medium  (Invitrogen).  The  coverslips  were 

observed with a Nikon fluorescence microscope using a 60X oil immersion objective. 

Results

Localization of Hax-1 in cells

The  anti-Hax-1  mouse  monoclonal  antibody  was  used  to 

immunofluorescently  localize  the  Hax-1  in  Human Mesenchymal  Stem Cells,  which 

assemble  robust  stress  fibers,  revealed  that  Hax-1 is  localized randomly near  actin 

stress fibers without any particular pattern (Fig. 26)

Localization of c-Titin in cells

The  TKK rabbit  polyclonal  antibody  that  was  raised  against  a  peptide 

region of the c-titin kinase domain was localized in. The results showed that the kinase 

domain of titin is also present generally along the Human Mesenchymal Stem Cell actin 

stress fibers, as seen with previous kinase domain localization studies (Fig. 25)

Co-localization of c-Titin and Hax-1 in cells

Double labeling the Human Mesenchymal Stem Cells with the anti-TKK 

polyclonal  antibody  and  the  commercially  available  anti-Hax  monoclonal  antibody 

demonstrated that there is some colocalization of the kinase domain of c-titin and Hax-1 
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at the leading edge of the cells in and around the lamellipodia and in filopodia. Although 

both  proteins  localized  in  the  regions  of  stress  fibers,  little  direct  overlap  of  the 

immunofluorescence signal was found in this region of the cell. 

Conclusion
The immunofluorescence studies presented here revealed a generalized 

localization of both the Hax-1 and the c-titin kinase domain in the vicinity of stress fibers, 

but the only colocalization of the proteins was evident in the lamellipodia and filopodia of 

the human mesenchymal stem cells (hMSCs). 
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Figure 25. Immunofluorescence  localization  of  the  cellular  titin  kinase  domain 
with respect to the actin stress fibers in human mesenchymal stem 
cells (hMSCs). 
The  hMSCs  were  double  labeled  with  Alexa  Fluor  488  conjugated  to  
phalloidin (Actin) and with the TKK polyclonal antibody detected with Alexa 
Fluor 633 conjugated to an anti-rabbit secondary antibody raised in goat  
(TKK).  Arrows  indicate  the  regions  of  colocalization.  Merged  shows  the 
overlay of Actin and TKK signals. Scale bars, 20μm.
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Figure 26. Immunofluorescence localization  of  Hax-1  with  respect  to  the  actin  
stress fibers in human mesenchymal stem cells (hMSCs). 
The  hMSCs  were  double  labeled  with  Alexa  Fluor  633  conjugated  to  
phalloidin  (Actin)  and with  the Hax-1 monoclonal  antibody detected with  
Alexa Fluor 488 conjugated to an anti-mouse secondary antibody raised in  
rabbit (Hax-1). Arrows indicate the regions of colocalization. Merged shows 
the overlay of Actin and Hax-1 signals. Scale bars, 20μm.   
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Figure 27. Double  label  immunofluorescence  localization  of  the  c-titin  kinase 
domain and Hax-1 in human mesenchymal stem cells (hMSCs). 
The hMSCs were  double  labeled  with  an  anti-Hax-1  mouse  monoclonal  
antibody detected with an Alexa Fluor 488- conjugated rabbit anti-mouse  
secondary antibody (Hax-1) and with the TKK polyclonal antibody detected  
with Alexa Fluor 633-conjugated goat anti-rabbit secondary antibody (TKK).  
The Merged images show the overlay of Hax-1 and TKK signals. Panels 1,  
2 and 3 show the zoomed images of the TKK, Hax-1, and merged channels  
of the inset boxes in the Merged image. Scale bars, 20μm and 2 μm (inset  
box).    
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Figure 28. Immunofluorescence  localization  of  the  cellular  titin  kinase  domain 
with respect to Hax-1 in human mesenchymal stem cells (hMSCs). 
The hMSCs were  double  labeled  with  an  anti-Hax-1  mouse  monoclonal  
antibody detected with an Alexa Fluor 488- conjugated rabbit anti-mouse  
secondary antibody (Hax-1) and with the TKK polyclonal antibody detected  
with Alexa Fluor 633-conjugated goat anti-rabbit secondary antibody (TKK).  
The Merged images show the overlay of Hax-1 and TKK signals. Panels 1,  
2 and 3 show the zoomed images of the TKK, Hax-1, and merged channels  
of the inset boxes in the Merged image. Scale bars, 20μm and 2 μm (inset  
box).  
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CHAPTER 5

