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ABSTRACT 

MEKK4 is a recently identified serine/threonine kinase. 

Upon initiation of this study, MEKK4 had been shown to 

phosphorylate MKK6, an upstream kinase of the stress 

activated p38 MAP kinase, although no agonist or directly 

upstream activating kinase had been reported. To identify 

proteins that interact with MEKK4, a recombinant form of 

the protein was used as bait to bind interacting proteins 

from mammalian cell extracts. Using this method, the 

calcium binding protein, annexin II, was identified as an 

interacting partner with MEKK4. The Far-Western immunoblot 

was another approach used to examine interacting proteins 

and revealed that a 120 kiloDalton protein interacts with 

MEKK4. It was then postulated and subsequently confirmed 

that this 120 kiloDalton protein was the calcium regulated 

tyrosine kinase, Pyk2. Studies proceeded to examine the 

interaction between Pyk2 and MEKK4 and revealed that MEKK4 

was an angiotensin Il-induced, extracellular calcium-

dependent substrate for Pyk2 kinase activity. It was 

subsequently observed that MEKK4 functioned in the reported 

pathway of angiotensin II enhancing cyclooxygenase II 

transcription. Again using recombinant MEKK4 as bait, the 
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MAP kinase, ERKl, was also found to interact with MEKK4. 

Additional studies demonstrated that ERKl was not a 

substrate for MEKK4. Instead, the Pyk2-interacting 

tyrosine phosphatase, SHP-2, was found to bind to and 

regulate MEKK4 tyrosine phosphorylation. As studies by 

other groups had detailed SHP-2 as an important regulator 

for ERK activation, experiments shifted to examining a role 

for MEKK4 in scaf folding SHP-2 regulation of ERK 

activation. Studies confirmed that the SH2 domains of SHP-

2 were important in regulating the subset of the total 

cellular ERK population bound to MEKK4. Collectively these 

results demonstrate a dual function for MEKK4; as an active 

kinase that functions upstream of the p38 MAP kinase in the 

Pyk2 pathway; and as a scaffold for SHP-2 regulation of ERK 

activity. This study then defines two novel, potentially 

overlapping, cellular roles for MEKK4 in regulating the 

cardiovascular response to angiotensin II. 
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CHAPTER 1; INTRODUCTION 

The seminal research of Stanley Cohen, for which he was 

recognized with the Nobel Prize, focused on identifying a 

protein that accelerated the rate of certain developmental 

changes in infant mice. When he injected extracts from the 

submaxillary glands of adult mice into newborn mice, the 

rate of tooth eruption and eyelid separation increased (1). 

These simple observations lead to the purification of 

proteins from the injected extracts and the subsequent 

identification of the mitogenic protein, EGF (Epidermal 

Growth Factor). The identification of EGF allowed for the 

subsequent identification of its receptor, EGFR, and 

ultimately started many researchers on delineating the 

pathways by which signals produce a biological effect. 

The purification and characterization of the EGF protein by 

Dr. Cohen was based upon an observed physiological response 

such as tooth eruption and eyelid separation. The research 

detailed in this dissertation follows a somewhat reversed 

approach. The studies of this dissertation characterize a 

function for a recently identified kinase, MEKK4 (Mitogen 

Activated Protein (MAP)/ Extracellular-signal Regulated 

Kinase (ERK) Kinase Kinase isoform 4). Upon initiation of 
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the studies detailed herein, the protein MEKK4 had been 

identified, yet its physiological role had not, The 

results of these studies define a function for MEKK4 and 

provide significant new information into better 

understanding the physiological role of MEKK4. 

The following subsections detail relevant information about 

the history of MEKK4 as well as provide information 

regarding the function of proteins that are identified in 

these studies as being involved in the cellular function of 

MEKK4. The use of this information should help to 

understand the progression of these studies, but also add 

insight into the physiological significance of MEKK4. 

MEKK4 

MEKK4, also known as MTKl (MAP Three Kinase 1), is roughly 

180 kiloDaltons (kDa) in size and occurs naturally in two 

isoforms, a and |3, the former containing approximately 50 

more amino acids just before the start of the kinase 

domain. The two names are a result of the close proximity 

in the time of their identification and the different 

species from which they were identified. MEKK4 was 
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initially cloned from a mouse cDNA library and MTKl was 

identified from a human cDNA library (2, 3). 

The amino acid sequence of MEKK4 indicates it functions as 

a serine/threonine kinase, as MEKK4 contains a kinase 

domain near its carboxyl terminus. The protein kinase 

family consists of approximately 500 different members and 

their principle role is to phosphorylate substrates. 

Phosphorylation of substrates is frequently initiated by 

extracellular stimuli. These stimuli ultimately alter gene 

transcription by causing a cell to adapt and respond to the 

particular stimuli. Kinases are typically activated by the 

transfer of the terminal phosphate group of ATP (adenosine 

tri-£hosphate) from an upstream kinase or receptor and 

will, in turn, activate further downstream kinases through 

phosphorylation. The purpose of kinases is to 

distinctively respond to a stimulus and pass a signal along 

from kinase to kinase in a chain-like series of 

phosphorylation events that will alter the status of the 

cell. 

Kinase cascades can result in a wide variety of responses, 

which includes cell growth, cell differentiation and cell 
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death. Typically, the final activated protein in a cascade 

translocates to the nucleus and phosphorylates a terminal 

substrate. This allows the substrate to either bind to DNA 

or to interact with transcriptional regulating proteins and 

finally alter the expression of mRNA for specific proteins. 

The ultimate level of activated kinase is referred to as 

MAPK (Mitogen Activated Protein Kinase) in reference to the 

first identified kinase that was observed to be activated 

following stimulation with mitogens (this protein though is 

now more commonly referred to as ERK (Extra-cellular 

Regulated Kinase) and MAPK more typically refers to the 

subset of proteins that function at this level) (4). The 

family of proteins directly upstream of the MAPK group is 

the MAPKK (MAPK Kinase) subset; the acronym refers to its 

function as a kinase for the MAPK family. Further upstream 

of this family is the MAPKKK (MAPKK Kinase) family. It is 

at this level that MEKK4 is thought to function. 

MEKK4 was identified in 1997 using a cloning strategy that 

utilized degenerate DNA primers to the Saccharomyces 

cerevisiae (S. cerevislae) kinase Stell (Sterile 11) (2). 

Sterile refers to the yeast' s inability to mate in the 

absence of functional expression of the protein. A 



comparison of typical kinase cascades between yeast and 

mammalian systems shows significant amino acid homology at 

multiple levels. The yeast MAP kinase family, Fus3/Kssl, 

shares significant homology with the mammalian ERKs (Figure 

1) . Similarly, directly upstream in both species are the 

Ste7 and MEK groups of kinases in yeast and mammals 

respectively, again sharing significant amino acid 

homology. In yeast, directly upstream of Ste7 is Stell. 

Raf, which one might expect to be likewise analogous in its 

amino acid sequence to Stell, as it is a MAPKKK in mammals, 

does not share any significant homology with Stell. 

Initial research, based upon the discrepancy between Raf 

and Stel 1, resulted in an attempt to find a mammalian 

homolog to Stell. The differences in activation between 

Raf and Stel1 added further motivation to search for a 

mammalian homolog to Stel 1: Raf was thought to be 

regulated solely by receptor tyrosine kinases, whereas 

Stel1 is regulated by G-protein coupled pheromone and 

osmosensor receptors (5). The differences in the amino 

acid sequence and the types of receptor activating the 

MAPKKKs indicated another mammalian family of proteins was 

likely to exist. The result was the subsequent 
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Figure 1: Overview of the differences between mammalian 
and yeast MAPKKKs and yeast kinase cascades involving 
Stell. 
The MAPKKK, Raf, shares little amino acid homology with 
the MEKKs and the yeast MAPKKK, Stell. In response to 
pheromones, the specific response involving activation 
of Ste11 by Ste2 0 leads to Ste7 and Fus3/Kss1 
activation, with Ste5 scaffolding the cascade together. 
Activation of Ste11 by osmotic stress leads to 
activation of Pbs2 and Hogl. Pbs2 also scaffolds the 
cascade together. Specificity, ef f iciency and 
prevention of cross-talk between the two cascades are 
achieved through scaffolding to Ste5 or Pbs2. 
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identification of the first member of the MEKK family (6). 

Figure 1 illustrates a comparison between yeast and 

mammalian kinases. 

Yeast Kinase Cascades 

In yeast, the MAPKKK protein, Stell, is involved in both 

regulating the response to pheromones in order to mate and 

in the response to osmotic stress (7-9) . Figure 1 

illustrates the two roles of Stel1 signaling and the 

pertinent proteins involved. In order for yeast to mate, 

three significant changes must occur: transcription of the 

necessary genes; arrest of the cell cycle in G1; and 

changes in cell morphology (10). The presence of 

pheromones causes these changes through the activation of a 

receptor and subsequent signaling through specific kinase 

cascades. The Ste2/Ste3 pheromone receptors are seven 

transmembrane serpentine-like structures that are coupled 

to a ternary G-protein complex. Once the receptor coupled 

to the G-protein complex is activated, the G-protein a 

subunit exchanges GDP (Guanine Di-Phosphate) for GTP 

(Guanine Tri-Phosphate). The result of the exchange causes 

the G-protein complex to disassociate from its respective a 

and PY subunits (11, 12) . The now active G,,., subsequently 



causes activation of Ste20, leading to activation of Stell 

(13) . This signaling progresses onward from Stell to SteV, 

and then to Fus3/Kssl, activating Fusl and consequently-

allowing fusion of yeast to occur (14) . Fus3/Kssl 

activation also results in the phosphorylation of Far1, 

inhibiting the activation of CDK (eye1in-dependent kinase), 

thereby halting the progression of the cell cycle (15). 

