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Abstract 

Diseases caused by smooth muscle dysfunction such as hypertension and asthma 

are major public health concerns, a better understanding of the signaling pathways that 

regulate smooth muscle contraction could identify new drug targets. The opposing 

effects of two enzymes; calcium/calmodulin regulated myosin light chain kinase 

(MLCK) and smooth muscle myosin phosphatase (SMPP-1M) determine the amount of 

force generated by smooth muscle. The calcium-independent signaling mediated by 

myosin phosphatase is regulated by several kinases which include zipper interacting 

protein kinase (ZIPK). Our laboratory has shown that ZIPK is able to phosphorylate and 

inhibit SMPP-1M which results in increased smooth muscle contraction. Additional 

studies demonstrated that ZIPK is also regulated by phosphorylation. The goal of this 

study is to identify kinases in the context of smooth muscle that regulate ZIPK and to 

define the events required for ZIPK activation.  

A proteomic approach which employed ATP-affinity chromatography coupled 

with mass spectrometry isolated discreet kinase activities towards ZIPK, these activities 

were attributed to integrin-linked kinase (ILK) and Rho kinase 1 (ROCK1). ILK 

phosphorylates ZIPK at Thr180 while ROCK1 phosphorylates ZIPK at Thr265 and 

Thr299.  
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Additionally the ATP-affinity media used for kinase enrichment in the proteomic 

screen was used as a tool to measure ZIPK activation. Pre-incubating ZIPK with ROCK 

before the assay resulted in increased binding which suggests phosphorylation of ZIPK 

by ROCK is activating. Increasing the substrate concentration in the assay resulted in 

increased ZIPK binding, this result was only observed when the assay was performed 

with the full-length protein. Phosphorylation of residues in the kinase domain along 

with substrate binding relieves inhibition and results in kinase activation.  

Finally fluorescence microscopy along with targeted mutations of ZIPK was used 

to determine the mechanism of cellular transport. This was done to address the 

difference in cellular localization between human and murine cells. The localization of 

human ZIPK is dictated by nuclear localization sequence 2 (NLS2) and the 

phosphorylation state of Thr299; the mechanism is not shared by the murine form of 

ZIPK.   

Completion of this work has provided additional information about the 

signaling interactions that take place in smooth muscle; the results suggest that ZIPK is a 

convergence point for multiple signaling pathways that lead to SMPP-1 inhibition and 

subsequently smooth muscle contraction. This study also contributes significantly to our 

knowledge of the molecular dynamics that lead to active full length ZIPK. Future 

research that employs animal modeling as a tool to investigate ZIPK will be informed by 

the experiments that address the cellular localization of ZIPK.            
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Chapter 1: Introduction 

Mechanism of Protein Kinases 

Protein kinases catalyze the transfer of phosphate from adenosine triphosphate 

(ATP) to the amino acids serine, threonine and tyrosine. Most protein kinases fall into 

two groups based on the amino acid they modify; kinases that phosphorylate serine and 

threonine are called serine protein kinases (SPK). While kinases that phosphorylate 

tyrosine are called tyrosine protein kinases (TPK). There is a small group of kinases that 

phosphorylate both serine and tyrosine referred to as dual specificity kinases [1].  

Phosphorylation is an essential signaling mechanism in both eukaryotes and 

prokaryotes; because phosphorylation is both rapid and reversible it is an ideal 

mechanism for cells to maintain fine control over many processes. Protein kinases are 

involved in the regulation of many cellular functions such as metabolic pathways, gene 

transcription, cell growth and cell differentiation. To date over 500 protein kinases have 

been identified in the human genome which is calculated to represent approximately 2% 

of the total genome [2, 3]. The results of phosphorylation on individual proteins that 

determine how a signal is transmitted are varied. Some of the most commonly observed 

outcomes are enzyme activation, enzyme inhibition, protein association and protein 

disassociation [4].  

The protein kinase family is large and has many diverse functions, however 

sequence and structural alignments show the group is highly conserved. Protein kinases 
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share a core of approximately 270 amino acids that adopt a common fold [5, 6].  The fold 

is illustrated for the first kinase to be identified phosphorylase kinase (PhK) in (Figure 

1.1) [5, 7, 8] 

 

Figure 1.1: The conserved kinase fold illustarated for PhK[5]. The small N-lobe 

is shown in gray, the large C-lobe is shown in salmon and the activation 

segment is shown in blue. The orientation of the substrate peptide shown in 

green to the catalytic phosphates of the non-hydrolyzable ATP analog 

AMPPNP is shown.   



 

3 

The conserved protein kinase structure consists of two lobes; the small lobe is at 

the N-terminus (N-lobe) and the large lobe at the C-terminus (C-lobe). The two lobes 

form the active site cleft that binds ATP. The N-lobe is usually made up of five β-strands 

and an alpha helix (αC). The N-lobe is very dynamic and kinase activation and 

inactivation often requires significant motion of the αC helix. Another important feature 

of the N-lobe is a flexible loop containing tree conserved glycine residues that joins β1 

and β2 called the glycine-rich loop (G-loop). This loop interacts with the β and γ 

phosphates of ATP.  The C-lobe is less flexible and is predominantly alpha helical, this 

lobe serves as a docking site for the substrate peptide [9]. Also located in the C-lobe is 

the activation segment; this segment is an important regulatory element that shows little 

sequence conservation between kinases. The activation segment is defined as the region 

spanning the conserved DFG and APE motifs [10, 11].  

Most protein kinases are themselves phosphoproteins, one of the most common 

methods of kinase activation is phosphorylation in the activation segment. Coordination 

of the activation segment is necessary for the positioning of the key residues that 

facilitate the phosporyl transfer reaction in the active site. These residues along with the 

stabilizing input from the phosphorylated activation segment are illustrated for cAMP 

dependent protein kinase (PKA) in (Figure 1.2) [10].  The activation loop also facilitates 

protein-protein interactions that can be important for regulating the localization and 

activation of kinases [12-16].   
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Figure 1.2: Activation site of PKA showing the contribution of essential catalytic 

redsidues [10]. The catalytic aspartate is positioned for a base-catalyzed attack of the 

substrate serine on the γ-phosphate of ATP. 

 

Some kinases are not phosphorylated in the activation segment, in these kinases an 

equivalent residue for example glutamate in PHK makes the stabilizing contacts that are 

usually made by the phosphorylated residue [7]. Additional methods of kinase 

regulation are: control of additional subunits in response to second messengers, for 

example cyclic AMP binding to the regulatory subunit of PKA or Ca2+ and calmodulin 

binding to calmodulin-dependent protein kinases; control by subunits whose expression 

is dependent on the functional state of the cell such as cyclin-dependent protein kinases; 
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control by domains that target the localization of the kinase and finally the presence of 

autoinhibitory domains such as those present in myosin light chain kinase (MLCK) [10].    

 

Zipper Interacting Protein Kinase (ZIPK) 

Zipper interacting protein kinase (ZIPK) is ubiquitously expressed and regulates 

contraction in smooth muscle as well as cell death in non-muscle cells [17-20]. The 

human homolog of ZIPK contains 454 amino acids and has a molecular weight of 

approximately 52kDa. The protein is a serine/threonine kinase that was first discovered 

in a yeast two-hybrid screen using activating transcription factor (ATF), ATF4 is a 

member of the cyclic AMP-responsive element binding protein family of transcription 

factors [17]. ZIPK is a member of the death-associated protein kinase (DAPK) family, 

which include DAPK1, DAPK2, DAP related protein kinase 1 (DRAK1) and DRAK2 [20]. 

ZIPK is made up of an N-terminal protein kinase domain and a C-terminal domain that 

contains a leucine zipper motif and three putative nuclear localization sequence (NLS) 

motifs [21]. The kinase domain of family members are highly conserved, ZIPK shares 

83% and 80% identity with DAPK1 and DAPK2 respectively illustrated by the sequence 

alignment shown in (Figure 1.3). However the C-terminal region of DAPK family 

members is not homologous, notably DAPK1 and DAPK2 both contain a calmodulin 

(CaM) autoregulatory binding segment that is not present in ZIPK. Members of the 

DAPK family including ZIPK cause cell death when they are over-expressed [17]. 
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However the mechanism of cell death is not known as several indicators of apoptosis 

such as caspase activation and poly ADP-ribose polymerase (PARP) cleavage are not 

present when ZIPK is over-expressed. It has been suggested that cell death induced by 

ZIPK may be a result of autophagy not apoptosis.    

  

 

Figure 1.3: Sequence alignment of ZIPK with the most conserved members of the 

DAPK family. Alignments were made using ClustalW2 multiple sequence alignment 

tool (http://www.ebi.ac.uk). (*) indicates conserved residues in all three enzymes; (:) 

indicates conserved in at least two enzymes. Sequence for DAPK1 is truncated at 454. 

DAPK1           ----------MTVFRQENVDDYYDTGEELGSGQFAVVKKCREKSTGLQYAAKFIKKRRTK 50
DAPK2           MFQASMRSPNMEPFKQQKVEDFYDIGEELGSGQFAIVKKCREKSTGLEYAAKFIKKRQSR 60
ZIPK            ----------MSTFRQEDVEDHYEMGEELGSGQFAIVRKCRQKGTGKEYAAKFIKKRRLS 50

*  *:*:.*:*.*: **********:*:***:*.** :*********:  

DAPK1           SSRRGVSREDIEREVSILKEIQHPNVITLHEVYENKTDVILILELVAGGELFDFLAEKES 110
DAPK2           ASRRGVSREEIEREVSILRQVLHHNVITLHDVYENRTDVVLILELVSGGELFDFLAQKES 120
ZIPK            SSRRGVSREEIEREVNILREIRHPNIITLHDIFENKTDVVLILELVSGGELFDFLAEKES 110

:********:*****.**::: * *:****:::**:***:******:*********:***

DAPK1           LTEEEATEFLKQILNGVYYLHSLQIAHFDLKPENIMLLDRNVPKPRIKIIDFGLAHKIDF 170
DAPK2           LSEEEATSFIKQILDGVNYLHTKKIAHFDLKPENIMLLDKNIPIPHIKLIDFGLAHEIED 180
ZIPK            LTEDEATQFLKQILDGVHYLHSKRIAHFDLKPENIMLLDKNVPNPRIKLIDFGIAHKIEA 170

*:*:***.*:****:** ***: :***************:*:* *:**:****:**:*: 

DAPK1           GNEFKNIFGTPEFVAPEIVNYEPLGLEADMWSIGVITYILLSGASPFLGDTKQETLANVS 230
DAPK2           GVEFKNIFGTPEFVAPEIVNYEPLGLEADMWSIGVITYILLSGASPFLGDTKQETLANIT 240
ZIPK            GNEFKNIFGTPEFVAPEIVNYEPLGLEADMWSIGVITYILLSGASPFLGETKQETLTNIS 230

* ***********************************************:******:*::

DAPK1           AVNYEFEDEYFSNTSALAKDFIRRLLVKDPKKRMTIQDSLQHPWIKPKDTQ----QALSR 286
DAPK2           AVSYDFDEEFFSQTSELAKDFIRKLLVKETRKRLTIQEALRHPWITPVDNQ----QAMVR 296
ZIPK            AVNYDFDEEYFSNTSELAKDFIRRLLVKDPKRRMTIAQSLEHSWIKAIRRRNVRGEDSGR 290

**.*:*::*:**:** *******:****:.::*:** ::*.*.**.. :    :   *

DAPK1           KASAVNMEKFKKFAARKKWKQSVRLISLCQRLSRSFLSRSNMSVARSDDTLDEEDSFVMK 346
DAPK2           RESVVNLENFRKQYVRRRWKLSFSIVSLCNHLTRSLMKKVHL---RPDEDLRN------- 346
ZIPK            KPERRRLKTTRLKEYTIKSHSSLPPNNSYADFER--FSKVLEEAAAAEEGLRELQR---- 344

: .  .::. :      : : *.   .    : *  :.:       .:: * :       

DAPK1           AIIHAINDDNVPGLQHLLGSLSNYDVNQPNKHGTPPLLIAAGCGNIQILQLLIKRGSRID 406
DAPK2           --CESDTEEDIARRKALH----------PRRRSSTS------------------------ 370
ZIPK            --SRRLCHEDVEALAAIYEEKEAWYREESDSLGQDLRRLRQELLKTEALKRQAQEEAKGA 402

.   .:::     :           .   .               