SUMMARY AND CONLUSION

Titin  present  in  striated muscles has been studied extensively  and the 

layout  of  the  human  titin  gene  map  has  been  reported  (Bang  et.  al.,  2001).  Our 

laboratory has demonstrated existence of titin isoforms in smooth muscles (Kim and 

Keller, III,  2002) and in a variety of nonmuscle cells (Eilertsen and Keller,  III,  1992; 

Eilertsen et. al., 1994, Cavnar et. al., 2007). Our laboratory also analyzed ~70% of the 

exon  composition  of  mRNA encoding  c-titin  using  gene specific  RT-PCR of  human 

megakaryocyte  total  RNA. This  revealed that  c-titin  contains many of  the functional 

domains  found  in  striated  muscle  titin  (Cavnar  et.  al.,  2007).  Moreover, 

immunofluorescence  localization  studies  revealed  that  the  Z-repeat-Zq  domain,  the 

PEVK domain and the kinase domain of c-titin all  localized along actin stress fibers. 

Because striated muscle titin is an enormous protein that interacts with several different 

proteins, most of which are muscle specific,  and c-titin contains many of the binding 

sites for those proteins, it  is reasonable to think that c-titin also has the potential  to 

interact with several different proteins. 

The kinase domain of titin in striated muscles contributes to functions of 

titin other than just assembly and maintenance of the sarcomere. Hence, the kinase 

domain of c-titin was chosen as a hot-spot for identifying binding partners. A yeast two- 

hybrid system (Y2H) was used to screen a HeLa cell cDNA library fused to the Gal4 

activation domain with the c-titin kinase domain fragment ct-Kin4 fused to the Gal4 DNA 

binding domain. This analysis yielded 400 CFUs, out of which 30 CFUs were analyzed. 

The majority (22) of these were identified as encoding overlapping regions of Hax-1 

(Fig.8). Hax-1 was discovered as a binding partner of the cortactin homologue HS1. The 

smallest region of Hax-1 found interacting with ct-Kin4 in the screen, Hax3.1, was a 

region  of  ~100  amino  acids  containing  the  Hax-1  C-terminus.  Hax-1  is  also  a 

multidomain protein that binds several different proteins in its C-terminal region (Fig. 6) 
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imparting  many different  functions  for  Hax-1.  These  functions  include  roles  in  anti-

apoptotic function and in cell migration.

Y2H analysis was used to further narrow down the Hax-1 binding site for 

the titin kinase domain. For this analysis,  Hax3.1 was cloned as three almost equal 

length pieces viz. Hax3.1.1, Hax3.1.2 and Hax3.1.3 into a Y2H AD vector. Y2H assay of 

each of these three pieces of Hax-1 with ctKin4BD showed that Hax3.1.1 piece was 

clearly involved in this binding interaction whereas the and the Hax3.1.3 piece is not 

engaged in the binding. Hax3.1.2 exhibited what could be a weak interaction with the 

kinase domain of c-titin. To narrow the region of the ctKin4 that binds Hax3.1.1, Kin4 

was cloned as two pieces in the Y2H BD vector: Kin4.1, which consists of mostly the β-

sheet cap region of the ctKin4, and Kin4.2 region, which is  the catalytic  core.  Y2H 

analyses revealed that only the Kin4.1 piece strongly interacts with the Hax3.1.1 region 

of Hax-1, but the Kin4.2 piece also may interact weakly with Hax3.1.1 (Fig. 10). Y2H 

assay of kin4.2 interaction with Hax3.1.2 and Hax3.1.3 showed no interaction. 

Site directed alanine mutagenesis was used to map both binding regions 

more precisely done. To map the region of the Hax3.1.1, conserved charged residues, 

which are situated in and around the only predicted helical structure (as predicted by the 

GOR secondary structure prediction program), were targeted for alanine mutagenesis. 