The Stell, SteV and Fus3/Kssl proteins are held in 

proximity to each other by a scaffolding protein, Ste5 (10, 

14, 16, 17). Ste5 holds no recognized kinase activity, 

though it may potentially function as a substrate for Fus3 

as a form of negative feedback (18). The presence of Ste5 

is necessary to allow for a quick and specific response. 

The role of Ste5 by its name alone explains that yeast are 

unable to mate without its presence, and its role as a 

scaffolding protein helps to prevent cross talk with other . 

potential substrates for the catalytically active kinases. 

Stell is involved in the yeast signaling response to high 

osmotic stress. In this instance, activation of Stel1 

leads to activation of Pbs2 and then Hogl (9). Here, the 

kinase Pbs2 also serves the same function as that of Ste5 



in regulating the pheromone response, scaffolding the 

Stell, Pbs2 and Hogl enzyme complex together to make the 

cascade specific for this response (9). Interestingly, 

when Stell is activated through the stimulation of mating 

factors further signaling is only through the pathway 

involving Ste7 and Fus3/Kssl and when Stell is activated by 

osmotic stress, only the pathway involving Pbs2 and Hogl is 

further activated (9). Although the same MAPKKK is 

involved (i.e. Ste11), specificity is achieved by 

recruitment to either Pbs2 or Ste5, making the scaffolded 

module at least as necessary as the active kinases 

themselves in allowing specificity and preventing cross 

talk in the response (18). 

The two other yeast kinases, Ssk2 and Ssk22, from which the 

human form of MEKK4 (MTKl) was cloned, are both proteins 

redundant in function that are upstream of Pbs2 and Hogl 

and are also activated in response to osmotic stressors 

(19). Ssk2 and Ssk22 differ from Stell in their activation 

of Pbs2-Hogl through different upstream mediators (9). 

Stell is activated by the osmosensor, Shol, whereas Ssk2 

and Ssk22 are both activated by a two-component osmosensor 

consisting of three proteins Sskl, Ypdl and Slnl (9, 20) . 
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The Sskl carboxyl terminal regulates the ability of Ssk2 

and Ssk22 to autophosphorylate and subsequently activate 

Pbs2 and Hogl {20). There is little cross talk between the 

Shol and Slnl branches of Hogl activation, likely due to 

scaffolding proteins. An amino terminal region of Pbs2 has 

been identified to selectively bind Ssk2 and Ssk22, and 

mutation of this site affects Hogl activation through Slnl, 

indicating a means for making the pathway specific and 

efficient (21). 

Mammalian MEKK family 

An overview of the MEKK family with their respective 

stimuli and substrates can be seen in Figure 2. MEKKl was 

the first of the MEKK family of mammalian kinases to be 

identified (6). As with all of the four currently 

identified members of the MEKK family, degenerate 

oligodeoxynucleotides, based upon regions of the kinase 

domain to Stell, were used to find a mammalian homolog to 

the yeast kinase (2, 6, 22) . MEKKl is a 196 kiloDalton 

protein that possesses the ability to regulate MEK 1 (and 

consequently the ERK family of MAP kinases), providing the 

link between yeast and mammals: the original impetus for 
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Figure 2: Overview of the MEKK family of kinases. 
A cartoon representation of some of the stimuli and 
kinases currently identified to be involved in signaling 
with each member of the MEKK family. 

research to identify a mammalian Stell homolog (6) . This 

function also provided a diverging point for MEK 1 and ERK 
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regulation, as Raf had already been identified as a 

regulatory protein for MEK 1 (6). 

The catalytic domain of MEKKl, like all of the MEKK family 

members, lies at the carboxyl-terminus. MEKKl, like MEKK4, 

contains a proline rich and a plecstrin-like homology 

domain near the amino terminus (2, 23). MEKKl, in addition 

to regulating the ERK MAP kinase, has been found to 

regulate the JNK {c-Jun amino (N-) terminal kinase) MAP 

kinase through activation of MKK7 and MKK4 (also called 

JNKK) (24) . This offers another point of divergence for 

Stell from Raf, which only participates in pathways 

regulating ERK. MEKKl has also been implied in both pro-

apoptotic and protective pathways. Its function upstream 

of JNK has been demonstrated to lie in the pathway of TNFa 

(Tumor Necrosis Factor a) stimulation of apoptosis, 

whereas, knock out MEKKl -/- embryonic stem cells have 

proven more prone to apoptosis following microtubule-

interfering drug treatment (25, 26) . This contradictory 

role is most probably explained through the involvement of 

both different cell types and different scaffolding 

proteins. 
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MEKKl is a substrate for the caspase proteases, which are 

proteins involved in regulating apoptosis (27). Caspase-

mediated proteolysis of MEKKl produces an amino-terminal 

110 kDa fragment that specifically associates with 14-3-3 

proteins (discussed later) (28), while the remaining 80 kDa 

carboxy1-terminal domain of MEKKl selectively regulates 

signal transduction pathways that contribute to activation 

of JNK and apoptosis (29) . Caspase cleavage of MEKKl 

allows for regulated activity of NFKB, a transcription 

factor important in regulating apoptosis. The NFKB upstream 

regulating proteins, IKKa and p, have both been reported to 

bind to and be phosphorylated by MEKKl. Stimuli that 

activate MEKKl range from growth factors that mediate an 

ERK response to UV-radiation and osmotic stressors that 

mediate JNK and p38 activation. This point separates the 

mammalian MEKKs from the yeast protein Stell, as Stel1 is 

thought to be solely regulated by G-protein coupled 

receptors. 

MEKK2 and 3 were the next two kinases of the family to be 

identified (22) . MEKK2 is a 70 kDa protein and MEKK3 is 

only slightly larger at 71 kDa. When transf ected into 

mammalian cells, both were initially found capable of 



activating the ERK and JNK MAP kinases and not the p38 MAP 

kinases. Subsequent studies, however, have demonstrated 

MEKK3 may function in the pathway of p38 as well (22, 30). 

In comparing MEKK2 and MEKK3 amino acid sequences, they 

share more than 90% homology in their kinase domains, yet 

share only 65% homology in their amino termini (22). The 

indication from the disparity in amino acid sequence 

between MEKK2 and MEKK3 is that differences in function may 

have more to do with protein association rather than in 

specific kinase activity {22). 

MEKK2 primarily activates the JNK MAP kinase pathway 

through phosphorylation of MKK7 and MKK4 (30, 31) . MEKK2 

has also been demonstrated to bind and activate the PKC-

related kinase, PRK2, a protein that likely regulates 

protein synthesis (32, 33) . Studies with knock out MEKK2 

mouse fibroblasts demonstrated that MEKK2 preferably 

regulates JNK activity (34) . MEKK2 has also shown the 

capability to regulate activity of IKKrx and p, kinases 

important for releasing NFKB and regulating apoptosis (35). 

MEKK3 activates the JNK pathway primarily through MKK7, and 

the p38 pathway through MKK6 (30) . MEKK3 has additionally 



been reported to regulate NFKB (35). Over-expression of 

MEKK3 has resulted in cells that are resistant to 

apoptosis, indicating MEKK3 plays a significant role in the 

process of programmed cell death (36) . Gene knock out of 

MEKK3 in mice proved to be lethal at approximately 

embryonic day 11 to the resulting developing embryos, with 

impaired angiogenesis noted as the main fatal flaw (37) . 

Both MEKK2 and MEKK3 regulate MEK5, an upstream kinase in a 

novel MAPK pathway (38, 39 ) . MEK5 activates ERK5 (also 

called BMKl, Big KAP Kinase 1), a protein that regulates 

cellular growth in response to epidermal growth factor, 

independently of Ras activation (40). 

One of the means through which specificity of MEKK 

signaling pathways is thought to be achieved is through the 

binding of 14-3-3 proteins (28). This is a family of 

proteins that serve to scaffold MEKK to specific kinase 

cascades. 14-3-3 proteins can bind to many different 

proteins that are phosphorylated on serines, serving to 

potentially protect proteins from dephosphorylation. (41). 

Additionally, 14-3-3 monomers can bind other 14-3-3 

proteins, allowing for formation of a larger complex, an 

example of which is the ability of 14-3-3 to bring together 



Raf and Cdc25A (42). Although multiple isoforms of the 14-

3-3 family can bind various members of the MEKK4 family, 

14-3-3 isoforms will not bind to all members (e.g. t, and E 

isoforms will recognize and bind to MEKKs 1, 2 and 3, but 

not MEKK4) (28) . Another potential means through which 

specificity with 14-3-3 binding may be achieved is through 

differential expression of certain isoforms in different 

cell types. 

ERK and p38 MAP Kinase 

The ERK and p38 MAP kinases are important to this study as 

potential downstream proteins regulated by MEKK4 activity. 

The first of the identified MAP kinases was the protein 

ERKl (4). This kinase was characterized by its ability to 

phosphorylate microtubule-associated protein 2 and to be 

activated by stimulation of cells with insulin (4). 

Further studies revealed that there was another ERK 

isoform, ERK2, and that both ERKl and ERK2 functioned 

similarly (43) . The ERKs also share significant homology 

to the yeast mating proteins, Fus3/Kssl (4). The ERKs are 

typically regulated upstream by the kinase, MEK 1 (44). 
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Many different stimuli have been reported to activate the 

ERKs, ranging from angiotensin II, to EGF, to insulin, to 

nitric oxide (4, 45, 46). ERK activation can lead to many 

different cellular responses, both in the cytoplasm and in 

the nucleus. In the nucleus, ERK affects gene 

transcription through regulation of various transcription 

factors such as Elk-1, c-Myc, c-Jun and c-Fos (47-49). 

Cytoplasmically, ERK regulates the activity of cytoplasmic 

phospholipase Aj, which when active, releases arachidonic 

acid and allows for prostaglandin production (50-52). ERK 

has also been identified to phosphorylate connexin-43 

(cx43) and mediate intercellular communication through gap 

junctions (53). 

Another major MAP kinase family is the p38 MAP kinases. 