DAPK1           VQDKGGSNAVYWAARHGHVDTLKFLSENKCPLDVKDKSGEMALHVAARY--- 455
DAPK2           ----------------------------------------------------
ZIPK            LLGTSGLKRRFSRLENRYEALAKQVASEMRFVQDLVRALEQEKLQGVECGLR 454
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The involvement of ZIPK in regulating smooth muscle contraction was first 

described by our laboratory, ZIPK was identified as an MYPT1 kinase in a proteomic 

screen designed to identify kinases involved in myosin phosphatase (SMPP-1M) 

regulation. The screen uncovered a kinase that associated with and phosphorylated 

MYPT1 at Thr-696. The kinase was later identified as ZIPK [18]. Several lines of evidence 

suggest that ZIPK is a physiologically relevant MYPT1 kinase. The Ca2+ sensitizing 

agonist carbachol, which interacts with Gq/13 coupled muscarinic M3 receptors, 

increased the phosphorylation and activity of ZIPK in bladder smooth muscle. MYPT1 

exhibits a low Km (~ 2µm) for ZIPK which is about 15 fold lower than another MYPT1 

kinase ROCK [18]. ZIPK is the major MYPT1 kinase activity present in smooth muscle 

[19] and finally a high stringency screen of a human aortic smooth muscle library 

identified ZIPK as the unique vascular smooth muscle MYPT1 associated kinase [22].  

ZIPK is regulated by phosphorylation; as mentioned earlier the level of 

phosphorylation on ZIPK isolated from smooth muscle increases when the muscle is 

treated with the calcium sensitizing agonist carbachol. The increased phosphorylation 

was correlated to increased activity of the kinase and addition of calyculin A an inhibitor 

of PP1/PP2A class of phosphatases resulted in a greater increase in ZIPK activity. In 

addition treatment of immunoprecipitated ZIPK with protein phosphatases reduced the 

activity of the kinase [18]. Our laboratory conducted a comprehensive study using mass 

spectrometry, isotope labeling and mutagenesis to identify the specific sites of 
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phosphorylation on ZIPK [23]. Six phosphorylation sites were identified Thr-180, Thr-

225, Thr-265, Thr-299, Thr-306 and Ser-311. In addition to these sites Ser-50 [24, 25] and 

Ser318 [26, 27] have also been identified by other groups (Figure 1.4). Crystal structures 

of ZIPK (2J90) and (3BQR) show two phosphorylated residues Ser-50 and Thr-265. Three 

of these sites are required for enzymatic activity, mutation of Thr-180, Thr-225 and Thr-

265 to alanine resulted in a large reduction in kinase activity towards ZIPK substrates. 

Mutation of Thr-299 to alanine had no effect on kinase activity but resulted in the re-

distribution of the protein from the cytosol to the nucleus.  

 

 

Figure 1.4: Illustration of ZIPK phosphorylation sites. Sites denoted with an asterisk 

are present in the crystal structure.   

  

 Information on the possible effects of phosphorylation can also be obtained from 

the crystal structure of ZIPK. Recently several groups have been able to generate high 

resolution crystal structures of the kinase domain of ZIPK[24, 25]. The different crystal 

structures of ZIPK feature variations of the protein (unphosphorylated, 

monophosphorylated at Thr265 and diphosphorylated at Ser50 and Thr265) in complex 

with different ligands (beta carboline, imidazo-pyridazine and pyridone 6). The 

structures can be classified into two groups, a monomer with a disordered activation 
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segment (PDB: 1YRP, 3BHY, 3BQR) (Figure1.5A) or a dimeric arrangement where the 

activation segments are exchanged (2J90) (Figure 1.5B).  The dimeric arrangement is a 

unique fold that has only been identified in three other kinases; checkpoint kinase 2 

(CHK2), STE20-like kinase (SLK) and lymphocyte-originated kinase (LOK) [25].   

 

 

 

A.
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DAPK loop
A.

Activation segment

DAPK loop



 

10 

 

Figure 1.5: ZIPK crystal structures. (A) Structural alignment of all monomeric 

structures with the ligands bound to the ATP cleft. Phosphorylated residues are 

shown as sticks, the activation segments are highlighted in red, pink and orange. (B) 

Dimeric arrangement showing intermolecular exchange of activation segments. 

Structures were generated using PyMOL. 

 

The crystal structure of ZIPK shows Ser50 is located in the DAPK family signature loop, 

this is a basic region spanning Lys 45 to Val56 that is unique to the DAPK family [28], 

this loop may allow interactions with other proteins or intra molecular interactions that 

regulate kinase activity. Thr180 is located in the activation segment, as mentioned earlier 

in the chapter activation segment phosphorylation is a common method of regulating 

B.B.
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the activity of protein kinases. The arrangement of the activation segment in the dimeric 

form may also point to the mechanism ofThr180 phosphorylation; the activation 

segment exchange could allow inter-molecular autophosphorylation of neighboring 

monomers. The apparent role of Thr225 is to bind to the peptide substrate; Thr225 

resides in the peptide binding grove. The role of Thr265 is not obvious from the crystal 

structure; the site is conserved in the DAPK family but no equivalent site is present in 

the structure of other kinases.     

 

Smooth Muscle  

Smooth muscle is found in the walls of hollow organs such as blood vessels, 

bladder, uterus and the gastrointestinal tract. Contraction of the muscle regulates the 

diameter of these organs; there are two classifications of smooth muscle tonic and phasic 

[29]. Phasic muscle is characterized by rapid alternating contractions and relaxations; 

this is the muscle present in the gastrointestinal tract. Tonic muscle found in blood 

vessels has a slower response and is capable of maintaining tone for long periods of time 

[30, 31]. Proper regulation and function of smooth muscle is vital for many biological 

processes and its pathology results in a number of diseases such as asthma and 

hypertension which have significant public health implications [32].    

Contraction and relaxation in smooth muscle is determined by the level of 

phosphorylation on the regulatory light chain of myosin II (LC20) [33, 34].  The level of 
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LC20 phosphorylation is dictated by the opposing activities of Ca2+ -calmodulin 

regulated myosin light chain kinase (MLCK) and myosin light chain phosphatase 

(SMPP-1M) illustrated in (Figure 1.6) [35, 36].  Phosphorylation of LC20 on Ser-19 causes 

a conformational change at the hinge region of myosin that activates the ATPase activity 

enabling myosin to bind actin and generate force. Dephosphorylation of LC20 by SMPP-

1M inactivates myosin [37, 38].        

 

 

Figure 1.6: Model for the regulation of myosin light chain phosphorylation. 

Ca2+/Calmodulin regulated MLCK increases phosphorylation of LC20 leading to 

contraction. Myosin phosphatase removes phophate resulting in relaxation.    

 

Changes in the level of intracellular calcium is accepted as the primary method 

of regulating contraction in smooth muscle [39, 40], however further regulation is 
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achieved by modulating the sensitivity to calcium [41]. Calcium sensitization was first 

observed when permeabilized muscles treated with agonists such as guanosine or 

GTPγS resulted in increased LC20 phosphorylation and force at fixed levels of Ca2+ [42, 

43]. Several studies have determined that Ca2+ sensitization is the result of SMPP-1M 

inhibition [18, 33, 44]. SMPP-1M is a heterotrimer consisting of a catalytic protein 

phosphatase domain (PP-1Cδ), a myosin targeting subunit (MYPT1) and a 20kDa 

regulatory subunit (M20) [45, 46]. MYPT1 interacts with PP-1Cδ at the N-terminus via a 

PP-1Cδ binding motif (K/R-I/V-X-F/W) and with M20 at the C-terminus forming the 

holoenzyme shown in (Figure 1.7) [47].     

  

 

Figure 1.7: Subunit composition of smooth muscle myosin phosphatase [47]. PP1c is 

the catalytic phosphatase domain. MYPT1 is the myosin targeting subunit. M20 is 

hypothesized to be a regulatory subunit, the specific function is undetermined.  

 

Myosin phosphatase is inactivated by several events which include 

phosphorylation of MYPT1; dissociation of the SMPP-1M holoenzyme; and binding to 
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inhibitory proteins.  These events are controlled by a G-protein regulated mechanism 

[33, 35].  RhoA is member of the Rho family of low monomeric GTP binding proteins, 

like other members of the Rho family RhoA is active when bound to GTP and inactive 

when bound to GDP. The C-terminus of RhoA is prenylated making the protein 

hydrophobic and allows it to associate with the plasma membrane. In resting smooth 

muscle most of the RhoA is cytosolic due to its association with guanine nucleotide 

dissociation inhibitor (GDI) [48, 49]. The role of RhoA in Ca2+ sensitization was first 

illustrated when treatment of smooth muscle with specific inhibitors of RhoA; C3 and 

Clostridium difficile toxin B inhibited Ca2+ sensitization [49, 50].  When smooth muscle is 

stimulated with agonists RhoA dissociates from GDI translocates to the plasma 

membrane and interacts with its downstream effector Rho-kinase (ROCK) [51, 52]. RhoA 

has many targets, however studies showing the ability of the ROCK inhibitor Y-27632 to 

inhibit Ca2=  sensitization in smooth muscle points to ROCK as the major downstream 

target in smooth muscle [53].  

ROCK phosphorylates MYPT1 at two inhibitory sites Thr-696 and Thr-853 

(mammalian isoforms) [54, 55]. Phosphorylation at Thr-696 inhibits SMPP-1M by 

inhibiting the catalytic subunit while phosphorylation at Thr-853 causes MYPT1 to 

dissociate from myosin [47, 56, 57]. ROCK is not the only kinase that phosphorylates 

MYPT1; several other kinases have the ability to phosphorylate the inhibitory sites of 

MYPT1. These include ZIPK [22], Integrin linked kinase (ILK) [58] and myotonic 



 

15 

dystrophy kinase (DMPK) [59]. In addition to MYPT1 phosphorylation these kinases 

also contribute to Ca2+ sensitization by direct phosphorylation of LC20 and 

phosphorylation of the inhibitory protein CPI-17 [60-62]. As mentioned earlier SMPP-1M 

can be inhibited by binding to inhibitory proteins; CPI-17 is a 17kDa protein that inhibits 

SMPP-1M in a phosphorylation dependent manner. When phosphorylated at Thr-38 

CPI-17 is a very potent inhibitor of PP1c, in solution only nanomolar concentrations are 

required and micromolar concentrations in permeabilized smooth muscle [63]. A 

summary of the pathways responsible for the inhibition of SMPP-1M and resultant Ca2+ 

sensitization of smooth muscle is shown in (Figure 1.8).        
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Figure 1.8: Signaling pahtways that result in myosin phosphatase inhibition.Myosin 

phosphatase has three subunits, the targeting subunit MYPT1, the catalytic subunit 

PP1c and the regulatory subunit M20. SMPP-1M is inhibited when phosphorylated a 

Thr696 and Thr853 which is carried by ZIPK, ILK, ROCK and DMPK. Phosphorylated 

CPI-17 also inhibits the enzyme by blocking the activity of catalytic subunit of the 

enzyme.  
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Project Summary  

Several studies suggest ZIPK plays an important role in regulating smooth 

muscle contraction. The goal of this study is to identify in smooth muscle kinases that 

directly regulate ZIPK activity. Additionally I wanted to describe the effects of 

phosphorylation and substrate binding on ZIPK activation. Previous studies have 

shown that ZIPK phosphorylates the inhibitory site of the targeting subunit (MYPT1) of 

myosin phosphatase (SMPP-1M) which results in smooth muscle contraction [18, 22]. 

MYPT inhibition by ZIPK is increased in the presence of calcium sensitizing agonists 

such as carbachol and in the presence of phosphatase inhibitors [18]. These results 

suggested ZIPK is regulated by phosphorylation. The phosphorylated residues on ZIPK 

were identified and mutation of these residues to alanine results in reduced kinase 

activity [23]. 

To identify the kinase(s) responsible for ZIPK phosphorylation a proteomic 

screen of smooth muscle extracts was carried out using peptides derived from the 

sequences surrounding the regulatory phosphorylation sites. The screen revealed 

discreet and reproducible kinase activity towards Thr180, Thr265 and Thr299. Activity 

towards Thr180, ThrT265 and Thr299 was identified by mass spectrometry as Integrin 

linked kinase (ILK) and Rho kinase I (ROCKI). In HeLa cells coexpression of ZIPK and 

ROCKI resulted in reorganization of stress fibers [64].  



 

18 

As discussed earlier phosphorylation is essential for ZIPK enzymatic activity, our 

laboratory has developed γ-phosphate linked ATP media for the affinity purification of 

protein kinases; [65] by measuring ZIPK binding to the affinity media it is possible to 

monitor changes in activation. In order to determine the role of individual 

phosphorylation sites on ZIPK activation FLAG tagged ZIPK constructs were expressed 

in HEK293T cells; the purified protein was then incubated with ATP resin. ZIPK was 

phosphorylated by ROCK and the phosphorylated ZIPK was bound to ATP-sepharose. 