Y2H  analysis  revealed  that  Aspartate13 (D13)  and Serine17 (S17)  alanine  mutants 

failed  to  bind  Kin4,  indicating  that  these  two  residues  play  crucial  roles  in  this 

interaction. Both the residues are conserved among several vertebrate species, and the 

S17 residue is located in the predicted helical region whereas the D13 is just N-terminal 

to the helical region. The Arginine7 (R7) alanine mutation had no affect on Kin4 binding, 

and  it  is  not  conserved  across  the  species  analyzed.  Alanine  mutagenesis  of 

Glutamate19 (E19), which is conserved and located C-terminal to the predicted helical 

region, had an intermediate effect on Kin4 binding, which suggests that it is at or near 

the boundary of the binding site. 

The region on the Kin4.1 that  binds to  the Hax3.1.1  region was  finely 

mapped  using  the  same  approach.  Regions  of  Kin4.1  targeted  for  analysis  were 

selected  based  on  homologies  to  Hax-1  binding  sites  in  two  other  Hax-1  binding 

proteins. Sequence analysis  revealed that Kin4.1 has two short  adjacent sequences 
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that that are highly similar to sequences in the Hax-1 binding regions of Nck-1 and 

cortactin. Based on those homologies, five residues were mutated to alanine by site 

directed mutagenesis. The Glutamate22 (E22), Lysine23 (K23), and Arginine32 (R32) 

alanine mutations inhibited interaction with Hax3.1.1, whereas he Glutamate19 (E19) 

and Histidine (39) alanine mutations had little to no effect on the binding. 

To  further  validate  the  Y2H results,  pull  down assays  were  performed 

using  bacterially  expressed  Kin4.1  and  Hax3.1  constructs.  The  pull  down  results 

confirmed that Hax3.1.1 interacts with Kin4.1.   

The Y2H and pull down assay results disclosed that the mutual binding 

sites are in and around a predicted helical region near the C-terminus of Hax-1 and in 

the N-terminal (E22 and K23) and C-terminal (R32) ends βC1 β-strand in the cap region 

of the titin kinase domain. This binding could position the putative phosphorylation site 

in Hax3.1.2 (discussed below) near the titin kinase active site. Indeed, both the Y2H 

analysis and a Western blot analysis, which was performed to amplify the signals of a 

pull  down assay (not shown), indicate a weak interaction between Hax3.1.2 and the 

kinase domain. Confirmation of this possibility awaits structural analysis of the Hax-1-

titin kinase domain interaction and identification of the Hax-1 phosphorylation site.

The discovery of Hax-1 binding to the titin kinase domain and the binding 

site mapping on Hax-1 raised the possibility that titin kinase phosphorylates a site in or 

around Hax3.1.1. Because it has several important functions in muscle, the titin kinase 

domain has been studied extensively in the context of striated muscle. The titin kinase 

domain, which belongs to the myosin light chain kinase family,  has serine/threonine 

kinase  activity.  It  plays  several  important  roles  in  sarcomere  formation  and 

mechanosensing (Mayans et. al., 1998; Miller et. al., 2003).  

Telethonin  was  reported  as  the  first  known substrate  of  titin  kinase in 

striated  muscles  (Mayans  et.  al.,  1998).  Telethonin  is  a  sarcomeric  protein,  which 

interacts with  titin with  the Z1 and Z2 domains of titin  in the Z-disc and playing an 

important  role  in  anchoring  the  N-terminus  of  the  titin  to  the  Z-disc.  Titin  kinase 

phosphorylates telethonin and it inhibits myofibrillogenesis. Recent studies in Xenopus 

and  zebrafish  have  shown  that  telethonin  knock  down  in  the  embryos  results  in 

defective  myocytes  and  disordered  sarcomere  (Sadikot  et.  al.,  2010;  Zhang  et.al., 
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2009). The titin kinase domain acts a stretch sensor because it can be activated by 

mechanical stress (Puchner et. al., 2008) at which point it binds and phosphorylates 

nbr1 and p62 assembles a signalosome, which regulates muscle protein transcription 

and turnover. (McElhinny et. al., 2002; Lange et. al., 2005)  

 Our lab demonstrated that the exon encoding for the kinase domain of 

titin is present in c-titin by using gene specific RT-PCR of human megakaryocyte total 