This protein was identified as a mammalian homolog to the 

yeast kinase, Hogl (54) . This was the first MAP kinase to 

be identified that was regulated by physiological stress, 

the stressor being lipopolysaccharide (LPS) (54). Other 

stimuli that activate p3 8 have subsequently been 

identified, including hyperosmolarity, angiotensin II, and 

proinflammatory cytokines such as the interferons and 

transforming-growth factor p (55-57). Upstream kinases that 
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regulate p38 activation include MKK6 and MKK3 (58, 59) . 

Activation of p38 affects transcriptional regulatory 

proteins, such as ATF2 and Elk-1, and p38 activation has 

been directly linked to propagating an inflammatory 

response through increasing cyclooxygenase II protein 

production (58, 60). 

Protein Subdomains and Motifs 

Protein subdomains are important in regulating protein-

protein interactions and are of interest in terms of 

understanding how MEKK4 interacts with substrates and other 

associating proteins. After the identification of multiple 

kinases in different organisms, an amino acid alignment of 

the identified kinases was performed and phylogenetic 

mapping revealed that there are conserved subdomains 

amongst kinases (61). In all, eleven subdomains are 

recognized as characteristic of a typical kinase (61) . 

Subdomains I and II are the essential regions for binding 

of ATP. In subdomain I, a motif of GXGXXG (G - glycine, X 

- any amino acid) anchors the non-transferable phosphate 

groups of ATP, and a lysine in subdomain II, which is 

essential for maximum catalytic activity, functions by 

orienting the ATP through interaction with the a and j3 
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phosphoryl groups (62). Subdomain VII contains a DFG motif 

(D - aspartate, F - phenylalanine) that chelates the 

activating magnesium ions that bridge the (3 and y phosphates 

and consequently prepares the terminal phosphate for 

transfer (62) . Subdomain VIII is the region responsible 

for recognizing substrates (62). It is between subdomains 

VII and VIII that a high proportion of kinases become 

phosphorylated, resulting in accessibility of the kinase 

pocket to the substrate. The negative charge from the 

attached phosphoryl group causes the conformation of the 

loop of subdomain VIII to change, allowing access into the 

substrate binding pocket, resulting in the subsequent 

phosphorylation of the substrate by the kinase (63, 64). 

MEKK4 shares homology in its kinase domain with other 

serine/threonine kinases. The term serine/threonine kinase 

infers that the kinase should phosphorylate its substrate 

on a serine and/or threonine. Tyrosine kinases likewise 

phosphorylate their substrates on tyrosines. Typically, 

most kinases fall into one of these two categories, though 

a few kinases will phosphorylate both a threonine and 

tyrosine residue (65). One example of these dual 

specificity kinases is MEK 1, the kinase most commonly 



respons ible for direct activation of ERK, which 

phosphorylates ERK on both a tyrosine and a threonine amino 

acid (44, 64) . Often the type of kinase that a protein 

behaves as can be determined by the amino acids in 

subdomains VII and VIII. Motifs of AAR or RAA and 

P (I)/VK/RWT/M (A - alanine, R - arginine, P - proline, I -

isoleucine, V - valine, K - lysine, W - tryptophan, T -

threonine and M - methionine) flank the regions typical for 

a tyrosine kinase (66). The same region for 

serine/threonine kinases is instead flanked by the motifs 

KPE and GT/SXXY/PX (E - glutamate, Y - tyrosine) (66). 

In addition to kinase subdomains, there are currently 

recognized amino acid motifs that cause specific protein-

protein interactions. One of these, the 14-3-3 family, has 

been discussed previously. Another commonly recognized 

protein subdomain is the SH2 (src-homology 2) subdomain 

that recognizes phosphorylated tyrosine residues and binds 

to them (67, 68) . These subdomains span about 100 amino 

acids in length (67). Though the SH2 domain primarily 

recognizes phosphorylated tyrosines with far more affinity 

than an unphosphorylated tyrosine, they also possess 

specificity for the particular phosphorylated tyrosines 
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they recognize: the SH2 region from one protein will not 

necessarily bind to a phosphorylated tyrosine on another 

(67). 

Another protein binding domain of note is the SH3 (src-

homology 3) domain that binds to areas rich in the proline 

(69) . Like the SH2, it recognizes a specific region on a 

protein and causes the proteins to interact. Since this 

subdomain recognizes prolines, as opposed to phosphorylated 

tyrosines, the interaction is more .likely constitutive than 

that of SH2 domains, depending only on access to the domain 

rather than any upstream kinase activity or 

autophosphorylation on the recognized tyrosine. This 

subdomain is of potential interest because MEKK4 contains a 

proline rich domain at its amino terminus. 

Scaffolding proteins 

Scaffolding proteins are important in maintaining a 

specific kinase response and are of interest to MEKK4 in 

better understanding its signaling properties. Scaffolding 

proteins were initially identified in yeast kinase 

signaling systems, an example of which are the previously 

discussed proteins Ste5 and Pbs2 that scaffold Stell to 
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specific cascades. The first mammalian scaffolding protein 

identified was the protein MPl (MEK partner 1). This 

protein interacts with MEK 1 and ERKl and allows for better 

activation of this complex by Raf. Another mammalian 

scaffolding protein, JIPl (JNK-interacting protein 1^), 

assembles the MAPKKK, Mlk3, with MKK7 and JNK and allows 

for activation of a specific complex of proteins. 

MEKKl has been documented to serve in a scaffolding role. 

Amino acids 221-370 can bind the catalytic domain of Raf, 

and amino acids 1-482 and 37 0-559 bind MEK 1 and ERK2 

respectively, indicating MEKKl, in addition to direct 

activity on MEK 1, also scaffolds Raf kinase activity on 

the ERKs, similar to the role of MPl (70). 

The equivalent pathway to the yeast kinase cascade in 

mammalian systems that MEKK4 participates in is likely to 

be as equally dependent upon the stimulus as its yeast 

counterpart, Ste11, which can be activated by both 

pheromones and osmotic stress. Initially, studies with the 

recombinant forms of only the active kinase domain showed 

MEKK4 to function in activation of the JNK stress activated 

MAPK family. However, another study that had cloned MEKK4 
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from a human cDNA library using oligodeoxynucleotides 

homologous to Ssk2, found MEKK4 to function in signaling 

for both the p38 and JNK MAP kinase families (3). In 

yeast, the kinase Hogl shares significant homology in 

sequence and in function to the p38 MAPK kinase (54). When 

Stell was experimentally knocked out from yeast and MEKK4 

introduced to replace it, function of Hogl was retained 

(3). The discrepancies seen between the two research 

groups can possibly be accounted for by the consideration 

of mammalian scaffolding proteins (yet to be characterized) 

functioning in similar capacities to Ste5 and Pbs2. 

Different cell types may express different scaffold 

proteins, recruiting MEKK4 for JNK activity in one cell 

type and p38 activity in another. Additionally, further 

studies into the stimuli for activating endogenous MEKK4 

may demonstrate similarities to the scaffolding of Stell 

with Ste5 and Pbs2 in mediating different responses. 

The following subsections offer background into the 

properties and physiological roles for proteins that are 

identified later in this dissertation as significant in 

affecting and interacting with MEKK4. 
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Angiotensin II and AT^R 

Angiotensin II is identified in these studies as a stimulus 

for MEKK4 activity and function. Angiotensin II is an 

important hormone in the basic physiological response to 

balance sanguine salt concentrations and is also a major 

factor in the progression of such disease states as 

hypertension and hypertrophy (71). It is these latter 

characteristics that have made it a major target for 

pharmaceutical intervention. The hormone is a small 

octapeptide generated by several cleavage steps of a larger 

precursor that allow for the prohibition of the peptide's 

natural affinity for its receptors. The original peptide 

is called angiotensinogen (72) . This peptide is typically 

released in response to osmotic imbalances, most notably 

low renal sodium levels (73). Angiotensinogen is then 

cleaved by the enzyme, renin, to an intermediate form, 

angiotensin I (72). Angiotensin I is further cleaved to 

angiotensin II by the rate limiting enzyme in this series, 

angiotensin-converting enzyme (ACE) (72). The angiotensin 

II peptide then can bind to its receptors with high 

affinity and, through activated kinase cascades, trigger 

corrective responses such as aldosterone release to alter 

fluid balance and circulating salt concentrations (73, 74) . 
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Angiotensin II exerts its physiological effects primarily 

by binding to one of two G-protein coupled receptors, AT,R 

and ATjR. AT^R is currently the more studied of the two 

receptors. This receptor is coupled to GcXg, the 'subset 

important for regulating intracellular calcium through the 

activation of calcium channels and intracellular calcium 

stores, and results in the activation of proteins such as 

phospholipase C, phospho-inositol 3 kinase and Pyk2 

(discussed below) (75). The ATjR receptor is thought to 

function mostly in a manner to regulate the AT^R receptor. 

It is known to activate multiple phosphatases and cyclic 

CMP (76). 

Pyk2 and c-Src 

Pyk2 and c-Src are two closely integrated tyrosine kinases 

identified in these studies as potential upstream tyrosine 

kinases that regulate MEKK4 catalytic activity in response 

to angiotensin II stimulation. Angiotensin II is a well 

documented stimulus for causing activation of Pyk2 and c-

Src (77-81). 
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C-Src was initially recognized as the active viral protein 

from Rous sarcoma virus (RSV), but an endogenous mammalian 

homolog was subsequently identified (82, 83). The 

mammalian homolog differs from the viral form significantly 

because it contains a carboxyl-terminal tyrosine that is 

phosphorylated in a basal state and consequently binds to 

its own SH2 domains, thereby self-inhibiting its kinase 

activity (82, 84, 85). 