Phosphorylation by ROCK resulted in increased ZIPK binding. The ATP affinity assay 

using the γ-phosphate linked resin was also used to probe the effects of substrate 

binding on ZIPK activation. ZIPK was incubated with ATP resin and increasing 

concentrations of substrate peptide. Increasing the substrate concentration in the assay 

resulted in increased ZIPK binding to ATP. 

Fluorescence microscopy along with targeted mutations of ZIPK was used to 

determine the mechanism of cellular transport. This was done to address the difference 

in cellular localization between human and murine cells. The localization of human 

ZIPK is dictated by nuclear localization sequence 2 (NLS2) and the phosphorylation 

state of Thr299; the mechanism is not shared by the murine form of ZIPK [66].   
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Chapter 2: Materials and Methods  

Materials  

Substrate peptides MYPT (KKKRQSRRSTQGVTL), LC (KKKRPQRATSNVF) and 

ZIPK T180 (KKKKNIFGTPEFVAPE), T225 (KKKQETNISAVNYD), T265 

(KRRMTIAQSLEHSWIK), T299 (RRRLKTTRLKEYTIK), T306 (KKKEYTIKSH), S311 

(KKKSHSSLPPNNSYAD) were synthesized by Dr John Gorka Biomolecules Midwest 

(St. Louis, MO). 3X FLAG peptide, Anti-FLAG M2 affinity resin and FLAG monoclonal 

antibody were obtained from Sigma. Anti-ZIPK polyclonal antibody was obtained from 

Calbiochem. ROCK and c-Myc antibodies were obtained from Santa Cruz 

Biotechnology. Recombinant ROCK1 was obtained from Signal Transduction 

Laboratories. Casein Kinase II and Lambda phosphatase were purchased from New 

England Biolabs. Quickchange II XL mutagenesis kit was purchased from Qiagen.  

Fugene transfection reagent purchased from Roche. Glutathione sepharose and 

PreScission protease obtained from GE lifesciences. HEK293T cells were obtained from 

the Duke University Tissue culture facility. Integrin-linked kinase constructs were 

provided by Dr. Shoukat Dedhar, FLAG α-parvin and β-parvin constructs were 

generous gifts of Dr. Cary Wu at the University of Pittsburgh.    
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Methods 

Kinase enrichment of smooth muscle 

 Freshly harvested pig bladders were washed and equilibrated in Krebs buffer 

(137.4 mM NaCl, 5.9 mM KCL, 1.2 mM CaCl2, 1.2mM MgCl2, 11.6 mM HEPES, 11.5mM 

dextrose, pH 7.3 with NaOH). The tissue was then frozen in liquid nitrogen and 

pulverized to a fine powder which was then thawed and homogenized in the presence 

of ice cold Buffer A (4 mM EDTA, 0.1% β – mercaptoethanol, 1mM benzamidine, 0.1 mM 

phenylmethylsulfonyl fluoride, 6ug/mL leupeptin). The homogenate was centrifuged at 

15000 x g for 10 minutes, the pellet (myofibrillar fraction) was saved and the supernatant 

discarded. The myofibrillar pellet was homogenized in ice cold Buffer B (20mM Tris-

HCL pH7.4, 0.6M NaCl, 0.1%  β – mercaptoethanol, 2mM EGTA, 0.5% Triton X-100, 

1mM benzamidine, 0.1mM phenylmethlsulfonyl, 6ug/ml leupeptin) and incubated on 

ice for 30 minutes. The mixture was centrifuged for 15000 x g for 10 minutes and the 

supernatant (myofibrillar extract) was saved; the extract was cleared by passing through 

glass wool. The extract was diluted with 2 volumes of Buffer C (20 mM Tris pH 7.5, 

25mM MgCl2 1mM DTT, and protease inhibitors) and centrifuged in an ultra centrifuge 

at 100, 000 x g for 45 minutes. The extract was applied to a column of ethylenediamine γ-

phosphate linked ATP sepharose equilibrated in Buffer C. The column was washed 

extensively with Buffer C, and then the bound proteins were eluted using 5mL fractions 

of 100 mM ATP, 60mM MgCl2. The eluted fractions were pooled and a centrifugal filter 
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unit (Millipore) was used for concentration and buffer exchange to Buffer D (20 mM Tris 

pH 8.0, 1mM EDTA, 1mm DTT). The concentrated protein solution was added to a 

SMART Mono-Q PC 1.6/5 column and eluted in 50uL fractions collected at 1 minute 

intervals with a 0-1M NaCl gradient. To identify the relevant kinase activity 10 uL of 

each fraction was used in a kinase assay with ZIPK derived peptide present.  

 

Mass Spectrometry 

 Protein identification by mass spectrometry was carried out by David Loiselle. 

Briefly proteins separated by SDS-PAGE were silver stained and the bands of interest 

excised and digested with trypsin and subjected to nanospray electrospray ionization 

mass spectrometry. Positive mode time of flight was used to identify peptides, and 

individual peptides were sequenced by ESI-MS/MS using BioAnalyst software [23, 64]. 

 

HPLC and Edman degradation   

 Mapping studies were carried out by using 200ng of ROCK1 to radiolabel kinase 

dead D161A ZIPK in the presence of [γ32P]-ATP. The proteins were then subjected to 

SDS-PAGE and silver stained. The labeled protein band was excised from the gel and 

soaked in distilled water to remove the SDS. The gel slice was then incubated in a 1:1 

mixture of 100mM thiosulfate and 30mM potassium ferricyanide to remove the silver. 

Subsequently the gel slice was rinsed in distilled water then transferred to a solution of 
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50% acetonitrile and 50% 100mM ammonium bicarbonate. Gel pieces are dehydrated in 

100% acetonitrile, and rehydrated in a solution of 20ug/mL porcine grade modified 

trypsin overnight at 370C. The resulting supernatant was removed and the gel piece was 

subjected to two washes of 50% acetonitrile, 5% formic acid. The supernatant and 

washes are pooled and concentrated using vacuum centrifugation. 

 The trypsinized peptide solution was acidified by the addition of 0.1% 

trifluoroacetic acid (TFA), and then applied to a reverse phase HPLC column that had 

been equilibrated in 0.1% TFA. The column was washed with 0.1% TFA for 10 minutes 

and column developed using a liner gradient of 0-60% acetonitrile, 1mL fractions were 

collected at 1minute intervals for 60 minutes. The fractions were Cerenkov counted and 

fractions containing labeled peptide were subjected to Edman degradation.  

 Labeled peptides were concentrated by vacuum centrifugation and incrementally 

spotted onto a Sequelon AA membrane and allowed to dry on a mylar sheet heated to 

500C. The peptide was coupled to the membrane by adding a coupling solution (10mM 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, 50 mM ammonium bicarbonate pH 

8.0) and incubated for 20 minutes at room temperature.  Unbound peptides were 

removed by sequential washes of 100% TFA and 0.1% TFA in distilled water. The 

membrane was then loaded into a 494 Procise sequencing cartridge and subjected to 

sequential Edman degradation reactions in a protein sequencer (Applied Biosystems). 

The amino acid from each reaction was collected evaporated to dryness using vacuum 
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centrifugation and Cerenkov counted. Cleaved radioactive peptide analysis was used to 

determine the identity of the phosphorylation site. CRP analysis was conducted at 

http://fasta.bioch.virginia.edu/crp/crp.cgi [23].  

   

 Expression and purification of recombinant ZIPK: Cell culture  

 HEK293T cells were maintained in Dulbecco’s Modified medium supplemented 

with 10% fetal bovine serum. The FLAG-ZIPK plasmids used in this study were 

constructed by Graves and colleagues [23]. Transfections were performed using Fugene 

6 transfection reagent (Roche) according to the manufactures instructions. 48 hours post 

transfection cells were rinsed with phosphate buffered saline (PBS) and lysed in 40C lysis 

buffer (50mm Tris HCl pH 7.4, 150mM NaCl, 1mM EDTA and 1% TRITON-X100). The 

cell lysate was then bound to Anti-FLAG M2 affinity resin and the bound protein eluted 

from the resin using 150uM 3X-FLAG peptide.  

 

Expression and purification of recombinant ZIPK: Bacteria 

 GST-ZIPK in a pGEX-6p2 vector was obtained from Karen Winkfield. This 

construct was transformed into Escherichia coli (BL21) cells. A single colony was used to 

start an overnight culture supplemented with 100mg/ml ampicillin. The overnight was 

then transferred to 1L of Luria broth media and grown to an optical density between 0.6 

and 1.0 at 600nm. Protein expression was then induced using 0.1mM IPTG for 2hrs at 
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370C or overnight at 250C. The cells were then pelleted at 4000rpm and stored at -800C to 

aid lysis. Cells are thawed in STE buffer (50mM Tris HCl pH 7.4, 150mM NaCl and 1mM 

EDTA), and lysed with lysozme 100X(100mg/mL), NP40 was added at a final 

concentration of 0.1% to aid solubility. The lysate is cleared at 25000 x g for 30 minutes 

and protein was purified using glutathione sepharose beads and PreScission protease 

per the manufactures instruction.  

 

Protein Kinase Assays: Protein substrate 

 For autophosphorylation experiments, purified ZIPK was incubated in kinase 

reaction buffer (25mM HEPES pH 7.4, 10mM Mg2Cl2, 150uM ATP) with γ32ATP 

(20,000cpm/nmol) for 30minutes at room temperature. The reactions were stopped with 

2X SDS sample loading buffer, and then subjected to SDS-PAGE and autoradiograph.  

Kinase assays with ZIPK as the substrate were carried out using the same conditions 

with the relevant kinase included.  

 

Protein kinases Assay: Peptide substrate 

 Peptides at a concentration of 0.5mg/ml were incubated along with kinase in 

kinase reaction buffer described above and γ32ATP (2500cpm/nmol) for 10 minutes at 

room temperature. The reaction was terminated by adding an equivalent volume of 

20mM phosphoric acid. A 10ul aliquot of the reaction mixture was then spotted onto P81 
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paper. The P81 paper was then washed in 20mM phosphoric acid until negligible counts 

remained in the wash buffer. Finally the P81 paper is rinsed with acetone dried and 

Cerenkov counted.    

 

In-gel kinase assay 

  ZIPK substrate peptides or D161A ZIPK was incorporated at a concentration of 

0.5 mg/mL in a 10% polyacrylamide gel. Kinase enriched fractions were applied to the 

gel and subjected to SDS-PAGE at 25 mA at 40C. After electrophoresis the SDS was 

removed from the gel by washing twice in 20mM HEPES pH 7.5, 20% 2-propanol. The 

gel was then equilibrated for 1 hour at room temperature with buffer A (50 mM HEPES 

pH 7.5, 0.1% β- mercaptoethanol). The proteins in the gel were denatured then renatured 

by sequential incubations in the following solutions: 45 minutes in 6M guanidine-HCl in 

buffer A, 45 minutes in 3M guanidine-HCl in buffer A and 0.05% Tween-20, 45 minutes 

in 1.5M guanidine-HCl in buffer A and 0.05% Tween-20, 45 minutes in 0.75M guanidine-

HCl in buffer A and 0.05% Tween-20, finally 2 to 12 hours in buffer A with 0.05% 

Tween-20.  

 The gel was transferred to kinase buffer (40 mM HEPES pH 7.5, 0.1% β- 

mercaptoethanol, 0.1mM EGTA, 5mM Mg(CH3COO)2 and incubated for 30 minutes, the 

phosphorylation reaction was initiated by transferring the gel to kinase buffer with 

50uM ATP and 50uCi [γ-32P] ATP and further incubating for 1 hour. The gel was washed 
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in 5% TCA, 1% disodium pyrophosphate until no radioactivity was present in the wash 

buffer. The gel was then dried and autoradiographed.     

 

ATP binding assay 

 Purified ZIPK or HE293T cell lysates with over expressed ZIPK was added to γ – 

phosphate linked ATP sepharose resin in binding buffer (25mM Tris HCl pH 7.4, 10mM 

MgCl2) and agitated for 10 minutes. The resin was then washed three times with Tris 

buffered saline (TBS). The bound ZIPK was eluted with 10-100mM ATP, 50mM MgCl2. 

After ATP elution the resin was stripped by boiling in SDS sample buffer. Eluted 

proteins were visualized using western blot analysis.  

 

Lambda phosphatase treatment  

 ZIPK was dephosphorylated using lambda protein phosphatase (New England 

Biolabs). The reaction was conducted by incubating 200 units of λ-phosphatase with 

ZIPK in reaction buffer (50 mM HEPES, 100 mM NaCl, 2 mM DTT, 0.01% mM Brij 35 pH 

7.5) for 1hr. The reaction was terminated with 50 mM NaF. The dephosphorylated ZIPK 

was then used in autophosphorylation experiments.     