RNA (Cavnar et. al., 2007). Moreover, immunofluorescence studies revealed that the 

kinase domain of titin localizes along the actin stress fibers in deer skin fibroblasts, 

further confirming the presence of the kinase domain in c-titin (Cavnar et. al., 2007) The 

presence of the kinase domain in c-titin raised the possibility that c-titin kinase domain 

phosphorylates nonmuscle cell substrates that control various important functions in the 

cell.  To  assess  whether  Hax-1  is  a  substrate  for  c-titin  kinase  activity,  Hax-1  was 

bacterially expressed and purified as an MBP fusion protein. To express the maximally 

active  form  of  the  kinase,  the  phospomimetic  Y170EctKin4  construct  was  also 

expressed in  bacteria  as an  MBP fusion protein  and refolded by urea denaturation 

followed by renaturation by dialyzing in decreasing concentrations of urea. The activity 

of the expressed ctKin4Y170E kinase was demonstrated with a telethonin control, also 

expressed in bacteria as an MBP-fusion protein. The kinase assay demonstrated that 

the titin kinase domain also phosphorylates Hax 3.1 (residues 175 – 273, including the 

C-terminus  of  Hax).  The  results  presented  here  reveal  the  first  non-muscle  cell 

substrate for titin kinases. 

The titin kinase domain in striated muscle phosphorylates Telethonin on 

the terminal serine in an RSLS sequence located near its C-terminus. Intriguingly, Hax-

1 has a very similar sequence KSIS near the N-terminal end of the Hax3.1.2 region. The 

sequence  similarity  presents  the  possibility  that  the  titin  kinase  phosphorylates  the 

terminal serine in the KSIS Hax-1 sequence.  Future work to map the phosphorylation 

site on Hax-1 will be done to investigate this possibility. 

In  striated  muscles,  titin  kinase  domain  phosphorylation  of  telethonin 

inhibits myofibrillogenesis. Titin kinase phosphorylation of Hax-1 might play a similar 

role in regulating stress fiber stability as a stretch response or inhibiting stress fiber 

formation by associating with the Rac pathway.  Also in striated muscles, titin kinase 
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acts as a mechanosensor and phosphorylates nbr1 and p62 assembles a signalosome, 

which regulates muscle protein transcription and turnover (Lange et. al., 2005). Nbr1 is 

expressed in nonmuscle cells (GeneCards #GC17P037088), which raises the possibility 

that titin kinase along with Hax-1 could form a signaling complex with nbr1 similar to that 

formed in striated muscles. More studies are required to elucidate whether titin kinase 

can act as a stretch sensor in nonmuscle cells.

To  understand  the  subcellular  localization  of  this  interaction, 

immunofluorescence localization studies were performed on human mesenchymal stem 

cells  (hMSC’s).  Previous  studies  from the  lab  showed  that  the  titin  kinase  domain 

localized along the robust actin stress fibers in deer skin fibroblasts (Cavnar et.  al., 

2007). The immunolocalization reported here revealed that much of both the Hax-1 and 

the c-titin kinase domain localized with a periodic distribution in and around the stress 

fibers, but that the localization patterns of both proteins along stress fibers were distinct 

and rarely perfectly overlapped. It appears that both proteins may project outwards from 

the stress fibers, which may make these proteins available for binding to each other 

under specific conditions of stress fiber stretch not present in this study. It also raises 

the possibility that both proteins interact with other proteins that are not located in the 

actin stress fiber. 

In contrast, both Hax-1 and the c-titin kinase domain appear to colocalize 

in the lamellipodia and filopodia of cells. Previously, it was shown that Hax-1 and PKD2 

(polycystic kidney disease) protein and Cortactin, which is an actin cytoskeleton protein, 

colocalize in the lamellipodia in HeLa cells (Gallagher et. al., 2000). Colocalization of 

the titin  kinase domain with  Hax-1 in the lamellipodia raises the possibility  that  this 

interaction can play a role in regulating actin based cell migration. It has been shown 

that Hax-1 is involved in the regulation of the actin cytoskeleton through its association 

through its interaction with Gα13, the α-subunit of the trimeric G protein G13. Gα13 binds 

to a complex of Hax-1, cortactin and Rac (Fig. 7) when the Rac pathway is stimulated, 

enhancing  the  formation  of  the  actin  network  in  the  lamellipodia,  which  produces 

protrusive force at the leading edge for cell migration. When Hax-1 is not bound, the 

Gα13 interacts with RhoGEF activating, which activates Rho activity stimulating stress 

fiber formation (Radhika et. al., 2004). 
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The  binding  of  the  Hax-1  with  c-titin  and  its  colocalization  of  this 

interaction in the lamellipodia raises the possibility that c-titin associates with the Hax-1, 

Gα13,  Rac and cortactin complex, which regulates the migration of cells. The order of 

binding of these proteins to  form the complex cannot  be predicted at  this time and 

remains to be elucidated. Moreover, the binding sites of the Gα13 and cortactin mapped 

on Hax-1 (Fig. 6) overlap with the binding site for the c-titin kinase domain determined in 

this investigation. This raises the possibility that the interaction between Hax-1 and the 

c-titin kinase domain inhibits the formation of the quaternary complex between Hax-1, 

Gα13,  cortactin and Rac and thus inhibits the migration of the cells at the leading edge. 