C-Src (or pp60®''') was the first in the family of Src 

tyrosine kinases to be identified. Src tyrosine kinases 

share an amino terminal membrane binding domain (also 

referred to as SH4), a SH3 domain, a SH2 domain and a 

kinase domain (also called SHI) (67, 69, 86, 87). C-Src is 

activated by multiple stimuli such as stimulation of 

receptor tyrosine kinases (PDGF), stimulation of G-protein 

coupled receptors (endothelin-1), stimulation of cytokine 

receptors (IL-2) , integrin adhesion (ICAM-1), increase of 

intracellular calcium and general oxidative stress to the 

cell (83, 88-91) . There are many substrates for c-Src 

catalytic activity, ranging from phosphoinositide-3 kinase, 

Has, SHP-2, paxillin, connexin 43, Raf and annexin II (85, 

92-100) . As Src has many activating stimuli and a myriad 
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of substrates, the cell type, subcellular localization and 

the other proteins in proximity to c-Src are significant to 

maintaining the specificity of the response generated by c-

Src activation (101). 

Pyk2 was identified in 1996 as a tyrosine kinase whose 

activity is sensitive to calcium, though it contains no 

currently recognized calcium-binding domains (78, 102). A 

commonly used stimulus for activation of Pyk2 is 

angiotensin II, primarily due to the increases in internal 

calcium levels caused by activation of the ATj receptor (78, 

103). There are currently few identified direct substrates 

for Pyk2 kinase activity, the major one is the focal 

adhesion related protein, paxillin, which associates with 

integrin complexes (104). However, though little is known 

about direct Pyk2 substrates, regulation of ERK and JNK MAP 

kinase activity, as well as mediating apoptosis, has been 

attributed to Pyk2 activity (105-107). 

Pyk2 and c-Src are closely tied together in their ability 

to regulate each other. Their interaction initiates with 

Pyk2 autophosphorylation at tyrosine 402 which recruits the 

SH2 domain of c-Src, thereby releasing the auto-inhibition 



39 

of c-Src catalytic activity, allowing c-Src to 

autophosphorylate which results in further tyrosine 

phosphorylation of Pyk2 ( 105, 108). The cause for Pyk2 

autophosphorylation remains unclear, though links to 

calcium entry and protein kinase C catalytic activity have 

been observed (109) . Additional hypothetical models for 

Pyk2 activation are proposed in chapter 4 based upon the 

calcium binding properties of annexin II and the kinase 

activity of some recently identified calcium channels. 

Activation of the Pyk2/c-Src complex further affects the 

downstream activation of ERKs induced by stimulation of G-

protein coupled receptors that are coupled to Ga^ and Ga^ 

( 1 0 5 ) .  

Annexin II 

Annexin II is a calcium binding protein that is identified 

in these studies as interacting with MEKK4. Annexin II is 

a 36 kDa protein that was initially identified as the major 

cytoplasmic substrate for c-Src (99). It is had also been 

referred to as p36 and lipocortin II (99, 110) . The 

initial characterization of annexin II revealed that the 

phosphorylation activity of c-Src is enhanced with the 

addition of calcium, and that this activity is further 
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enhanced by addition of phosphatidylserine, indicating that 

calcium and the plasma membrane are involved in annexin II 

phosphorylation (99) . 

Annexin II has been identified as containing three putative 

calcium binding domains in its carboxyl terminus and the 

protein occurs endogenously as a tetramer with its binding 

partner pll (111, 112) . In fact, studies have revealed 

that tyrosine phosphorylation negatively affects the 

activity of the annexin II tetramer, indicating c-Src 

activity may disassemble the annexin II tetramer (113). 

Annexin II has also been identified as a factor affecting 

cytoplasmic phospholipase Aj (cPLAj) through its pll 

subunit. The pll subunit naturally associates with cPLAj. 

Experiments using antisense RNA to inhibit pll protein 

expression have shown increased cPLAj activity, indicating 

that, endogenously, annexin II inhibits CPLA2 activity 

(114) . Further studies using immunofluorescent antibody 

staining have revealed annexin II and cPLAj associate 

consistently, but the arachidonic acid release, a result of 

cPLAj activity, is negatively correlated with an increased 
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association of the pll subunit that can be regulated by 

cell confluency (115). 

SHP-2 

SHP-2 is a ubiquitously expressed tyrosine phosphatase that 

is identified in these studies as an interacting protein 

with MEKK4. SHP-2 is a member of several SH2 domain-

containing protein tyrosine phosphatases that are related 

to the Drosophila melanogaster protein, corkscrew {116). 

Since its identification in 1992, it has been one of the 

most studied tyrosine phosphatases and has been linked in 

regulating dephosphorylation of tyrosine kinases such as 

Pyk2, as well as an activating protein for the ERKs through 

pathways still not entirely understood (79, 117). Its 

expression as a functional protein has been identified as 

an essential protein for normal development; a mutation of 

SHP-2 is linked to one of the causes for Noonan's syndrome, 

a genetic disease resulting in stunted growth, heart 

abnormalities and occasional mental retardation (118). 

SHP-2 has also been found to participate in the 

Helicobacter pylori infection in the gastrointestinal 

system, an infection that has been found to propagate the 

progression of ulcers and cancers. The SHP-2 protein 
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couples to the H. pylori injected protein CagA (119). This 

complex causes dysregulation of SHP-2, resulting in the 

progression of cellular changes, including actin 

reorganization, variations in cell cycle and morphological 

changes (119, 120) . 

The studies presented herein take the initial knowledge of 

MEKK4 as an upstream kinase for p38, and identify an 

agonist and upstream kinase for its activity, as well as 

define a separate role for MEKK4 as a scaffolding protein. 

The proteins discussed in the preceding subsections are 

detailed in the following chapters as interacting and 

affecting MEKK4 activity. The following studies address 

two hypotheses: (i) Pyk2 phosphorylates MEKK4, leading to 

regulation of MKK6 and subsequently cyclooxygenase II 

transcription; and (ii) MEKK4 functions as a cytoplasmic 

scaffold for SHP-2 regulation of ERK. 

The information provided in the preceding sections about 

proteins that interact with MEKK4 not only introduces how 

they function, but provide insight for understanding how 

MEKK4 functions. For example, the identification of the 
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calcium-binding protein, annexin II, as an interacting 

protein with MEKK4 in chapter 2, indicates calcium may 

affect MEKK4 function. The knowledge about how these 

interacting proteins function has been tantamount in 

importance to their initial identification as interacting 

with MEKK4 in helping to define a physiological role for 

MEKK4. 
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CHAPTER 2: MEKK4 FUNCTIONS AS AN ANGIOTENSIN II INDUCED CALCIUM-
REGULATED SUBSTRATE FOR THE TYROSINE KINASE, PYK2 

INTRODUCTION 

The MEKK family of protein kinases were identified based on 

their homology to the yeast Stell protein kinase (6) . The 

MEKK proteins are structurally related and their role in 

mammalian signal transduction pathways is under 

investigation. Based upon amino acid sequence alone, MEKK4 

should function as a serine/threonine kinase, and prior 

studies have shown that it does function in this capacity, 

regulating MKK6, an upstream kinase of the stress-activated 

p38 MAP kinase (2, 3, 121, 12 2). However, little 

information is known about the upstream kinases that 

regulate MEKK4 activity and receptor-mediated activation of 

MEKK4 has been similarly unclear. 

Activation of Pyk2 and c-Src by angiotensin II via the AT^ 

G-protein coupled receptor is well documented ( 103, 107, 

123) . Pyk2 activation functions upstream of both ERKl/2 

and the p38 MAP kinases, though no direct substrate for 
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Pyk2 kinase activity in these pathways has been elucidated 

(124-12 6). In addition, p38 MAP kinase activity is 

important for regulation of cyclooxygenase II gene 

transcription, which results in the production of pro

inflammatory prostaglandins during inflammation (127). A 

recent study has shown that the anti-inflammatory agent, 

salicylate, inhibits angiotensin II mediated tyrosine 

phosphorylation of both Pyk2 and c-Src, further implicating 

these tyrosine kinases in regulating the pro-inflammatory 

process (128) . However, the signaling proteins that 

function downstream of Pyk2 and upstream of the p38 MAP 

kinase in the regulation of cyclooxygenase II are unknown. 

In this study, annexin II, a c-Src substrate, is identified 

as a protein that interacts with MEKK4. By Far-Western 

immunoblotting it is also demonstrated that Pyk2 directly 

interacts with MEKK4, indicating that MEKK4 functions in a 

Pyk2/c-Src pathway. These initial observations lead to 

investigating the hypothesis that Pyk2 lies upstream of 

MEKK4 kinase activity and that Pyk2 activity on MEKK4 is 

reflected further downstream in the p38 MAP kinase pathway. 

The data presented here confirm that MEKK4 is a direct 

substrate for activated Pyk2 and that MEKK4 functions in 
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the p38 MAP kinase pathway, regulating cyclooxygenase II 

gene transcription. 
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METHODS 

Materials 

Antibodies to Pyk2 and annexin II were obtained from BD-

Transduction Laboratories, San Diego, CA (Cat # 610549, 

610068); antibodies to v-Src were obtained from Calbiochem, 

San Diego, CA (Cat # OP07); antibodies to c-Src were 

obtained from Santa Cruz Biotechnology, Santa Cruz, CA (Cat 

# sc-18) ; antibodies to phospho-MKK3/MKK6 were obtained 

from Cell Signaling Technology, Beverly, MA (Cat # 9231); 

antibodies to the HA epitope were obtained from Roche, 

Indianapolis, IN (Cat # 1 583 816 ); and antibodies to 

phosphotyrosine from Upstate Biotech, Lake Placid, NY 

(clone 4G10, Cat # 05-321). Protein A-Sepharose and MYC 

agarose was purchased from Sigma, St Louis, MO (Cat # P-

3391 and A-7470). Angiotensin II was purchased from 

Calbiochem, San Diego, CA (Cat # C-130). IPG Readystrip pH 

3-10, 11 cm iso-electric focusing strips and Bio-Safe™ 

coomassie stain were purchased from BIO-RAD, Hercules, CA 

(Cat# 1632014 and 1610786) 

Cell Culture 



HaCaT human keratinocyte cells and rat aortic smooth muscle 

(RASM) cells were maintained in Dulbecco's Minimal 

Essential Media (DMEM) (GIBCO, Carlsbad, CA) containing 10% 

FBS and 50 fxg/mL penicillin/streptomycin at 37°C under 5% 

CO2. RASM cells were prepared based on the protocol 

developed by Dr. Russell Ross and were utilized for 

passages 3 through 15 (129). Human embryonic kidney (HEK-

293) cells were maintained in D M E M  with 5 0 | i g / m L  

penicillin/streptomycin, 10% FBS and 250 fxg/mL geneticin. 