 

Immunoblotting analysis 
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 To visualize proteins by western blot, samples were subjected to SDS-PAGE and 

transferred to nitro cellulose membranes. Membranes were blocked in 5% non-fat dry 

milk in TBS for 1hr, incubated in primary antibody in 5% milk in TBST (TBS, 0.1% 

Tween-20) overnight (1:5000) FLAG, (1:1000) ZIPK, ROCK or c-Myc at 40C. The 

membranes are then subjected to three 10 minute washes with TBST. Secondary 

antibody (1:2000) rabbit (1:5000) mouse diluted in 5% milk in TBST is added for 1 hour 

at room temperature. Blots were washed three times for 10 minutes in TBST then 

visualized by chemiluminescence using ECL (Pierce). Alternatively some blots were 

visualized by fluorescence using the Odyssey scanning system (Li-COR Biosciences). 

The licor protocol is similar to the above protocol except for the following amendments: 

licor buffer (500mL 2X: 10mL 10X PBS, 25mL 10% Fish Gelatin, 0.5g Casein, 10mL 2% 

sodium azide) diluted to 1X with PBS was used instead of milk. Additionally Alexa 

Flour 680 goat-mouse antibody (1: 20, 000) was used as the secondary antibody.   

 

Fluorescence Microscopy 

 HeLa cells were grown on glass coverslips in Dulbecco’s modified eagle medium 

supplemented with 10% FBS. The cells were transfected using Fugene 6 transfection 

reagent, 24 hours after transfection the cells were rinsed with PBS and fixed in 4% 

paraformaldehyde. Cells were then lysed for 10 minutes with a solution of 0.2% Triton 

X-100 in PBS, lysing solution is removed and the cells are rinsed with PBS. The cells 
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were blocked using a 1% bovine serum albumin (BSA). After blocking cells are 

incubated in primary antibody α-FLAG (1:1000) in blocking solution and then washed 

three times for 10 minutes in 0.1% NP40 in PBS. Cells were then incubated in secondary 

antibody, Alexa Fluor 568 (1: 500) in blocking buffer and washed three times with 0.1% 

NP40 in PBS. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI); the 

coverslips were mounted and sealed on glass slides. The slides were viewed using a 

Zeiss LSM 410 confocal microscope [23, 64].         
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Chapter 3: ZIPK is phosphorylated by ILK and ROCK1 

Introduction 

ZIPK is thought to be the endogenous kinase of smooth muscle myosin 

phosphatase. A study designed to identify MYPT1 kinases in smooth muscle using cow 

bladder determined that ZIPK co-purified with SMPP-1M and was able to 

phosphorylate MYPT1 at Thr696. It was also demonstrated in this study that adding the 

calcium sensitizing agonist carbachol to the smooth muscle increased the 

phosphorylation and activity of ZIPK [18]. Subsequently the authors of the study were 

able to show that a constitutively active truncation mutant of ZIPK could elicit 

contraction in β-escin-permeabilized rabbit ileal smooth muscle [19]. While it appears 

that ZIPK plays an important role in the regulation of smooth muscle contraction little is 

known about the upstream signaling pathways that regulate ZIPK. Before this study 

DAPK was reported to phosphorylate multiple residues in the C-terminal domain of 

ZIPK [26], however this was an in vitro study and the phosphorylation sites were 

inferred by mutagenesis so this signaling may not be relevant in smooth muscle.  

 The studies described above all suggest that phosphorylation is an important 

component of ZIPK regulation. Several phosphorylation sites have been recorded for 

ZIPK (Figure 1.4) [23, 25, 26]. The sites located in the kinase domain: Thr180, Thr225 and 

Thr265 are all required for full kinase activity. The C-terminus is also extensively 

phosphorylated but the effect of these phosphorylation events on ZIPK activity is     
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Figure 3.1: Schematic of the screen for smooth muscle ZIPK kinases. Porcine bladder 

was homogenized and enriched for kinases using an ATP affinity column. The kinase 

enriched mixture was separated using anion exchange, assay for kinase activity 

towards ZIPK. Proteins in the kinase active fractions were identified using MS.   
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unclear. Only one of these sites has been assigned a definite function, mutation studies 

have shown that Thr299 regulates the cellular localization of ZIPK [23].  To further 

delineate the regulation of ZIPK we attempted to identify kinases present in smooth 

muscle that phosphorylate ZIPK.  

 To accomplish this we employed a proteomic screening method which used 

peptides based on the phosphorylation sites of ZIPK as bait. The myofibrillar fraction of 

porcine bladder was enriched for kinases using a γ-phosphate linked ATP- sepharose 

affinity column. Proteins from the enrichment step were then fractionated using an 

anion exchange change column; each fraction was then assayed for activity against ZIPK 

peptides. Fractions that had ZIPK kinase activity were separated by SDS-PAGE and the 

proteins in the fraction were identified by mass spectrometry. The screening method is 

illustrated in (Figure 3.1). Kinases identified by the peptide screen were validated in 

kinase assays using kinase dead ZIPK as the substrate.   

 

Results  

Smooth muscle kinase activity towards ZIPK Thr180 

To identify endogenous kinases that regulate ZIPK activity in smooth muscle a 

peptide based on the Thr180 site present in the activation loop of the protein was 

synthesized. This peptide was included as a substrate in kinase assays along with anion 

exchange fractions of homogenized porcine smooth muscle that had been enriched for 
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kinases using a γ-phosphate linked ATP-sepharose column. This experiment was 

conducted simultaneously with a peptide derived from the Thr696 phosphorylation site 

of MYPT1; this was done to confirm the protocol preserved kinase activity of the muscle 

as this peptide was used successfully in a previous study to identify kinase activity in 

smooth muscle [18].  

 

 

Figure 3.2: Smooth muscle kinase activity towards ZIPK Thr 180 and MYPT1 peptides. 

Kinase activity of anion exchanged fractions was evaluated by a radiometric kinase 

assay; 10 ul of each fraction was combined with peptide substrate in kinase buffer 

that contained radiolabled (32P)ATP.   
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Two peaks of kinase activity were detected towards the MYPT1 Thr696 peptide and one 

peak of activity towards the Thr180 peptide which aligned with the first peak of the 

MYPT peptide (Figure 3.2). 

activity the fractions were separated by SDS

visualize the proteins (Figure 3.3)
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Two peaks of kinase activity were detected towards the MYPT1 Thr696 peptide and one 

peak of activity towards the Thr180 peptide which aligned with the first peak of the 

MYPT peptide (Figure 3.2). To identify the proteins in the fractions with Thr180 kinase

activity the fractions were separated by SDS-PAGE and silver staining was used to 

(Figure 3.3).     

Protein content of  anion exchange fractions with activty towards ZIPK 

ctions with activity towards Thr180 peptide were separated using SDS

PAGE, and visualized by silver stain. Protien bands were removed from the gel

digested with trypsin and anlaysed by MS. Complete list Appendix A. 

Following separation each visible protein band was excised from the gel digested with 

trypsin and the resulting peptide mixture was analyzed using mass spectrometry.

mass spectrometry data revealed a complex protein mixture; in many cases multiple 

eins were present in a single band, the complete list can be found in Appendix A

Two peaks of kinase activity were detected towards the MYPT1 Thr696 peptide and one 

peak of activity towards the Thr180 peptide which aligned with the first peak of the 

in the fractions with Thr180 kinase 

and silver staining was used to 

 

nion exchange fractions with activty towards ZIPK 

peptide were separated using SDS-

ds were removed from the gel 

Complete list Appendix A.   

Following separation each visible protein band was excised from the gel digested with 

mass spectrometry. The 

in many cases multiple 

, the complete list can be found in Appendix A. 



 

34 

The proteins identified were representative of the ATP-binding proteome, several 

kinases and other proteins with ATP-dependent activity were present. The protein 

kinases present in the fractions with activity towards the Thr180 peptide were: integrin 

linked kinase (ILK), rho-associated protein kinase 1 and 2 (ROCK1/2), 

calcium/calmodulin-dependent protein kinase (CaMK), mitogen activated protein kinase 

3 (MAPK3) and casein kinase 2 (CK2). Recombinant CaMK, ROCK and CK2 are 

commercially available, these proteins were purchased (Invitrogen, Signal Transduction 

Labs and NEB) and used in kinase assays with Thr180 peptide as the substrate; none of 

these proteins were able to phosphorylate the peptide. MAPK3 had very little sequence 

coverage in the MS analysis and was not pursued further.  

 ILK appeared to be the most likely candidate for ZIPK T180 phosphorylation. To 

assess the activity of ILK towards ZIPK a pGEX-6p-1 vector encoding GST-ILK was 

obtained from Dr. Shoukat Dedhar. ILK expressed in bacterial cells using standard 

growth conditions was unstable and resulted in degraded protein, growing the cells at a 

lower temperature and induction with a lower concentration of IPTG improved the 

yield of full length protein (Figure 3.4). However the protein that was obtained had no 

activity towards a known ILK substrate [67] myelin basic protein (MBP) (data not 

shown). Further inspection of the MS data show that fractions that contained ILK also 

had particularly interesting new-Cys-His protein (PINCH) and parvin present.   



 

 In vivo ILK exists i
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ILK exists in a ternary complex with PINCH, α-parvin and β

illustrated by experiments that show the members of the complex co-localize and 

67-70]. Considering this information alternate conditions were 

used to produce ILK and carry out kinase assays.  A FLAG-ILK construct was generated

α and β parvin         

: Western blots of GST-ILK produced in bacteria, illustrating protein 

(A) Western blot anti-GST, protein produced in cells that were

Protein produced in cells that were induced overnight at 18

were obtained from Dr. Cary Wu.  ILK and parvin constructs were expressed 

and the purified proteins were used in kinase assays with Thr180 

Purified ILK did not phososphorylate Thr180 but ILK combined with α or β

incorporate phosphate into the Thr180 peptide. In addition reactions 

and β-parvin 

localize and 

conditions were 

ILK construct was generated 

 

, illustrating protein 

that were induced 

were induced overnight at 180C.   

ILK and parvin constructs were expressed 

proteins were used in kinase assays with Thr180 

sosphorylate Thr180 but ILK combined with α or β 
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performed with FLAG α or β parvin alone also resulted in Thr180 phosphorylation 

(Figure 3.5). This result suggests that the observed Thr180 activity is due to endogenous 

ILK. The kinase experiments conducted with the peptide were repeated with D161A 

ZIPK a kinase dead mutant of ZIPK. The results were similar to those observed for the 

peptide. ZIPK was phosphorylated when parvin was present but it was not 

phosphorylated with the recombinant ILK alone (Figure 3.6a). To determine if 

endogenous ILK co-immunoprecipitated with recombinant parvin; western blot analysis 

was conducted on the purified FLAG-parvin. ILK was detected in both α and β parvin 

preparations as shown in (Figure 3.6b).      

 

         

 

Figure 3.5: In vitro kinase assay with FLAG ILK, parvin and Thr180 peptide. FLAG 

immunoprecipitated proteins were used in kinase assays that included [γ-32P] ATP. 

Reactions were spotted onto P81 paper and Cerenkov counted. Results are the average 

of two independent experiments.  
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Figure 3.6: In vitro kinase assays with recombinant ILK, parvin and kinase dead 

D161A ZIPK. (A) Recombinant GST-ZIPK was incubated with FLAG-ILK and parvin 

individually or together in the presence of [γ-32P] ATP. (B) Western blot of 

immunoprecipitated FLAG α and β parvin using anti-ILK antibody.   
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Smooth muscle kinase activity towards ZIPK Thr265 and Thr299 [64] 

 Our lab previously mapped the sites of phosphorylation on ZIPK; Thr180, 

Thr225 and T265 in the kinase domain and Thr299, Thr306 and Ser311 in the C-terminal 

domain [23]. The placement of Thr180 in the activation segment is highly suggestive of 

its role in regulating the activity of ZIPK, the location of the other phosphorylation sites 

are not as instructive. Knowing the identity of the kinase/s responsible for 

phosphorylation on these sites would be a valuable tool in determining the contribution 

of these phosphorylation events to ZIPK activity. Following the successful search for the 

ZIPK Thr180 kinase peptides representing the remaining regulatory ZIPK 

phosphorylation sites were generated and used to screen smooth muscle extracts for 

activity. As discussed earlier anion exchange chromatography fractions of homogenized 

smooth muscle enriched with an ATP-sepharose affinity column was used in a 

radiometric assay with ZIPK peptide. (Figure 3.7) shows a single peak of activity 

towards each peptide, the activity towards Thr180, Thr265 and Thr299 co-elute between 

fraction 32 and fraction 40. 
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Figure 3.7: ZIPKK kinase activities isolated from smooth mucscle. Peptide 

corresponding to ZIPK Thr180, Thr265 and Thr299 were incubated with anion 

exchange fraction in the presence of [γ-32P] ATP. The terminated reactions were 

spotted onto P81 and Cerenkov counted.     