Alternatively, finer mapping of the binding sites for the other proteins may reveal that c-

titin kinase domain binding is not directly competitive and that c-titin can interact with the 

complex and perhaps enhance cell motility. 

It has been observed in our lab most recently that the c-titin kinase domain 

also interacts with the protein Enigma (PDLIM7), which belongs to the PDZ-LIM protein 

family  and is  a  Z-line protein  in  striated muscle.  Enigma colocalizes with  the  c-titin 

kinase  domain  along  the  actin  stress  fibers  in  hMSC’s  (unpublished  results).  This 

interaction  demonstrates  that  the  c-titin  kinase  domain  can  interact  with  multiple 

proteins and through these interactions can have multiple functions in different regions 

of nonmuscle cells. The c-titin kinase domain interaction with Hax-1 at the cell leading 

edge may regulate cell motility, whereas c-titin kinase domain interaction with Enigma in 

the stress fibers may contribute to stress fiber formation, stability, or stretch sensing. 

The  work  presented  in  this  dissertation  reports  characterization  of  the 

novel interaction between cellular titin kinase and Hax-1 and fine mapping of the mutual 

binding sites. This dissertation also reports Hax-1 as the first substrate of c-titin kinase, 

which raises the possibility that the c-titin kinase mediates signaling in nonmuscle cells. 

It further reports that the Hax-1 and c-titin kinase colocalizes in the lamellipodium of the 

cells supporting the possibility that this interaction plays roles in regulating the migration 

of cells and stress fiber assembly. Taken together, I hypothesize that the interaction of 

the cellular titin kinase domain with Hax-1 regulates cell migration and adhesion and 

that future studies of the c-titin kinase domain will reveal its signaling roles. 
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APPENDIX A

Table 1. Table of Primers used for cloning into yeast vectors

Primer 
Name

Tm

(in οC)
Vector Restriction

Enzyme
Sequence

Hax .1f 67.9 pGADT7 EcoRI GGGGAATTCGACCCCCATCCT
AGAACCAGAGAGGACAATG

Hax .1r 71.0 BamHI CGCCGGATCCCATAGGATTTG
GGCTGGGGCTGTAGAACC

Hax.2f 64.0 pGADT7 EcoRI GGGAATTCTTCAAGAGCATCT
CTGTGACCAAGATCACT

Hax.2r 68.4 BamHI GGCGGATCCCTGCTTCGTGTC
GGGTTACTGTAGTC

Hax.3f 64.7 pGADT7 EcoRI GGGAATTCGATAGCAGTCCTA
GGGGTGATCCAG

Hax.3r 69.9 BamHI GCGGGATCCCTGAGGGTTAA
CAAGGCTACCGGGAC

Kin4.1f 64.4 pGBKT7 EcoRI GGGAATTCGTAGATGAAACCA
GGGAAGTCTCCATGACTAAA

Kin4.1r 69.1 BamHI GCGGGATCCCGTGTAAAAACT
GAAGTGCTTCACAGACCTGGT
GAAC

Kin4.2f 61.7 pGBKT7 EcoRI GGGAATTCAGTCATAATATTG
GACACTTTGACATTAGACCAG

Kin4.2r 72.6 BamHI GCGGGATCCCGTGCTGGA 
GAGCCTCCGATGCT
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Table 2. Table of Primers used for alanine site directed mutagenesis