Growth media for HEK-293 cells that were stably transfected 

also contained 200 mg/L hygromycin. Sf-9 insect cells were 

maintained in Grace's complete insect media (GIBCO) 

containing 10% FBS, 50 |ig/mL penicillin/streptomycin, 0.25 

[xg/mL fungizone and 10 iig/mL gentamycin at 27°C. 

Construction and Purification of recombinant (His)^ FLAG 

MEKK4 from Sf-9 insect cells 

The FLAG' epitope (DYKDDDDK) was introduced at the amino-

terminus of MEKK4 using a two-step PGR protocol with 

overlapping primers to construct the epitope. In the first 

reaction using HA-MEKK4 in pCMV5 as template (2), the sense 

primer was 5' -GAG GAG GAT GAG AAG AGA GAG GCC ATG GGG GAG 

CCG-3' and the antisense primer was 5'-ATG TGG AAT GGA TTT 
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TTT TGG-3', which overlaps the Clal site approximately 540 

bp from the start methionine. The underlined nucleotides 

indicate restriction endonuclease sites. The product of 

this reaction was used as a template for the next reaction 

using the sense primer, containing the EcoRl endonuclease 

site, 5'-GCT GAA TTC ATG GAC TAG AAG GAG GAG GAT GAG AAG-3' 

and the same antisense primer described above. The 

resulting product was subcloned in pGEM-T (Promega, 

Madison, WI) and sequenced and the 540 bp FLAG*MEKK4 

fragment was excised from pGEM-T with EcoRl and Clal. The 

4000 bp fragment of MEKK4 was obtained by digesting HA-

MEKK4 in pCMV5 with Clal and EcoRV. The two portions of 

MEKK4 were ligated into pDoubleTrouble (130) , which was 

used as a shuttle vector, to yield a 4500 bp fragment of 

FLAG®MEKK4 from EcoRl to EcoRV. To construct kinase-

inactive (KM) MEKK4, the 4000 bp fragment of KM-MEKK4 was 

obtained by digesting HA-(KM) MEKK4 in pCMV5 with Clal and 

EcoRV, and then ligating with the 540 bp FLAG®MEKK4 fragment 

in pDoubleTrouble as described above. For subcloning of 

full-length MEKK4, the Sail endonuclease site was 

introduced into the 3' -end of MEKK4 by PGR. In this 

reaction, the sense primer overlapped the EcoRV site at 

4500 bp and was 5 ' -GGG GGA GAT ATG TGG AGT-3 ' and the 
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antisense primer containing the Sail endonuclease site was 

5' -GAG TGG TCG TCA CTC TTC ATC TGT GCA AAC-3 ' . The 

italicized nucleotides indicate the translation termination 

site. The resulting product was subcloned in pGEM-T and 

sequenced. To construct full-length FLAG*MEKK4 and FLAG*KM-

MEKK4 in pBlueBacHis2 B at the EcoRl and Sail sites, the 

respective 4500 bp MEKK4 fragments from E'coRl to EcoRV were 

ligated with the 300 bp MEKK4 fragment that was excised 

from pGEM-T with EcoRV and Sail. The resulting cDNAs 

encoded full-length FLAG«MEKK4 and FLAG»KM-MEKK4 and were 

used to prepare a baculovirus according to the directions 

provided by the manufacturer. Recombinant proteins were 

typically obtained from a 500 ml culture of Sf-9 insect 

cells, infected at an MO I of 5 and a density of 1 x 10® 

cells/ml for 36 h, and then purified with Ni-Sepharose as 

described by the manufacturer (Invitrogen). Recombinant 

proteins were stored at —20°C until use. 

Mutagenesis of MKK6 

HA*MKK6/pcDNA3 was used as a template to generate 

recombinant GST®MKK6 and GST®KA MKK6 with the active lysine 

in the ATP binding domain mutated to alanine. HA*KA-MKK6 was 

constructed by site-directed mutagenesis using a two-step 



PGR protocol (131). The following sense primer, 

overlapping the HA epitope of MKK6, 5'- TAG GCA TAG GAT GTT 

GGA GAT TAG GGT-3' and antisense 5' -T AGG TAG GAT GAA GAG 

ATT GGG GTG GGA TGG TGG GGA GTG G-3' primer were used in 

the first PGR reaction, where the active lysine was mutated 

to alanine (mutation is underlined). This PGR product was 

used for a second PGR reaction with sense primer 5'-GGG GGG 

TAG GGG TGT AGG-3' and antisense primer 5' -T AGG TAG GAT 

GAA GAG ATT G-3' . This PGR product was subcloned into 

pGEM-T and sequenced, then the BamEI/Bglll fragment 

containing the KA mutation was ligated into HA*MKK6/pcDNA3 

cleaved with BamEI/Bglll. Both the wild-type and KA mutant 

were subcloned into the glutathione expression vector, 

pGEX-5X-2 (Amersham Biosciences, NJ) using EcoRl/NotI 

restriction sites (EcoRI removed the amino terminus HA 

epitope). 

MEKK4 antibody production and purification 

Rabbit polyclonal antibody that recognizes two different 

epitopes of MEKK4 was raised against fusion proteins 

consisting of maltose-binding protein (MBP) and amino acids 

18-139 and 1102-1255 of MEKK4. The cDNAs encoding the 

polypeptides were generated by PGR and the EcoRl and 
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Hindlll endonuclease sites were introduced into the 5' and 

3' ends, respectively. The following sense, 5'-GCC CTC GCC 

GAA TTC CCT GCA GCC GCC ATG GAG-3' , and antisense, 5' -CGT 

TGT TCT CAA GCT TGC TCA AAT CTT CTT CTC CTG-3' , primers 

were used in a reaction with HA-MEKK4 in pCMV5 as the 

template to generate a cDNA that encodes amino acids 18-139 

(2). For the cDNA encoding amino acids 1102-1255 of MEKK4, 

the following sense, 5'-GCC TTT ATT TCA GAA TTC CCA GAA GAT 

GAC-3 ' , and antisense, 5' -CCA GCT TCT CAA GCT TGA TCC ACT 

TCA GTC ACT CCG AGG-3' , primers were used in a reaction 

with HA-MEKK4 in pCMV5. The underlined and italicized 

nucleotides indicate restriction endonuclease and 

translation termination sites, respectively. The fragments 

were generated and cloned into the pGEM-T TA cloning 

vector. Automated DNA sequencing at the Arizona Research 

Labs at The University of Arizona confirmed the nucleotide 

sequences. The cloned fragments were ligated into the 

EcoRl and Hindlll endonuclease sites of the pMAL-c2 vector 

(New England Biolabs, Beverly, MA) and pRSETB {Invitrogen). 

The resulting plasmids were trans formed into the 

BL21(DE3)pLysS E. coli strain and expression of the fusion 

proteins was induced with IPTG for 5 h at ambient 

temperature. Fusion proteins were purified using amylose 
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or nickel conjugated to Sepharose according to the 

directions provided by the manufacturer. MBP-MEKK4 {18-

139) and MBP-MEKK4 (1102-1255) were used as antigens while 

the hexahistidine fusion protein, (His) gMEKK4 (18-139) and 

(His)gMEKK4 (1102-1255), were conjugated to CNBr-activated 

Sepharose 4B (Amersham Pharmacia) to affinity purify MEKK4 

specific antibody. 

Rabbit serum (12.5 mL) raised against the MBP-MEKK4 fusion 

proteins was applied to the respective 3 ml affinity column 

consisting of (His) 6MEKK4 at ambient temperature. Flow-

though serum was applied twice to the column and then the 

column was washed with PBS until the OD^so returned to 

baseline level. Bound antibody was eluted with 3.5 M MgClj 

and diluted with 3 volumes of HjO prior to concentrating in 

25 X 16 mm dialysis membrane (MWCO 12-14,000) in a tray of 

Aquacide III (Calbiochem). After 5 h, the volume was 

reduced to -5 ml and dialyzed overnight in 2 L of PBS at 4°C 

and subsequently stored at 4 °C with 0.02% NaNj added as a 

preservative. 

Angiotensin II ATj^ receptor stable transfection 
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The cDNA for the angiotensin AT^ receptor was kindly donated 

by Dr Robert Lefkowitz at Duke Medical Center, Durham, NC. 

The construct was subcloned into the pCep4 vector 

(Invitrogen) containing a hygromycin resistance gene. HEK-

293 cells were transfected with 1 |.ig of this construct using 

the calcium phosphate method. Cells were then incubated 

and exposed to media containing 800 |ig/mL hygromycin to 

allow for selection of receptor expressing cells. 

Individual cells that survived the high dose hygromycin 

were then explanted to individual wells and allowed to 

replicate in 200 (.ig/mL hygromycin DMEM. The expression of 

the receptor was confirmed by immunoblotting with an 

antibody against the HA epitope and the cells were then 

maintained in DMEM containing 10% FBS, 1 % 

penicillin/streptomycin and 200 fig/mL hygromycin. 