 

The fractions with kinase activity were separated by SDS-PAGE and the protein were 

visualized using silver staining (Figure 3.8). The proteins were removed from the gel 

digested with trypsin and analyzed by mass spectrometry. The tryptic peptides were 

first analyzed by mass peptide fingerprinting followed by MS/MS analysis, the 

combined data was used to search public databases and identify the proteins. This 

approach was effective even in the cases where a single band contained multiple 

proteins. 
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Figure 3.8: MS analysis of ZIPKK active fractions. T
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protein bands in each fraction were excised, digested with trypsin, a
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: MS analysis of ZIPKK active fractions. The major peaks of Thr

299 activities were characterized by SDS-PAGE and silver staining. Individual 

protein bands in each fraction were excised, digested with trypsin, and identified by 

mass spectrometry. 1 and 2, SPTA2; 3, SPTA2/MYH11; 4, PPP6; 5, MYH11, HS90A; 6, 

MYH11; 7, 8, 9, and 10, ROCK1; 11, HS90A; 12, TERA; 13, GEPH, ROCK2, GOGA4; 14, 

HS90A, TERA, GEPH; 15, endoplasmin precursor (94-kDa glucose-regulated protein)

HS90A; 16, HS90A; 17, HS90A; 18, HS90A, TERA, GEPH; 19, 20, and 21, HS90A; 22, 

EHD2; 23, TCPG, TCPA1, TCPA2, ROCK2; 24, TCPA1, TCPG; 25, HS90A, TPM4; 26, 

TCPA; 27, TCPQ, TCPH; 28 and 29, TCPQ, HS90A; 30, PCCB, IMDH2; 31, HS90A; 32, 

PCCB, IMDH2; 33, HS90A; 34, PI52A; 35, PI52A, GEPH; 36, HS90A; 37, ACTH, 

adenosylhomocysteinase (S-adenosyl-L-homocysteine hydrolase); 38, HS90A, ACTH; 

39, HS90A; 40, HS90A, ACTH; 41, ACTH; 42, HS90A; 43, TPM1; 44, glyceraldehyde

phosphate dehydrogenase; 45, 46, and 47, HS90A; 48, TCPG; 49 and 50, ABCF1; 51, 14

(protein kinase C), 14-3-3 protein g (protein kinase C). 
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Thr180, Thr265 and Thr299 were ROCK1 and ROCK2. To determine if the activity 

towards the peptides could be attributed to ROCK; kinase assays with the anion 

exchange fractions were repeated in the presence of the ROCK inhibitor Y27632. In the 

presence of the inhibitor the activity towards Thr265 and Thr299 peptide was reduced 

by approximately 90 percent (Figure 3.9), however the activity towards Thr180 was not 

affected (data not shown). These findings along with western blot analysis of the anion 

exchange fractions strongly suggest that the smooth muscle kinase activities towards 

Thr265 and Thr299 were due to ROCK1.    

 

 

Figure 3.9: Smooth muscle ZIPKK activities in the presence of Y27632. Anion 

exchange chromatography fractions of homogenized ATP-enriched porcine bladder 

were used in kinase assays with Thr265 and Thr299 peptide with or without 10uM 

Y27632.   
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To determine if the results of the peptide experiment were relevant in full length 

ZIPK; recombinant ROCK was used to phosphorylate a FLAG immunoprecipitated 

kinase dead mutant of ZIPK (D161A). The kinase reaction was carried out in the 

presence of [γ-32P] ATP; the reaction was analyzed with SDS-PAGE and 

autoradiography which showed incorporation of phosphate into ZIPK illustrated in the 

top panel of (Figure 3.10a). To identify the sites that were phosphorylated the 

radiolabeled ZIPK was digested with trypsin and the resulting peptides were separated 

by HPLC. As shown in (Figure 3.10a) the tryptic digest produced three labeled peptides. 

Each peptide was isolated and subjected to sequential Edman degradation; histograms 

in (Figure 3.10a) represent the 32P content of each cycle. Radiolabeled phosphate was 

found in cycle 3 for peptide 1, cycle 3 for peptide 2 and cycles 3 and 5 for peptide 3. 

Based on the predicted cycle release for ZIPK tryptic peptides shown in (Figure 3.10b) 

there are a number of potential ROCK1 phosphorylation sites: Thr003, Ser51, Ser52, 

Ser57, Thr112, Thr225, Ser288, Thr306, Ser311, Thr312, Ser371, Thr265, Thr299, Thr300, 

Ser 429, Thr180, Thr277 and Ser373. To obtain information to further narrow the list of 

potential sites, the mapping study was repeated using the protease endopeptidase C 

which has a Lys/X cleavage pattern in contrast to trypsin which has a [Arg/Lys]/X 

cleavage pattern. Endopeptidase C treated ZIPK produced two labeled peptides (Figure 

3.11a). Lys-C peptide 1 had a cycle 8 release and peptide 2 had a cycle 4 release.  
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Figure 3.10: Phosphopeptide mapping of ZIPK phosphorylated by ROCK1 and 

digested with trypsin. (A) HPLC profile of labeled tryptic peptides and histograms of 

Edman degradation cycles. (B) CRP analysis predicting peptide cycle of potential 

phosphorylation sites.   
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Figure 3.11: Phosphopeptide mapping of ZIPK phosphorylated by ROCK and 

digested with lysl endopeptidase C. (A) HPLC profile of labeled lysl endopeptidase C 

peptides and histograms of Edman degradation cycles.(B) CRP analysis predicting 

peptide cycle of potential phosphorylation sites.   
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These findings suggest tryptic peptide 3 and Lys-C peptide 1 peptides are labeled at the 

Thr299 site while tryptic peptide 1 and 2 and Lys-C peptide 2 are derived from Thr265. 

The presence of three peptides in the tryptic digest despite there being two 

phosphorylation sites is explained by alternate cleavage of the Thr265 peptide due to 

adjacent Lys and Arg residues. Additionally the Thr299 has a cycle 8 release instead of a 

cycle 1 release because the phosphorylated residue is adjacent to a Lys residue making 

the site resistant to cleavage. The combined results of trypsin and Lys-C CRP analysis 

suggest the ROCK1 phosphorylation sites are Thr265 and Thr299. This result was 

confirmed with antibodies specific to phosphorylated Thr265 and phosphorylated 

Thr299. Western analysis of ZIPK phosphorylated with ROCK1 shown in (Figure 3.12) 

reflected an increase in phosphorylation that correlated to the concentration of ROCK1.     

 

 

Figure 3.12: ROCK1 phosphorylates ZIPK at Thr265 and Thr299. Western blot analysis 

of ZIPK phosphorylated by ROCK using pThr265 and pThr299 antibodies. 
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Previous work in our lab provides evidence that in vivo ZIPK activation may be 

downstream of ROCK signaling; treatment of carbachol and calyculin A treated bladder 

with Y-27632 caused significant inhibition of ZIPK activity. This was not a result of 

direct ZIPK inhibition as in vitro assays showed ZIPK is insensitive to Y-27632 [18]. 

Mendelsohn and colleagues also demonstrated that the interaction between ZIPK and 

MYPT is inhibited when RhoA signaling is disrupted due to the expression of a 

dominant negative RhoA mutant [22]. In this study co-transfection experiments were 

conducted in HeLa cells using ROCK, Rho and ZIPK to determine if the direct 

phosphorylation of ZIPK by ROCK1 observed earlier in this study occurs in intact cells. 

Phalloidin staining of F-actin structures was used to measure the activities of the over-

expressed proteins. Activated forms of Rho and ROCK induce distinctive stress fiber 

phenotypes; activated ROCK produces a focused stress fiber pattern while activated Rho 

produces parallel stress fibers [71-74].  

HeLa cells transfected with WT-ZIPK or the ZIPKT265A mutant alone showed 

no changes in the actin cytoskeleton (Figure 3.13 A and B). However cells transfected 

with the constitutively active mutants RhoA 63L or ROCKΔ3 both exhibited significant 

cytoskeletal rearrangement; RhoA 63L expressing cells had parallel stress fibers and 

ROCKΔ3 expressing cells had stress fibers radiating from a single foci (Figure 3.13 C and 

D). Coexpression of ROCKΔ3 and WT-ZIPK altered the stress fiber pattern from the 

characteristic ROCK phenotype to an arrangement that was more similar to the Rho 
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phenotype (Figure 3.13 E). The modulation of the ROCK phenotype did not occur when 

ROCKΔ3 was co-expressed with the ZIPK-T265A mutant (Figure 3.13 F).  

         

 

Figure 3.13: ROCK1 signals directly via ZIPK in vivo. HeLa cells were transfected 

with pEGFP and FLAG-ZIPK or combined with GFP-RhoA 63L or Myc-ROCKΔ3. The 

actin cytoskeleton is visualized with phalloidin. (A) WT FLAG-ZIPK (B) FLAG-

ZIPKT265A (C) GFP-RhoA63L (D) Myc-ROCKΔ3 (E) Myc-ROCKΔ3 and FLAG-ZIPK 

(F) Myc-ROCKΔ3 and FLAG-ZIPKT265A.     

These results suggest ROCK1 signals directly via ZIPK in vivo and the signaling which 

produces changes in actin the cytoskeleton is mediated by ZIPK Thr-265 

phosphorylation.            
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Discussion 

It is generally accepted that Ca2+ independent contraction of smooth muscle is 

achieved by myosin phosphatase inhibition [33, 35, 41]. Research into the signal 

transduction pathways that lead to SMPP-1M inhibition have identified several kinases 

including ZIPK, ILK and ROCK that phosphorylate the inhibitory sites of MYPT1 [18, 

64, 73, 74]. Most studies to date have investigated the signaling of these kinases as 

parallel pathways; however the results presented in this study suggest that ZIPK may be 

an intersecting point for these pathways.   

The data in this study show endogenous ILK and ROCK derived from smooth 

muscle phosphorylate ZIPK; ILK phosphorylates ZIPK at Thr180 while ROCK 

phosphorylates ZIPK at residues Thr265 and Thr299. Additionally it was demonstrated 

that ZIPK is a direct target of ROCK in vivo; the reorganization of the actin cytoskeleton 

induced by ROCKΔ3 a constitutively active mutant was modified when co-expressed 

with WT-ZIPK and this modification was dependent on Thr265 phosphorylation.  

The signaling outcomes of ZIPK, ILK and ROCK in smooth muscle are very 

similar. They all target the inhibitory sites of MYPT, the inhibitor peptide CPI17 and 

LC20 [22, 47, 56, 57]. Prior to this there was some evidence to suggest ZIPK may be a 

downstream target of ROCK signaling; treatment of carbachol and calyculin A treated 

bladder with Y-27632 caused significant inhibition of ZIPK activity. This was not a result 

of direct ZIPK inhibition as in vitro assays showed ZIPK is insensitive to Y-27632 [18]. 
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Mendelsohn and colleagues also demonstrated that the interaction between ZIPK and 

MYPT is inhibited when RhoA signaling is disrupted due to the expression of a 

dominant negative RhoA mutant [22]. On the other hand no direct or indirect signaling 

between ILK and ZIPK has been reported in the literature. Most of the research done on 

ILK relates to its role in integrin signaling; it interacts with the cytoplasmic tail of β1 and 

β3 integrin subunits [75]. In addition to its role as a kinase, ILK is also a scaffolding 

protein important to complex formation at focal adhesion sites where it links integrin 

signaling to the actin cytoskeleton and modulates actin polymerization [76, 77].  

In smooth muscle signaling ZIPK, ILK and ROCK are in many ways functionally 

redundant. Further research must be done to assess the individual contribution of each 

kinase to smooth muscle function. As mentioned earlier in this manuscript there are two 

types of smooth muscle: tonic and phasic. Additionally diseases that affect smooth 

muscle for example asthma and restenosis result in remodeling [78, 79]. It is possible 

that the dominant kinase in Ca2+ independent signaling is dependent on muscle type.   
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Chapter 4: ZIPK is activated by phosphorylation and 
substrate binding 

Introduction 

Our laboratory has shown that phosphorylation is essential to ZIPK activation, 

experiments carried out using threonine to alanine mutations of key phosphorylation 

residues determined phosphorylation on Thr180, T225 and Thr265 is required for full 

enzymatic activity. Furthermore it was determined that removal of the C-terminal 

domain of ZIPK results in a significant increase in enzyme activity [23]. This result 

suggests that the C-terminal domain is inhibitory. The mechanism of inhibition is 

unknown and the available crystal structures of ZIPK do not provide any clues because 

a C-terminal truncation mutant is used to obtain the structures. 