Primer 
Name

Tm

(in οC)
Vector Base/s 

Changed
Construct Sequence

R7Af 80.4 pGADT7 AG19GC Hax 3.1.1 GACCCCCATCCTAGAAC
CGCAGAGGACAATGAT
CTTG

R7Ar CAAGATCATTGTCCTCT
GCGGTTCTAGGATGGG
GGTC

D13Af 79.4 pGADT7 A38C Hax 3.1.1 GAGGACAATGATCTTGC
TTCCCAGGTTTCCCAG

D13Ar CTGGGAAACCTGGGAA
GCAAGATCATTGTCCTC

S17Af 80.5 pGADT7 T49G Hax 3.1.1 CTTGATTCCCAGGTTGC
CCAGGAGGGTCTTG

S17Ar CAAGACCCTCCTGGGC
AACCTGGGAATCAAG

E19Af 80.3 pGADT7 A56C Hax 3.1.1 TCCCAGGTTTCCCAGG
CGGGTCTTGGCCCGGT
T

E19Ar AACCGGGCCAAGACCC
GCCTGGGAAACCTGGG
A

E19Af 78.4 pGBKT7 A56C Kin 4.1 GCATCTCACTCTTCAAC
CAAGGCACTCTATGAGA
AATATATGATT

E19Ar AATCATATATTTCTCATA
GAGTGCCTTGGTTGAA
GAGTGAGATGC

E22Af 78.1 pGBKT7 A65C Kin 4.1 CAACCAAGGAACTCTAT
GCGAAATATATGATTGC
CG

E22Ar CGGCAATCATATATTTC
GCATAGAGTTCCTTGGT
TG

K23Af 78.3 pGBKT7 AA67GC Kin 4.1 CAACCAAGGAACTCTAT
GAGCATATATGATTGCC
GAAGATC

K23Ar GATCTTCGGCAATCATA
TATGCCTCATAGAGTTC
CTTGGTTG

R32Af 80.1 pGBKT7 CG94GC Kin 4.1 GATTGCCGAAGATCTTG
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GGGCTGGTGAGTTTGG
AATTGTC

R32Ar GACAATTCCAAACTCAC
CAGCCCCAAGATCTTCG
GCAATC

H39Af 78.0 pGBKT7 CA115GC Kin 4.1 GTGAGTTTGGAATTGTC
GCTCGTTGTGTTGAAAC
ATC

H39Ar GATGTTTCAACACAACG
AGCGACAATTCCAAACT
CAC

K4Y170Ef 79.1 pMal-c4x TAT507GAG Kin 4 CACTGCCCCAGAATAC
GAGGCACCTGAAGTCC
ACC

K4Y170Er GGTGGACTTCAGGTGC
CTCGTATTCTGGGGCA
GTG
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Table 3. Table of Primers used for cloning into bacterial expression vectors

Primer 
Name

Tm

(in οC)
Vector Restriction

Enzyme
Sequence

Hax .1fe 65.7 pET41a SpeI GCGACTAGTGACCCCCATCCT
AGAACCAGAGAG

Hax .1re 66.2 HindIII GGCCGAAGCTTTAGATAGGAT
TTGGGCTGGGG

Hax.2fe 65.9 pET41a SpeI GGCCCGACTAGTTTCAAGAGC
ATCTCTGTGACCAAG

Hax.2re 70.1 HindIII CCCGGGGCAAGCTTTGATGC
TTCGTGTCGGG

Hax.3fe 67.9 pET41a SpeI GGCGCGACTAGTGATAGCAG
TCCTAGGGGTGATCC

Hax.3re 71.6 HindIII GGGAAGCTTCTACCGGGACC
GGAACCAACGTCCCAGG

Kin4.1fe 66.9 pMal-
c4x

XbaI GCGCGGTCTAGAGTAGATGA
AACCAGGGAAGTCTCCATG

Kin4.1re 64.6 HindIII CGGGCCAAGCTTTAGACAGA
CCTGGTG

Kin4.2fe 64.1 pMal-
c4x

XbaI GCGCGGGGCTCTAGAAGTCA
TAATATTGGACAC

Kin4.2re 66.7 HindIII GGGAAGCTTTAGCGATGCTGT
CATGCGAGATTTCCTCTG

Tel1fe 61.1 pMal-
c4x

EcoRI CGCGGCGAATTCATGGCTAC
CTCAGAGCTGAGCTGC

Tel1re 66.7 BamHI GCGCGCGGATCCTAGGCCTC
TCTGTGCTTCCTG

Hax.1 feP 67.5 pMal-
c4x

XbaI GCCGCTCTAGAGACCCCCAT
CCT AGAACCAGAGAG

Hax.3reP 71.6 HindIII GGGAAGCTTCTACCGGGACC
GGAA CCAACGTCCCAGG
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