Far-Western Blots 

The Far-Western blot was performed according to the 

protocols of protein overlaying (132) . HaCaT cells were 

deprived of serum for 16 hours and then washed twice with 

PBS. Cell extracts were prepared using a lysing buffer 

containing 0.1% Triton X-100, 1% aprotinin, 2 mM Na3V04 and 

5 |ig/mL leupeptin. A total of 200 [ig of protein was 
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resolved by SDS-PAGE and transferred to nitrocellulose. 

The nitrocellulose was blocked with 5% milk and 1% BSA and 

then incubated overnight at 4°C with 50 \xg/mL of recombinant 

MEKK4, followed by immunoblotting directed against the 

recombinant MEKK4. 

Preparation of cell extracts, iimnunoprecipitations and 

protein kinase assays 

Cells were deprived of serum in DMEM media containing 1% 

penicillin/streptomycin and 0.1% bovine serum albumin for 

24 hours (RASM cells were deprived for 48 hours). Cells 

were exposed to 1 |iM angiotensin II for ten minutes and then 

washed twice with ice cold PBS. Cell extracts for 

immunoprecipitations were prepared using a lysing buffer 

containing 70 mM p-glycerophosphate, 1 mM EGTA, 100 jxM 

Na3V04, 1 mM DTT, 2 mM MgClj, 0.5% Triton X-100, 1% aprotinin 

and 5 [ig/mL leupeptin. Proteins were immunoprecipitated by 

incubating cell extracts with primary antibodies to the 

protein of interest and Protein A Sepharose at 4°C for 3 

hours. The immunoprecipitations were washed twice with 1 

mL of PAN-NP4 0 buffer (10 mM PIPES pH 7.0, 100 mM NaCl, 1% 

aprotinin and 0.5% NP40) and once with 1 mL of PAN buffer 

(10 mM PIPES pH 7.0, 100 mM NaCl, and 1% aprotinin) . The 
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kinase assay with KM-MEKK4 as the substrate was performed 

by adding 40 [.iL of a buffer containing, 20 mM PIPES pH 7,0, 

20 mM MnClj, 20 mM MgCl^, and 0.01% aprotinin. The kinase 

assay with KA MKK6 as the substrate was performed using an 

additional wash in 25 mM Tris pH 7.4, 25 mM MgClj, 1 mM 

EGTA, 2 mM DTT, 0.5 mM NasVO^, and 25 mM ^-glycerophosphate. 

Radiolabeled [y-^^P ] ATP and recombinant KA MKK6 were then 

added. Kinase assays were incubated at 30°C for 20 minutes 

and stopped by addition of 40 ,uL of 2X Laemmli-DTT buffer. 

The immunoprecipitations were denatured by heating for 5 

min at 95°C and resolved by 8% SDS-PAGE. Quantitation of 

autoradiograms was performed using Storm® phosphor-imaging 

and ImageQuant™ software (Molecular Dynamics, Amersham 

Biosciences, NJ). 

Ni-Sepharose bead pulldowns 

Cell extracts for Ni-Sepharose pulldowns were prepared 

using a lysing buffer containing 1% Triton X-100, 10 mM 

Tris pH 7.4, 50 mM NaCl, 1% aprotinin, 20 mM Na3V04, 50 mM 

NaF and 5 [xg/mL leupeptin. Recombinant MEKK4 attached to 

Ni-Sepharose was washed with lysing buffer and then 

incubated at 4°C with cell extracts for at least 1 hour. 

The Sepharose beads with associating proteins were washed 
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twice with 1 mL of PAN-NP40 buffer and then with 1 mL of 

PAN buffer. The beads were then heated at 95°C in 2X 

Laeiranli-DTT buffer and resolved by SDS-PAGE. 

HEK-293 transient transfactions 

The WT and KM (active lysine mutated to methionine) c-Src 

cDNAs were graciously provided by Dr. R. Lefkowitz and the 

WT and KA (active lysine mutated to alanine) Pyk2 cDNAs 

were generously donated by Dr. S. Earp at the Lineberger 

Cancer Research Center, Chapel Hill, NC. HEK-293 cells 

stably expressing the AT^ receptor were transiently 

transf ected with 4 |.ig WT/KM c-Src or WT/KA Pyk2. All 

transfections were performed using a 2 fiL; 1 jxg DNA ratio of 

FuGene6 transfection reagent (Cat #1814 443 Roche Applied 

Sciences, Indianapolis IN) and OPTI-MEM serum free media 

(Cat # 11058-021 GIBCO). Five hours following 

transfection, regular DMEM replaced the transfection media 

and the cells were allowed to recover for 24 hours. Cells 

were deprived of serum 16 hours prior to treatment and 

harvesting. 

Construction of recombinant Pyk2 baculovirus for Sf-9 

insect cells 
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WT and KA Pyk2 were excised from the originally donated 

constructs using Notl and Klenow enzyme (Roche) was used to 

fill in the overhanging ends with dNTPs. The full length 

inserts were then ligated into pBlueBac4.5 (Invitrogen) 

that had been cut with Smal. The sequences of the cDNAs 

were confirmed and the baculovirus was prepared as 

described by the manufacturer. 

Co-infection of haculoviruses into Sf-9 cells 

Sf-9 insect cells were seeded at a density of 10® cells per 

100 mm tissue culture plate. Cells were allowed to adhere 

and then 300 jiL of each virus was added and then incubated 

at 27°C for 48 hours. The cells were then harvested in an 

extraction buffer containing 1% Triton X-^100, 10 mM Tris pH 

7.4, 2 mM sodium vanadate, 1 mM PMSF, 50 mM NaCl, 50 mM 

NaF, 1% aprotinin, 0.5 ^ig/mL leupeptin, 

2D phosphotyrosine peptide immunoblotting 

Samples were prepared from either co-infection of Sf-9 

insect cellsandsubsequent Ni-Sepharpse purification, or 

by in vitro kinase assay of purified WT Pyk2 (from 

transiently transfected HEK-293 cells stably expressing the 

ATjR treated with angiotensin II for 10 minutes, see Figure 
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6A) with recombinant KM MEKK4 as described. Samples were 

resolved by 6% SDS-PAGE and stained with Bio-Safe" 

coomassie stain (BIO-RAD). MEKK4 was excised from the gel 

with a scalpel and subjected to in-gel tryptic digestion 

(133). The digested samples were then resolved by iso

electric focusing as detailed by the manufacturer (BIO-

RAD ) . The focused strips were then further resolved by 

size using tricine SDS-PAGE (134) . The gel was then 

transferred to PVDF-membrane and probed using antibodies 

that recognize phosphorylated tyrosine. 

Luciferase-renilla assay 

HEK-293 cells that stably express the angiotensin AT^ 

receptor were grown to -60% confluency in 6 well plates and 

then transiently transfected with 2.05 |ig total DNA (1 ^g 

empty-vector, or WT-MEKK4, or KM-MEKK4, or WT-MKK6, or 

S207A/T211L-MKK6, 1 ^g cyclooxygenase II promoter-luciferase 

reporter construct and 50 ng Thymidine kinase-renilla 

reporter construct) using 4 fxL of FuGene6 per well. Cells 

were allowed to recover for 2 4 hours and then deprived of 

serum for 16 hours prior to treatment. Following 5 hours 

of treatment with 1 fiM angiotensin II, cells were harvested 

using Promega Passive Lysis Buffer (Promega). Luminescence 
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was calculated using a TD-20/20 luminometer (Turner 

Designs, Sunnyvale, CA) and following the protocol detailed 

in the Promega Dual-Luciferase Assay Kit (Cat # E1910). 
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RESULTS 

Association of Annexin II with MEKK4 

Recombinant MEKK4 was expressed and purified from Sf-9 

insect cells so that the recombinant protein could be used 

to trap interacting proteins. Sf-9 insect cells were 

infected with a baculovirus that encodes MEKK4 with hexa-

histidine and FLAG epitopes at the amino-terminus. The 

epitopes allowed for purification and attachment of the 

protein to a solid support (Figure 3) and then MEKK4 was 

used as bait to recruit interacting proteins, which were 

then identified by LC-MS/MS. In these experiments, 

recombinant MEKK4 that was attached to Ni-Sepharose was 

incubated with HaCaT human keratinocyte cellular extracts. 

Non-specific proteins were removed by washing with buffer 

and then associated proteins were resolved by SDS-PAGE and 

then visualized by imidazole-zinc negative staining. 

Prominent proteins specific to the incubation with cellular 

extract were then excised, digested with trypsin, separated 

and ionized by LC-MS/MS, and analyzed by Sequest at The 

University of Arizona Proteomic Core. A protein of 

approximately 36 kDa was sequenced and over 60% of the 
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theoretical tryptic peptides matched the sequence for 

annexin II (Figure 4). 

The association between recombinant MEKK4 and annexin II 

was confirmed by immunoblotting in a separate experiment. 