Affinity chromatography is a well-established method of protein purification [80-

83], the specific interactions that take place between an enzyme and its substrate can be 

exploited to separate a single protein or sub-group of proteins from a complex mixture 

[84, 85]. Protein kinases are highly conserved within the catalytic domain, close 

inspection shows 15 amino acids in the conserved region to be nearly invariant [65, 86, 

87]. Many of the invariant amino acids make direct contact with ATP, the adenine 

portion of the molecule is buried deep within the hydrophobic pocket of the catalytic 

cleft with the α, β and γ phosphates oriented toward the opening of the cleft [88, 89]. 

Along with hydrophobic contacts several hydrogen-bond contacts are formed between 

the N6 amino group and the N7 nitrogen atoms of the adenine ring [65]. Haystead and 
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colleagues used these conserved interactions as the basis for the design of a γ-phosphate 

linked ATP-Sepharose that has been used successfully for affinity purification of protein 

kinases [65]. 

Affinity chromatography has additional applications beyond protein 

purification, it can be used to assess the strength of protein ligand interactions which is 

employed frequently in drug screening [90-93].  Another infrequently utilized but 

valuable application is to provide information about the reaction mechanism of an 

enzyme [94]. Kinases have evolved binding grooves outside of the active site called 

docking groves that interact with motifs within the substrate as well as targeting 

proteins to confer specificity [95]. There is extensive structural data obtained from the 

crystal structure of many different kinases in complex with their respective docking 

peptides that show allosteric conformational changes that contribute to kinase activation 

[96-98]. On the other hand, there are very few structures that show kinases in complex 

with substrate peptides that occupy the active site. While the data set is small there is 

evidence that suggests that substrate derived peptides induce conformational changes. 

In the case of ERK2 the peptide bound structure is closer to the active form than the 

inactive form [95].  

In this study γ-phosphate linked ATP Sepharose is used as a tool to probe the 

effects of phosphorylation and substrate binding on ZIPK activation.   
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Results 

ZIPK was first identified as the MYPT associated kinase in a screen that utilized 

γ-phosphate linked ATP-sepharose to isolate kinases from smooth muscle [18], which 

clearly demonstrates the ability of ZIPK to bind ATP-Sepharose. To demonstrate the 

specificity of this binding, serial dilutions of FLAG-ZIPK produced in HEK 293T cells 

were incubated with ATP-Sepharose and the bound protein was eluted with SDS-

loading buffer or a 100mM ATP solution. The eluted protein was separated by SDS-

PAGE and visualized by western blot (Figure 4.1A), which shows ZIPK binding to ATP-

Sepharose is both linear and reversible. Our laboratory has shown using steady state 

kinetic analysis of radiometric assays that the phosphorylation state of residues in the 

kinase domain is necessary for ZIPK kinase activity [23]. The ATP-Sepharose binding 

assay was performed with WT ZIPK or ZIPK with mutations at either T180A or T265A. 

When compared to WT, mutation at both T180 and T265 resulted in a large reduction in 

ATP binding (Figure 4.1B); this reduction in binding was congruent with previous 

kinetic analysis of these ZIPK mutants [23]. This data suggests the change in ZIPK 

binding to ATP-Sepharose can be used as a qualitative measure of ZIPK activation.  

   Experiments described in chapter 3 demonstrate ZIPK is phosphorylated by 

ROCK I both in vivo and in vitro [64]. To determine the effect of this phosphorylation 

event; the change in the affinity of ZIPK for ATP-Sepharose after ROCK 

phosphorylation was evaluated.             



 

53 

 

Figure 4.1: ZIPK binding to ATP-Sepharose. (A) Serial dilutions of FLAG WTZIPK 

incubated with ATP-Sepharose, eluted protein is visualized by western blot using 

anti-FLAG antibody. First lane in each blot is a loading control. (a)SDS elution. (b) 

100mM ATP elution. (B) FLAG WT, T180A, T265A ZIPK incubated with ATP-

sepharose and eluted protein visualized by western blot. Corresponding graph 

quantifies protien bond to  immobilized ATP normalized to the loading control. The 

result are the average of for independent experiments. 

 

FLAG WT ZIPK was transfected into HEK 293T cells, the protein was 

immunoprecipitated with anti-FLAG antibody and then eluted from the antibody with 

FLAG peptide. Purified WTZIPK was then incubated in parallel reactions with Mg2+ -

ATP and increasing concentrations of ROCK; the reactions were carried out the presence 
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of radiolabeled phosphate (32γ-ATP) to monitor the level of phosphorylation on the 

proteins.    

 

Figure 4.2: ROCK activation of WT ZIPK. (A)WT ZIPK was incubated in with ROCK1 

in the presence of radiolabeled phosphate, subsequently bound to ATP-sepharose. (a) 

Autoradiograph showing 32P incorporation. (b) Western blot with anit-FLAG antibody 

of radiometric assay. (c) FLAG western blot of protein eluted from ATP-sepharose.  

(B) Graph quantifies protein bound to immobilized ATP, results are average of three 

independent experiments.  
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Following pre-incubation with ROCK the reaction was added to ATP-sepharose. 

Autoradiography shows that increasing the concentration of ROCK in the assay resulted 

in increased ZIPK phosphorylation (Figure 4.2A). The increase in ZIPK phosphorylation 

was accompanied by an increase in binding to ATP-sepharose illustrated in (Figure 

4.2A, panel (a)) and quantified in (Figure 4.2B). The data suggests ROCK 

phosphorylation results in ZIPK activation.  

 We have shown in previous experiments that ZIPK readily autophosphorylates 

[23], this is also depicted in the control reaction of the previous experiment (Figure 4.2A, 

panel (a)). To confirm that ZIPK activation was the result of ROCK phosphorylation not 

autophosphorylation; the preceding experiment was repeated with the kinase dead 

ZIPK-D161A mutant. The result of this assay mirrored the result of the assay performed 

with WT-ZIPK; increasing the ROCK concentration resulted in increased ZIPK 

phosphorylation. Subsequently there was an increase in the amount of ZIPK bound to 

ATP-sepharose. Collectively these results definitively show ROCK phosphorylation is 

sufficient to induce ZIPK activation. 

 The catalytic core of a kinase binds both the nucleotide and the peptide substrate 

and facilitates the transfer of the γ-phosphate to the peptide. ATP-sepharose is non-

hydrolyzable which means there is no turnover; this makes it possible observe any 

changes in ATP affinity that result from substrate binding.            
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Figure 4.3: ROCK activation of D161A- ZIPK. (A)D161A- ZIPK was incubated in with 

ROCK1 in the presence of radiolabeled phosphate, subsequently bound to ATP-

sepharose. (a) Silver stained SDS-PAGE of radiometric assay. (b) Autoradiograph 

showing 32P incorporation in radiometric assay. (c) FLAG western blot of protein 

eluted from ATP-sepharose. (B) Quantification of protein in the western blot, result is 

the average of three independent experiments. 
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ATP-sepharose was incubated with FLAG WT- ZIPK produced in HEK 293T cells in the 

presence of increasing concentrations of a peptide derived from the Thr696 inhibitory 

site of MYPT. The protein bound to the resin was eluted with SDS protein buffer.  

Increasing the concentration of MYPT peptide in the assay resulted in an increase in 

ZIPK binding to ATP-sepharose of approximately 2-3 fold (Figure 4.4). This suggests 

allosteric coupling of the ATP and substrate binding sites in ZIPK. Furthermore the data 

asserts ZIPK is activated by substrate binding.  

 

 

 

Figure 4.4: Substrate dependence of ZIPK.  FLAG tagged WT ZIPK was incubated in 

the presence of MYPT substrate peptide. (A) Western blot using anti-FLAG antibody 

of protein eluted from ATP-Sepharose. (B) Quantification of protein in western blot, 

result is the average of four independent experiments. 
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In cases of true specific affinity chromatography, added free ligand should compete 

effectively with the immobilized ligand [99]. FLAG WT-ZIPK was incubated with ATP 

sepharose in the presence of 10mM or 25mM free ATP, a parallel experiment was also 

conducted in the presence of 100uM MYPT substrate peptide. In assays conducted with 

MYPT peptide ZIPK affinity for ATP-sepharose was greater than assays that did not 

have MYPT peptide. Free ATP was able to compete with ATP immobilized to sepharose; 

this is illustrated by reduced ZIPK binding to ATP sepharose when free ATP is included 

in the assay (Figure 4.5). Taken together these results confirm the previous finding that 

substrate binding activates ZIPK, as well as provides further evidence that ZIPK binding 

to ATP-sepharose is specific. 

       

 

Figure 4.5: ZIPK binding to ATP-Sepharose in the presence of unbound ATP. FLAG-

ZIPK was bound to ATP-Sepharose with or without MYPT substrate peptide and 

increasing concentration of free ATP included in the assay. The eluted protein was 

subject to SDS-PAGE and visualized by immunoblot using Anti-FLAG antibody.  
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The C-terminus of ZIPK is inhibitory; a Δ273 truncation mutant of the protein has a 

dramatic increase in autophosphorylation and phosphorylation of eternal substrates [21, 

23]. To determine the role of the C-terminus in the substrate activation of ZIPK; 

contiguous ATP-sepharose binding assays were conducted in the presence of increasing 

concentrations of MYPT peptide (0-100 uM) using either full-length or the Δ273 

truncation mutant of ZIPK. The ATP affinity of ZIPK was greater in experiments carried 

out with the truncation mutant. However, while the presence of the peptide 

strengthened the interaction between ATP and full-length ZIPK the peptide had no 

effect on the interaction between ATP and truncated ZIPK. This data confirms the 

inhibition of the ZIPK C-terminus, more noteworthy the data suggests substrate 

activation of ZIPK is a result of C-terminus displacement.  

      

 

Figure 4.6: ZIPK C-terminus dependence of substrate phosphoryalation. FLAG-ZIPK 

full-length and Δ273 C-terminus truncation was incubated with ATP-Sepharose in the 

presence of MYPT substrate peptide. Eluted protein was visualized by western blot 

using anti-FLAG antibody.  
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Discussion 

Protein kinases are critically important to many biological processes, aberrant 

protein kinase signaling is linked to many diseases such as cancer and hypertension 

[100, 101]. Drug therapy targeting protein kinases have been successful, a notable 

example is Gleevec which targets Bcr-Abl protein kinase [102]. Analysis of protein 

kinase activity is usually achieved by steady state kinetic studies which include small 

molecule inhibitors [103]. In this study affinity chromatography carried out with γ-

linked ATP-sepharose is used to investigate the mechanism of ZIPK activation. 

The results of this study show γ-linked ATP-sepharose is an appropriate tool to 

measure kinase activation; ZIPK binding to the medium was linear and reversible. 

Additionally ZIPK T180A and T265A mutants which were shown in previous studies to 

have impaired kinase activity [23], had lower affinity for ATP-sepharose. Subsequently, 

the ATP-sepharose assay was used to show that ROCK phosphorylation of ZIPK results 

in kinase activation. Finally, inclusion of substrate peptide in the assay increased the 

ATP affinity of ZIPK which represents kinase activation. The activation of ZIPK in 

response to substrate binding was observed in the full-length protein but not in a C-

terminal truncation mutant; this mutant also exhibited greater ATP affinity compared 

the full-length protein. As a whole the results of this study support what is already 

known about ZIPK activation; which is phosphorylation and C-terminus displacement is 

required for full activation [18, 19, 23, 36, 64].  More importantly the data provides new 
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information about the mechanism of C-terminus displacement; the data suggests that C-

terminal tail associates with the substrate binding region of ZIPK. The incoming 

substrate displaces the C-terminus and induces a conformation change which increases 

the ATP affinity of the enzyme further contributing to ZIPK activation. This finding is 

significant because it suggests the region of the substrate immediately surrounding the 

phosphorylated residue is involved in kinase activation. While this mechanism of 

activation is not commonly postulated; data from experiments into bi-substrate protein 

kinase inhibitors may lend further support. Bi-substrate inhibitors consisting of a 

nucleotide analog connected to a peptide fragment via a linker arm were potent kinase 

inhibitors [104]. The constituent parts of the inhibitor showed high micromolar potency 

compared to subnanomolar potency of bi-substrate inhibitors; the dramatic increase in 

potency is best explained by a synergistic not additive effect [105, 106].  