HaCaT cells were deprived of serum for 16 hours and treated 

with 10% fetal bovine serum for 15 minutes. At the time of 

these experiments, specific activators of MEKK4 had not 

been identified so fetal bovine serum was used to promote 

the association of proteins with MEKK4. Recombinant MEKK4 

that was attached to Ni-Sepharose or Sepharose containing 

the monoclonal antibody that recognizes the FLAG epitope 

was incubated with protein extracts (Fig. 4B, lanes a, b, d 

and e) . The two types of Sepharose were used to 

demonstrate that the interaction of proteins with 

recombinant MEKK4 was dependent on the presence of MEKK4 

and did not bind nonspecifically to the solid support. The 

precipitated proteins were resolved by SDS-PAGE and 

immunoblotted for annexin II (Figure 4B, lower panel). In 

addition, since annexin II is a substrate for the tyrosine 

kinase c-Src, this protein was probed for and its 

association with MEKK4 was also confirmed (Figure 4B, upper 

panel). These results demonstrate that both annexin II and 
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-Src interact with recombinant MEKK4 in a serum-

ndependent manner. 
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Figure 3: Recombinant MEKK4 as bait to identify 
interacting proteins. 
Top panel, a cartoon illustrating the construct of 
recombinant MEKK4 and bottom panel, a Coomassie stained 
gel of the purified protein using nickel-Sepharose 
beads. A protein extract was obtained by incubating 10® 
Sf-9 cells with Laemmli sample buffer after infection 
with (His)eFLAG MEKK4 (lane b) , (His )6FLAG KM-MEKK4 (lane 
d) , or without infection (lane c) . The recombinant 
MEKK4 proteins were purified with Ni-Sepharose and an 
aliquot of the purified proteins were resolved by SDS-
PAGE (lanes a & e). 
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Figure 4: Association of Annexin II with MEKK4 
A, recombinant MEKK4 attached to Sepharose beads was 
used to precipitate annexin II as an associating protein 
with MEKK4. The peptides were sequenced by tandem mass 
spectrometry, identified by the Sequest database program 
and are indicated in bold and underline. B, an 
immunoblot for c-Src (upper panel) and annexin II (lower 
panel) following incubation of recombinant MEKK4 
attached to nickel-Sepharose with extracts from HaCaT 
cells that had been treated with serum as indicated, or 
incubation of recombinant MEKK4 with only lysis buffer. 
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Association of Pyk2 with MEKK4 

The Far-Western immunoblot is a useful method to identify 

the molecular mass of interacting proteins (132) and this 

approach was used to identify proteins that interact with 

MEKK4. Recombinant MEKK4, purified from Sf-9 insect cells 

using Ni-Sepharose and then eluted with imidazole, was 

allowed to bind to proteins obtained from HaCaT human 

keratinocytes previously resolved by SDS-PAGE and 

transferred to nitrocellulose. Following this incubation, 

immunoblotting was performed with an antibody that 

recognizes the amino-terminus of MEKK4• A prominent 

protein associating with MEKK4 resolved at approximately 

120 kDa (Figure 5B) . Two other prominent proteins that 

resolved at about 74 and 50 kDa appeared to be non-specific 

as immunoblotting the membrane with the MEKK4 antibody 

(without prior incubation with recombinant MEKK4), resulted 

in the immunore activity of two proteins of the same 

molecular mass as observed in the Far-Western blot (Figures 

5B and 5C). Based on studies in which tyrosine 

phosphorylation of MEKK4 was observed (see Figure 6B) and 

that a protein with a molecular mass of 120 kDa interacts 

with MEKK4 by Far-Western immunoblotting, it was postulated 
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that this protein may be Pyk2. To test this possibility, a 

portion of the membrane containing HaCaT cell extract, 

which was not hybridized with recombinant MEKK4, was probed 

with an antibody to the tyrosine kinase, Pyk2 (Figure 5A). 

Pyk2 and the protein that interacted with MEKK4 in the Far-

Western blot resolved at the same molecular mass. The 

interaction of MEKK4 with a 120 kDa protein was also seen 

in a Far-Western immunoblot performed with HEK-293 cellular 

extract (data not shown). Since recombinant MEKK4 

specifically associated with a 120 kDa protein that was 

resolved by SDS-PAGE under reducing and denaturing 

conditions, these data demonstrate a direct interaction 

between MEKK4 and the 120 kDa protein, most probably the 

tyrosine kinase Pyk2. 

In subsequent experiments, rat aortic smooth muscle (RASM) 

cells were utilized to assess the functional interaction 

between MEKK4 and Pyk2. To confirm that the 120 kDa 

protein was Pyk2, MEKK4 was immunoprecipitated from rat 

aortic smooth muscle cells treated with the agonist, 

angiotensin II. Angiotensin II was chosen as a stimulus 

due to the known effects that the hormone can exert on the 

activities of both c-Src and Pyk2 (123). The proteins that 
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immunoprecipitated with endogenous MEKK4 were resolved by 

SDS-PAGE and immunoblotted for Pyk2. The tyrosine kinase, 

Pyk2, was observed to associate with MEKK4 following 

angiotensin II treatment (Figure 6A, second panel, lane b). 

The membrane was reprobed with an antibody that recognizes 

phosphotyrosine and a protein the same size as Pyk2 was 

observed, indicating the associated Pyk2 was catalytically 

active following angiotensin II treatment (Figure 6A, third 

panel, lane b) . These data confirmed that Pyk2 associated 

with MEKK4, but only following treatment with angiotensin 

II (Figure 6A, second panel and third panel, lanes b) , 

indicating that in RASM cells, activated Pyk2 associates 

with MEKK4. 
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Figure 5: MEKK4 directly interacts with a protein of 120 
kDa. 
Cell extracts from HaCaT cells were resolved by SDS-PAGE 
and transferred to nitrocellulose. A, the 120 kDa 
protein detected in the Far-Western blot (panel B) 
migrated at the same position as Pyk2 that was 
immunoblotted directly from HaCaT cell extracts. B, the 
membrane was cut into three vertical pieces and one was 
incubated with 50 [ig/mL recombinant KM-MEKK4 overnight. 
The membrane was then immunoblotted with antibody that 
recognizes MEKK4. C, HaCaT cell extracts were 
immunoblotted for MEKK4 without prior incubation with 
recombinant MEKK4, demonstrating that the two proteins 
at 74 and 50 kDa in B react non-specific ally with the 
MEKK4 antibody. 
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Figure 6: Tyrosine phosphorylation of MEKK4. 
A, MEKK4 was immunoprecipitated from cell extracts 
prepared from RASM cells, treated with 1 fxM angiotensin 
II for 10 minutes where indicated and then immunoblotted 
for annexin II (first panel), Pyk2 (second panel) and 
phosphotyrosine (third panel). Angiotensin II causes 
both annexin II and Pyk2 to associate with MEKK4 (lane 
b) . The membrane was then re-probed for total MEKK4 
(lower panel). B, MEKK4 was immunoprecipitated from 
RASM cells treated as described above and then 
immunoblotted for phosphotyrosine. 
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Tyrosine phosphorylation of MEKK4 

As annexin II is a reported substrate for c-Src tyrosine 

kinase (99, 112), and there was evidence that another 

tyrosine kinase, Pyk2 interacted with MEKK4, experiments 

were designed to determine whether MEKK4 was phosphorylated 

on tyrosine residues. RASM cells were treated with 

angiotensin II and MEKK4 was then immunoprecipitated from 

cell extracts and immunoblotted for phosphorylated 

tyrosine. Cells were treated for ten minutes to coincide 

within the time range of c-Src and Pyk2 complex formation 

(135) . As Figure 6B illustrates, treatment with 

angiotensin II caused an increase in the tyrosine 

phosphorylation of MEKK4 (Figure 6A, lane b). These data 

indicate that MEKK4 is phosphorylated on tyrosine in an 

agonist-dependent manner. In addition, to confirm the 

association of annexin II with MEKK4 in this cell type, an 

immunoblot for annexin 11 was performed after 

immunoprecipitation of MEKK4. Co-immunoprecipitation of 

MEKK4 and annexin II was confirmed, but only in response to 

angiotensin II (Figure 6A, top panel, lane b) , further 
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indicating that angiotensin II caused an agonist-dependent 

association between annexin II and MEKK4. 
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Regulation of tyrosine kinase activity to MEKK4 by Pyk2 and 

c~Src 

To discern which of the two tyrosine kinases, Pyk2 or c-

Src, was responsible for the increase in MEKK4 tyrosine 

phosphorylation, experiments were performed using over-

expressed forms of each kinase. Human . embryonic kidney 

(HEK-293 ) cells that stably express the angiotensin II ATj 

receptor were established and used for transient 

transfactions of wild-type or kinase inactive mutants of 

Pyk2 and c-Src. The experiments were designed to determine 

which kinase directly phosphorylates MEKK4. Following 

transfection, the cells were allowed to recover for 2 4 

hours, then they were deprived of serum for 16 hours prior 

to treatment with angiotensin 11. Pyk2 was 

immunoprecipitated using its MYC epitope and c-Src was 

immunoprecipitated using its HA epitope and an in vitro 

kinase assay was performed with ATP and recombinant KM-

MEKK4 as a substrate. Recombinant MEKK4 produced in Sf-9 

insect cells was not tyrosine phosphorylated, nor does it 

autophosphorylate on a tyrosine residue (Figure 7, lanes a 

and b), thus serving as a suitable substrate to measure 

tyrosine kinase activity directed towards MEKK4. Over-
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expression of wild-type c-Src or Pyk2 resulted in 

unregulated tyrosine phosphorylation of MEKK4 (Figure 1, 

lanes c, d, g and h) , while expression of the kinase 

inactive mutants of Pyk2 and c-Src showed no tyrosine 

phosphorylation of MEKK4 (Figure 7, lanes e, f, i and j) . 

These data indicate that either tyrosine kinase can 

phosphorylate MEKK4 in vitro. However, when MEKK4 was 

immunoprecipitated from RASM cells and probed for c-Src, 

the tyrosine kinase was absent (Figure 8), indicating that 

although over-expressed forms of both tyrosine kinases can 

phosphorylate MEKK4 in vitro, only Pyk2 endogenously 

associates with MEKK4 in RASM cells and is thus the likely 

candidate to regulate MEKK4 activity in smooth muscle 

cells. 

To further examine which tyrosine kinase is directly 

responsible for phosphorylating MEKK4 in vivo, experiments 

using baculoviral constructs for Pyk2, MEKK4, and v-Src 

were utilized (v-Src baculovirus was provided by Dr. R 

Mallon). Sf-9 insect cells were plated and infected with 

MEKK4 alone, or in the presence of Pyk2 or v-Src. 

Following infection, MEKK4 was immunoprecipitated and 

probed for phosphotyrosine (Figure 9, upper panel). 