The data from these experiments suggest a conformational change upon 

substrate binding; however these experiments don’t provide details on the nature of the 

conformational change. Only a small number of protein kinases have been crystalized in 

the presence of a substrate peptide and only two from the CAMK family of kinases to 

which ZIPK belongs. In both cases: phosphatidylinositol mannoside-1 (Pim1) and 

phosphorylase kinase (PHK) [107, 108]. There was little change in the backbone 

conformation of the protein. Interestingly PHK exists as a dimer when crystalized in the 

presence of substrate peptide, and the peptide is involved in the interactions that take 



 

62 

place across the dimerization axis [108]. Dimerization is frequently implicated in kinase 

activation but there are examples such as MEK6 which forms an autoinhibitory dimer in 

the absence of substrate [109]. The kinase domain of ZIPK has been crystalized in both 

the monomeric and dimeric form; in the dimer the active site is impeded and it is 

suggested that this conformation is inactive [95]. A recent dimerization study of DAPK a 

close relative of ZIPK determined that the binding of either ATP or peptide substrate 

could shift the equilibrium between monomers and dimers [110].              
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Chapter 5: Phosphorylation-dependent control of ZIPK 
nuclear import is species specific [66] 

Introduction 

Mouse models are used extensively as a tool to determine protein function. One 

of the basic assumptions of mouse models is that the signaling pathways are essentially 

the same for mice and humans. Previously there have been contradictory reports about 

the localization and signaling outcomes of ZIPK. Some publications report that over- 

expressed human ZIPK (hZIPK) is localized to the cytoplasm and induces membrane 

blebbing and cell rounding [111, 112]. Additional cytoplasmic functions reported for 

hZIPK are autophagic vesicle formation and calcium sensitization and contraction in 

smooth muscle cells [26, 64, 113]. Researchers using mouse ZIPK (mZIPK) report that 

recombinant mZIPK is localized to the nucleus within promyelocytic leukemia 

oncogenic bodies [21, 114, 115]. Primary sequence alignment of ZIPK from various 

vertebrates spanning fish to mammals show it is highly conserved; identities are at least 

88% in the N-terminal domain and at least 46% in the C-terminal domain. However 

mouse and rat ZIPK are more divergent when compared to all other species including 

other rodents [111]. The difference observed in the localization of human and mouse 

ZIPK seem attributable to a single (T-A) substitution at Thr299; this results in the 

removal of a key phosphorylation site that is required for shuttling between the nucleus 

and cytoplasm by hZIPK. A Thr299 (T-A) phosphorylation mutant of hZIPK exhibits the 

nuclear localization seen in mZIPK [23]. The Thr299 phosphorylation sits adjacent to a 
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putative nuclear localization sequence (NLS2), the phosphorylation state of Thr299 may 

determine the accessibility of NLS which would explain the dependence of hZIPK 

localization on Thr299 phosphorylation. Given the difference in localization between 

hZIPK and mZIPK it is not clear if the cellular function of the protein is conserved. One 

mechanism that has been suggested that could serve to conserve functionality is the 

differential binding of mouse and human ZIPK to the protein prostate apoptosis 

response 4 (PAR4). It has been reported that mZIPK when bound to PAR4 is transported 

from the nucleus to actin filaments [21, 114, 115], hZIPK does not bind to PAR4 [111]. 

To further understand the conditions that determine ZIPK localization, imaging 

studies were carried out using hZIPK with mutations in regions of the protein that may 

impact cellular localization. In addition humanizing mutations were introduced into 

mZIPK to ascertain more information about the similarities and differences employed by 

the two forms of the protein for transport.  

 

Results  

Human ZIPK is localized to the cytoplasm while murine ZIPK is located in the 

nucleus. It has been suggested that the difference in localization can be attributed to a 

threonine to alanine substitution on amino acid 299 in the mouse sequence which is 

located next to a putative NLS (Figure 5.1A).  
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Figure 5.1: Sequence and localiztion differences between human and mouse ZIPK. (A) 

Sequence alignment of region surronding amino acid 299. The putative NLS is 

underlined. (B) Fluorescene microscopy of transfected HeLa cells (a) WT-hZIPK, (c) 

hZIPK T299A, (e) hZIPK T299D, (g) mZIPK. Nuclear staining visulized with DAPI in 

(b),(d),(f) and (g).    
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Our laboratory has previously shown that Thr299 phosphorylation of hZIPK is required 

for cytoplasmic localization, experiments conducted with a threonine to alanine 

mutation at this position resulted in translocation to the nucleus [23] shown in (Figure 

5.1B, panels a and c). Given the proximity of the residue to the NLS we hypothesized 

that phosphorylation blocks access to the NLS and subsequently transport to the 

nucleus. To test this hypothesis a Thr299D mutant which mimics phosphorylation was 

transfected into HeLa cells, this mutant was localized to the cytoplasm (Figure 4.1B, 

panel e). In contrast to the localization observed for hZIPK, in cells transfected with 

mZIPK the protein was located in the nucleus (Figure 5.1B, panel g).   

 There are four putative NLS in hZIPK, to determine if the functional NLS is 

NLS2 and if this locus is controlled by the adjacent Thr299 phosphorylation; truncation 

mutants of hZIPK were made that would allow this model to be tested. A schematic of 

the mutants is illustrated in (Figure 5.2A).  The FLAG tagged truncation mutants were 

transfected into HeLa cells and the protein was visualized with a fluorescent anti-FLAG 

antibody. Western blots performed on cell lysates with a phospho-Thr299 antibody to 

monitor the phosphorylation status of Thr299 in the mutants (Figure 5.2B). WT hZIPK 

was phosphorylated at Thr299 and was located in the cytoplasm, C-terminal truncations 

at 400 and 342 retained Thr299 phosphorylation and both were localized to the 

cytoplasm (Figure 5.2A panels a, c and e).       
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Figure 5.2: Phosphorylation and localization of hZIPK truncation mutants. (A) HeLa 

cells transfected with truncation mutants (a)WT ,(c) 1-400, (e) 1-343, (g) 1-273, (i) 274-

454, (k) 343-454 visualized with fluorescence microscopy. Schematic of ZIPK 

truncation mutants. (B) Western blots of cell lysate using anti-FLAG and pThr299 

antibodies. (C) Comparison of 274-454 and T299D 274-454 localization.     
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      The construct that comprised only the kinase domain (1-273) remained in the 

cytoplasm (Figure 5.2B, panel g), this result suggests the functional NLS is located 

between residues 274 and 454. The N-terminal truncation mutant spanning 274-454 was 

not phosphorylated and was nuclear while the mutant spanning 343-454 that lacks NLS2 

was cytoplasmic (Figure 5.2B, panels i and k). These results suggest the functional NLS 

is NLS2. A T299D mutation was added to the 274-454 mutant to simulate 

phosphorylation; this mutant was cytoplasmic (Figure 5.2C). Collectively the data 

suggests NLS2 under the control of Thr299 phosphorylation is responsible for the 

cellular localization of hZIPK. 

 We have previously shown that hZIPK phosphorylation at Thr299 is regulated 

by autophosphorylation and ROCK both in vitro and in vivo [64]. To ascertain if in vivo 

ROCK signaling is involved in regulating the cellular localization of hZIPK a mutant 

that exhibits nuclear localization was employed. Mutation of three valines to alanine in 

the leucine zipper motif (ΔLZ) of hZIPK produces a mutant that has reduced 

oligomerization and is localized to the nucleus [17, 23]. Western blotting conducted  

with an antibody towards pThr299 shows the ΔLZ mutant had reduced Thr299 

phosphorylation when compared to WT (Figure 5.3A). HeLa cells were co-transfected 

with constitutively active rho63L construct which activates ROCK signaling and hZIPK- 

ΔLZ.    
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Figure 5.3: The effect of Rock generated Thr299 phosphorylaiton on localization of 

hZIPK. (A) Level of Thr299 on ΔLZ compared to WT. (B) HeLa cells transfected with 

either (a) WT hZIPK and GFP (d) hZIPK- ΔLZ and GFP (g) WT-hZIPK and GFP-

rho63L (j) hZIPK- ΔLZ and GFP-rho63L and visualized by fluorescence microscopy. 

The corresponding nuclei are stained with DAPI (b), (e), (h) and (k). GFP fluorescence 

is shown in panels (c), (f), (l) and (i). (C) Hela cells transfected with hZIPK- ΔLZ in the 

absence of presence of Rho were counted and cells expresing exclusively cytoplasmic 

(light gray) or cytoplasmic and nuclear (dark gray) FLAG staining were quantified. 

(D) In vitro radiometric kinase assay with ROCK and WT ZIPK; (1) 0ng, (2) 50ng (3) 

100ng ROCK.    



 

70 

          

In the presence of the rho construct hZIPK- ΔLZ had greater cytoplasmic localization 

when compared to cells expressing only hZIPK- ΔLZ (Figure 5.3A, panels d and g) and 

quantified in (Figure 5.3C). In vivo WT hZIPK is highly phosphorylated at Thr299 

meaning it is almost exclusively localized to the cytoplasm; therefore any increase in the 

cytoplasmic localization resulting from additional Thr299 phosphorylation is not 

detectable. However an in vitro assay using recombinant ROCK and WT ZIPK show it is 

possible to increase Thr299 beyond the levels generated by autophosphorylation which 

is illustrated in (Figure 5.3D). This result suggests the rho/ROCK signaling pathway may 

be involved in dictating the cellular localization of hZIPK.  

 To definitively confirm the role of NLS2 in the nuclear transport of hZIPK; a 

mutation was introduced to render the NLS inoperable. Two arginine residues at 

position 294 and 295 were changed to alanines. The RR294-295AA construct was 

localized to the cytoplasm as shown in (Figure 5.4C), however the construct was 

phosphorylated at Thr299 therefore the contribution of the NLS to the cellular 

localization was not clear from this experiment. To delineate the contribution of NLS2 a 

construct with both RR294-295AA and T299A mutations was used, this construct was 

localized to the cytoplasm as illustrated in (Figure 5.4D), thus confirming the role of 

NLS2 as the functional nuclear localization signal in human ZIPK.  
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Figure 5.4: Effect of mutated NLS2 on hZIPK localizaton. Hela cells were (A)WT, (B) 

T299A, (C) mutantNLS2 and (D) T299A/mutantNLS2. The cells were visualized using 

FLAG immunofluorescence microscopy. The phosphorylation state of the FLAG 

tagged protein was determined by western blot using an anti-pT299 antibody. 

Quanification of localization is also shown; cyloplasmic (light gray) and nuclear (dark 

grey). *Student t-test (p < 0.001) demonstrated statistical significance between 

cytoplasmic staining of WT and T299A.  
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Having established the mechanism of cellular localization for human ZIPK in the 

previous experiments; we performed experiments that would ascertain if the same 

mechanism was used by mouse ZIPK. The prevailing explanation for the difference in 

localization between hZIPK and mZIPK is the T299A substitution present in the mouse 

sequence. We introduced a “humanizing” A229T mutation into mZIPK, this construct 

localized exclusively to the nucleus (Figure 5.5C). The phosphorylation status of Thr299 

in the humanized mZIPK was unknown; therefore to be more certain of the effect of 

Thr299 phosphorylation an A299D mutation was introduced in mZIPK to mimic 

phosphorylation. This construct was also exclusively localized to the nucleus (Figure 

5.5E). This result suggests changing the amino-acid at position 299 to a phosphorylatable 

residue in mouse ZIPK does not induce the protein to employ the mechanism of nuclear 

transport employed by human ZIPK. To determine if NLS2 is the functional NLS in 

mZIPK we mutated two arginine residues at position 294 and 295 to alanine (RR294-

295AA); like the previous mZIPK constructs RR294-295AA was localized to the nucleus 

(Figure 5.5G) which suggests NLS2 is not the functional NLS in mZIPK. Collectively 

these results suggest that the mechanism used by human ZIPK is not a mere 

modification of the murine mechanism, it appears the two mechanisms for nuclear 

transport are completely different. 

To conserve the function of ZIPK between species there must be mechanisms in 

place to transport hZIPK to the nucleus and mZIPK to the cytoplasm.  
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Figure 5.5: The role of NLS2 in mouse nuclear localization. Hela cells were transfected 

with (A) GFP-mZIPK, (C) GFP-mZIPK A299T, (E) GFP-mZIPK A299D and (G) GFP-

mZIPK/mutantNLS2. The cells were visulaized using fluorescence microscopy, the 

corresponding nuclei (B), (D), (F) and (G) are stained with DAPI.   
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Nuclear localized mZIPK is transported to the cytoplasm when it is co-expressed with 

PAR4 [114, 115]; while overexpressed T299A and ΔLZ mutants of hZIPK show nuclear 

localization [17, 23]. To date the cellular transport of ZIPK that would be needed to 

conserve the function of the protein has not been illustrated in experiments with 

endogenous protein. To ascertain the cellular signals that would prompt relocalization 

of ZIPK we observed the localization of hZIPK in cells treated with kinase inhibitors to 

block hZIPK phosphorylation; as well as the localization of hZIPK in cells after serum 

starvation and at different stages of the cell cycle. None of these conditions prompted 

ZIPK relocalization in HeLa cells. However when nuclear export was blocked by 

treating cells with leptomycin B (LMB) both recombinant (Figure 5.6B) and endogenous 

(Figure 5.6F) hZIPK showed some nuclear localization. This suggests human ZIPK 

actively shuttles between the nucleus and the cytoplasm. Furthermore nuclear 

accumulation as a result of LMB treatment suggests ZIPK is exported from the nucleus 

via the Crm1 exporter. A possible nuclear export sequence (NES) was suggested by 

predictive software to reside in a leucine rich region that spans residues 378-386; 

mutation of one or all leucine residues to alanine did not result in nuclear accumulation 

suggesting the NES is present in another region of the protein.   
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Figure 5.6: Nuclear accumulataion of hZIPK when nulear export is blocked. HeLa 

cells were visualized using fluorescence microscopy after LMB treatment. Anti-FLAG 

antibody was used to visualize cell transfected with FLAG-hZIPK (A) and (B). 

Endogenous ZIPK visualized with anti-hZIPK antibody (E) and (F). The 

corresponding nuclei are stained with DAPI (C),(D),(I) and (J). Actin filaments are 

stained with phalloidin.  
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   Discussion 

The human and murine forms of ZIPK represent a unique divergence of a 

conserved vertebrate gene; the most notable difference is a threonine to alanine 

substitution at amino acid 299 which results in a change in the subcellular localization of 

ZIPK [111]. The experiments described in this chapter determined the transport 

mechanism used by human ZIPK to move between the cytoplasm and the nucleus. The 

subcellular localization of ZIPK is controlled by NLS2; the availability of this locus is 

dependent on the phosphorylation state of the adjacent T299 residue. When T299 is 

phosphorylated access to NLS2 is blocked and ZIPK is localized to the cytoplasm; we 

have demonstrated that this process can be a result of signaling via the Rho/ROCK 

pathway. A T299A mutation as well as a T299A coupled with a RR294-295AA mutation 

to disable NLS2 resulted in nuclear localization of human ZIPK which firmly supports 

our findings. The regulation of nuclear import using an NLS regulated by 

phosphorylation of an adjacent residue is also used by DRAK2 another member of the 

DAPK family which may suggest a conserved mode of regulation [116]. Surprisingly 

neither an A299D mutation that mimics phosphorylation nor a RR294-294AA mutation 

in NLS2 of mouse ZIPK resulted in translocation from the nucleus to the cytoplasm. This 

suggests the localization of the human and murine forms of ZIPK are determined by 

different mechanisms. 
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Orthologs of closely related organisms such as humans and mice usually display 

similarity in both sequence and protein function. While the kinase domain of human 

and mouse ZIPK show 88% sequence identity the C-terminal domain shows only 46% 

identity. Much of the regulatory elements are located in the C-terminus; in human ZIPK 

the C-terminus is required for oligomerization and interaction with other proteins also 

removal of the C-terminus results in a dramatic increase in enzymatic activity [17, 21, 23, 

117]. The uncharacteristic lack of conservation in an important regulatory region of the 

protein coupled with the observed differences in nuclear localization introduces doubt 

regarding the conservation of protein function. It has been reported that NLS4 is the 

functional NLS in mouse ZIPK; a C-terminal truncation mutant of mouse ZIPK 

abrogated nuclear transport and co-localized with actin filaments [21]. This localization 

pattern mirrors that of human ZIPK, additionally the truncation mutant of mouse ZIPK 

also showed significant increase in kinase activity which is the same phenomena 

observed with human ZIPK. Perhaps the protein function of ZIPK is conserved between 

mice and humans via a mechanism in the mouse that removes or blocks the C-terminus 

of the protein.  

 Our laboratory has demonstrated in previous studies that ZIPK Thr299 

phosphorylation can occur via autophosphorylation or via the Rho/ROCK signaling 

pathway [23, 64]. In this study the ΔLZ mutant of hZIPK which has reduced Thr299 

phosphorylation and exhibits partial nuclear localization enabled us to show increased 



 

78 

Thr299 phosphorylation concurrent with increased cytoplasmic retention of ZIPK in 

response to signaling downstream of the Rho/ROCK signaling pathway. This result 

suggests Rho/ROCK signaling promotes the cytoplasmic localization of ZIPK and aligns 

seamlessly with the functional role of ZIPK in smooth muscle. The downstream effectors 

of ZIPK such as MYPT1, LC20 and CPI17 require cytoplasmic localization.  

A significant finding of the study is sensitivity of hZIPK to LMB; this suggests 

hZIPK nuclear export is mediated by the Crm1 export pathway. Additionally the 

accumulation of endogenous hZIPK in the nucleus after LMB treatment suggests 

continuous shuttling between the nucleus and the cytoplasm. We were unable to 

determine the NES that is responsible for hZIPK nuclear export; mutation of several 

residues in a putative NES located between residues 378 and 386 did not result in the 

nuclear accumulation observed with LMB treatment. It is possible that the NES sequence 

resides in another region of the protein or some alternate mechanism is responsible for 

hZIPK nuclear export. Evidence of movement between the nucleus and cytoplasm by 

endogenous ZIPK suggest cells can mobilize ZIPK to the cytoplasm to perform functions 

such as membrane blebbing, the formation of autophagic vesicles and smooth muscle 

contraction via MYPT1 signaling [112, 113] or to the nucleus to associate with ATF4, 

DAXX and STAT3 [17]. Even more pertinent to the prevailing question of conserved 

protein function between mice and humans the subcellular shuttling suggests 

mechanisms may be in place that allows conservation. Until these mechanisms are 
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described and understood it would be pertinent to use caution in the use of mouse 

models as a tool to study ZIPK function.      
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Chapter 6: Discussion and Future Directions 

 

Kinases that target smooth muscle myosin phosphatase are potential drug 

targets in the treatment of diseases that result from improper smooth muscle signaling. 

This is clearly illustrated in the success of the drug fasudil which targets ROCK; the 

drug is currently used to treat cerebral vasospasm. Our laboratory and others have 

collected significant evidence that suggests ZIPK plays an important role in smooth 

muscle contraction. ZIPK was identified as an MYPT1 kinase in a proteomic screen 

designed to identify kinases involved in myosin phosphatase (SMPP-1M) regulation. 

Several lines of evidence suggest that ZIPK is a physiologically relevant MYPT1 kinase. 

The Ca2+ sensitizing agonist carbachol, increased the phosphorylation and activity of 

ZIPK in bladder smooth muscle. MYPT1 exhibits a low Km (~ 2µm) for ZIPK which is 

about 15 fold lower than another MYPT1 kinase ROCK [18]. ZIPK is the major MYPT1 

kinase activity present in smooth muscle [19] and a high stringency screen of a human 

aortic smooth muscle library identified ZIPK as the unique vascular smooth muscle 

MYPT1 associated kinase [22]. Finally addition of recombinant ZIPK to smooth muscle 

was sufficient to induce contraction [19].  Pursuant to this evidence, this study was 

initiated to further understand the mechanisms responsible for ZIPK activation.  

A screen designed to uncover kinases upstream of ZIPK identified ILK and 

ROCK1 [64]. ILK phosphorylates ZIPK at Thr180 and ROCK1 phosphorylates ZIPK at 
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Thr265 and Thr299. We further showed that ROCK phosphorylation takes place in vivo 

which was demonstrated by reorganization of the actin cytoskeletion when ZIPK and 

ROCK were co-expressed in HeLa cells. The kinases identified by the screen are well 

established members of the smooth muscle signaling pathway. They all contribute to 

calcium independent contraction by: phosphorylating and inhibiting MYPT1, 

phosphorylating the inhibitory peptide CPI17 and direct phosphorylation of LC20. This 

study suggests that ZIPK could be a convergence point for signaling that results in 

calcium independent smooth muscle contraction. If this is true, it would make ZIPK 

even more attractive as a drug target. Extensive in vivo studies are necessary to 

determine the spatial and temporal conditions that allow interaction between ZIPK, ILK 

and ROCK. To this end experiments must be carried out to catalog the location and 

activity of the endogenous kinases of interest in both muscle and non-muscle cells. This 

could be achieved by antibodies with high specificity and sensitivity directed at ZIPK. 

Antibodies directed at the phosphorylated form of the protein could be used to monitor 

activity. Knockout mouse models have been reported for both ROCK [118] and ILK[119], 

while no significant smooth muscle phenotypes have been reported for these animals 

comparison of the ZIPK signaling in these animals to wild-type animals may help to 

deconvolute the interactions between ZIPK, ROCK and ILK.  

 The experiments in Chapter 4 show γ-linked ATP-sepharose is an effective tool 

to measure kinase activation. It was established that ZIPK binding to the resin is specific 
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and linear and dependent on the activation state, this was illustrated by effective 

competition for ZIPK binding by free ATP and reduced binding to the resin by kinase 

deficient ZIPK mutants. The ATP-sepharose assay showed ROCK phosphorylation of 

ZIPK is activating. Additionally the assay showed the ATP affinity of ZIPK increased in 

the presence of MYPT substrate peptide and this increase only occurred when the full-

length protein was used in the assay. Collectively the data suggests ZIPK is activated by 

phosphorylation and substrate binding which mediates activation via C-terminus 

displacement. The available crystal structures of ZIPK were obtained using the 

truncated form of the peptide therefore they provide no clues about the interactions 

made by the C-terminus that contribute to activation. This study and others before it 

suggest the C-terminus of ZIPK contains major regulatory element; future studies with 

ZIPK should be carried out with the full-length protein. The major hindrance to using 

full-length protein has been protein degradation when the protein is produced in 

bacterial cells. Improvements in cell culture techniques that allow large scale production 

of protein in mammalian cells grown in suspension may address this problem; the 

method may also be advantageous because in vivo post-translational modifications 

would be present [120, 121].  Finally, the substrate binding effect observed in this study 

should be investigated as a method of enriching specific kinases from the complex 

mixture that binds to ATP-sepharose. If the substrate activation mechanism is utilized 

by other kinases then the method would be a useful tool in kinase purification.       
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 A mouse knockout of ZIPK has great potential; it could reveal the systemic 

effects of ZIPK removal. Measurements such as blood pressure and airway muscle 

contractility would provide data that directly relates to impairments that cause diseases 

like asthma and hypertension in humans. Mouse models are deemed appropriate 

because evolutionarily mammals are a relatively new class; properties such as 

physiology and metabolism are similar for humans and mice. Reports of conflicting 

cellular localization patterns in mice and humans coupled with an amino acid 

substitution adjacent to a potential NLS prompted us to initiate a study into the 

mechanism responsible for ZIPK cellular transport. This was achieved by employing 

targeted mutations of ZIPK and visualization of the protein with fluorescence 

microscopy. We determined the functional NLS in human ZIPK is NLS2; when T299 

adjacent to this locus is phosphorylated access to the nuclear import machinery is 

blocked and ZIPK remains in the cytoplasm. We also show that NLS2 is not the 

functional NLS in mouse ZIPK and a “humanizing” A299T mutation or the 

phosphomimetic A299D mutation was not sufficient to move mouse ZIPK from the 

nucleus to the cytoplasm. Treatment of HeLa cells with the drug LMB resulted in 

nuclear accumulation of human ZIPK suggesting constant shuttling of the protein 

between nuclear compartments. This data suggests there may be a compensatory 

mechanism present in cells allowing ZIPK to be transported the compartment of the cell 

where it is needed. Additional cataloging of the localization of ZIPK in both human and 
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mouse cells as well as functional assays to measure activity are needed to determine if 

the function of ZIPK is conserved between mice and humans. Without this data it is not 

clear if the mouse knockout of ZIPK would be an appropriate reverse genetics tool. In 

the meantime information about the gross physiological implications of ZIPK may be 

obtained by treating an animal such as rabbit or dog with specific ZIPK small molecule 

inhibitors. Our laboratory is in the process of identifying specific inhibitors of ZIPK for 

this purpose.                       
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Appendix A: Mass Spectrometry Data 
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