75 

Phosphorylation of tyrosine on MEKK4 was apparent only in 

the presence of functional Pyk2 {Figure9, lane f). Co-

infection with either KA Pyk2 or constitutively active v-

Src (Figure 9, lanes g and h, respectively), failed to 

yield any detectable level of tyrosine phosphorylated 

MEKK4. These results provide additional evidence that Pyk2 

is the kinase responsible for tyrosyl phosphorylation of 

MEKK4 in vivo. The membrane was re-probed for total MEKK4, 

indicating comparable amount of the protein were 

immunoprecipitated where appropriate (Figure 9, middle 

panel). Cell extracts were probed for total Pyk2 to 

confirm the virus was correctly expressing the kinase 

(Figure 9, lower panel). Baculovirus encoding v-Src has 

been shown previously to successfully express and maintain 

tyrosine kinase activity in Sf-9 insect cells {136). 

Endogenous Pyk2 from angiotensin Il-treated RASM cells was 

then used to phosphorylate recombinant MEKK4 in vitro. 

Pyk2 was immunoprecipitated and recombinant KM MEKK4 was 

used as a substrate in a kinase assay. The ability of 

endogenous Pyk2 to phosphorylate MEKK4 was confirmed, but 

again only in response to angiotensin II (Figure 10, lanes 

a and b) . To test if the phosphorylation of MEKK4 by Pyk2 
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was dependent on the mobilization of extracellular calcium 

caused by angiotensin II, EGTA {[ethylene bis(oxy-ethylene 

nitrilo) ] tetra-acetic acid) was used to chelate any 

extracellular calcium. In RASM cells, fifteen minutes of 

pre-treatment with EGTA blocked the ability of 

immunoprecipitated Pyk2 to phosphorylate MEKK4 on tyrosine 

(Figure lOA, lane d) . These data demonstrate that Pyk2 

activity towards MEKK4 is dependent upon calcium. The 

effect of EGTA pretreatment on the angiotensin Il-dependent 

association between annexin II and MEKK4 was then examined. 

MEKK4 was immunoprecipitated from RASM cells treated as 

indicated and immunoblotted for annexin II. The agonist 

dependent association of annexin II with MEKK4 (Figure lOB, 

lane b) was greatly inhibited when extracellular calcium 

was chelated (Figure lOB, lane d). These data suggest that 

extracellular calcium, mobilized into the cell by 

angiotensin II treatment, is key in recruiting annexin II 

to MEKK4 and in regulating the subsequent kinase activity 

of Pyk2 on MEKK4. 

The c-Src inhibitor, PP2, was used to determine whether c-

Src modulated the activity of Pyk2, as activation of Pyk2 

is reported to recruit c-Src ( 105, 135) . RASM cells were 
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treated with angiotensin II and then Pyk2 was 

immunoprecipitated and an in vitro kinase assay was 

performed as described above with recombinant MEKK4 as a 

substrate (Figure 11). Interestingly, when the src family 

kinase inhibitor PP2 was present, a further increase in 

tyrosine kinase activity towards MEKK4 was observed, 

providing evidence that c-Src, complexed with Pyk2 

following angiotensin II treatment, may function as a 

negative modulator of Pyk2 catalytic activity towards 

MEKK4. The negative role of c-Src may be direct kinase 

activity on Pyk2/MEKK4, or may be more indirect through 

other proteins in the Pyk2-immunoprecipitated complex. 

From the data presented thus far, it can be concluded that 

MEKK4 forms a ternary complex with annexin II and Pyk2 that 

results in calcium dependent tyrosine phosphorylation of 

MEKK4. 

Experiments were next designed to compare the pattern of 

tyrosine phosphorylation seen with endogenous MEKK4 and 

MEKK4 phosphorylated in an in vitro kinase assay. As the 

Sf-9 insect cells allowed for a much greater amount of 

MEKK4 protein to be assayed, this system was utilized as a 

source for in vivo phosphorylated MEKK4. WT Pyk2 was co-
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infected with MEKK4 to endogenously phosphorylate the 

protein. Likewise, to achieve high levels of in vitro 

phosphorylated MEKK4, transfected WT Pyk2 was utilized to 

phosphorylate recombinant MEKK4 in a kinase assay. Both 

samples were then resolved by SDS-PAGE and MEKK4 bands were 

excised to purify the protein. The proteins were then 

subjected to complete tryptic digestion and the peptides 

were then iso-electrically focused on BIORAD IPG Readystrip 

strips. The peptides were then resolved further by size 

using tricine SDS-PAGE, transferred to PVDF, and probed for 

phosphotyrosine through immunoblotting. Figure 12 shows a 

comparison of the two samples with a prominent peptide of 

the same size and iso-electric point (circled) featured in 

both samples. MEKK4 that was phosphorylated in vitro also 

features an additional peptide that migrates at a higher 

iso-electric point. The identities of each peptide remain 

to be determined, but the physiochemical features of the 

peptides indicate a tryptic peptide of less than 3 kDa and 

an iso-electric point of pH 8-10. It remains clear though 

that there is a shared site of tyrosine phosphorylation 

seen in vivo and in vitro, further correlating that Pyk2 

endogenously affects MEKK4 tyrosine phosphorylation. 
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Figure 7: Pyk2 and c-Src can tyrosine phosphorylate 
MEKK4 in vitro. 
HEK-293 cells stably expressing the AT^ receptor were 
transiently transfected with control vector or wild type 
or kinase inactive c-Src or Pyk2, treated with 1 jxM 
angiotensin II for 10 minutes where indicated, followed 
by a normal rabbit IgG (vector), HA (c-Src) or MYC 
(Pyk2) immunoprecipitation and an in vitro kinase assay 
with recombinant KM-MEKK4 as substrate and ATP. The 
kinase reaction was terminated with Laemmli sample 
buffer, then the proteins were resolved by SDS-PAGE, 
transferred to nitrocellulose and immunoblotted with 
anti-phosphotyrosine antibody (upper panel). The blot 
was then re-probed for total MEKK4 (lower panel). 
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Figure 8: c-Src does not associate with MEKK4 in RASM 
cells. 
RASM cells were treated with angiotensin II as described 
above and MEKK4 was immunoprecipitated, washed, resolved 
by SDS-PAGE, transferred to nitrocellulose and 
immunoblotted with anti-c-Src antibody (upper panel). 
C-Src is present in the cell lysate (lanes c and d), but 
not in the immunoprecipitation (lanes and b). The blot 
was reprobed for total MEKK4 (lower panel). 
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Figure 9; Pyk2 endogenously phosphorylates MEKK4 on 
tyrosine. 
Sf-9 insect cells were infected with baculoviral 
constructs to express WT MEKK4, WT and KA Pyk2 and v-
Src. Cells were infected for 48 hours and then lysed. 
MEKK4 was immunoprecipitated, washed, resolved by SDS-
PAGE and transferred to nitrocellulose. An immunoblot 
to phosphotyrosine was performed (upper panel). Co-
infection with WT Pyk2 caused endogenous tyrosine 
phosphorylation (lane f), whereas neither KA Pyk2 nor v-
Src yielded any detectable tyrosyl phosphorylation 
(lanes g and h) . The membrane was re-probed for total 
MEKK4 (middle panel). Cell extracts from the infected 
Sf-9 cells were probed for expression of Pyk2 to confirm 
the virus was correctly expressing the protein (lower 
panel) -
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Figure 10: Extracellular calcium affects Pyk2 kinase 
activity towards MEKK4. 
A, RASM cells were pre-treated with EGTA prior to 
treatment with angiotensin 11. Pyk2 was 
immunoprecipitated and a kinase assay was performed 
with recombinant KM-MEKK4 and immunoblotted for 
phosphotyrosine (upper panel). Pre-treatment with 
EGTA inhibits the ability of Pyk2 to phosphorylate 
MEKK4 on tyrosine (lane d) . The membrane was then 
re-probed for total MEKK4 (lower panel) . B, RASM 
cells were treated with angiotensin II, followed by a 
MEKK4 immunoprecipitation. An immunoblot for annexin 
II was performed. EGTA pre-treatment also inhibits 
the association of annexin II with MEKK4 (lane d). 
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Figure 11: c-Src affects Pyk2 kinase activity towards 
MEKK4. 
RASM cells were treated with angiotensin II,  followed 
by a Pyk2 immunoprecipitation. A kinase assay with KM 
MEKK4 as a substrate was performed with 1 fiM PP2 
included in the kinase reaction where indicated. An 
immunoblot for phosphotyrosine (upper panel) and re-
probe for MEKK4 {lower panel) were performed. 
Inhibition of c-Src leads to an increase in kinase 
activity toward MEKK4 (lane d). 
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Figure 12: Pyk2 tyrosine phosphorylation of MEKK4 is 
similar in vivo and in vitro. 
Iso-electrically focused samples of MEKK4, tryptically 
digested from co-infected Sf-9 cells and from an in 
vitro kinase assay with transfected WT Pyk2, were 
further resolved by tris-tricine SDS-PAGE and 
transferred to PVDF. The membranes were then probed 
with antibodies specific to phosphorylated tyrosine. A 
peptide -Of the samesize and.focusing-point was seen in 
each sample (circled). 
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Pyk2 regulates MEKK4 kinase activity towards MKK6 

If Pyk2-dependent tyrosine phosphorylation of MEKK4 affects 

MEKK4 catalytic activity, then MEKK4-dependent 

phosphorylation of MKK6 should be affected. As the total 

percentage of MEKK4 that is endogenously tyrosine 

phosphorylated by Pyk2 was undeterminable, a system of 

transfections was used to assess how the Pyk2 activity 

affects MEKK4 downstream activity. The MKK6 cDNA, 

graciously provided by Dr. JR Woodgett (137), was mutated 

to a kinase inactive mutant utilizing PGR site directed 

mutagenesis and subcloned into the p-GEX-5X-2 bacterial 

expression vector. The purified protein was then tested as 

a substrate. Figure 13 shows a representative 

autoradiogram of this experiment. Using HEK-293 cells 

stably expressing the ATj receptor, over-expression of wild-

type MEKK4 resulted in unregulated autophosphorylation of 

MEKK4 (Figure 13, top panel, lanes a and b) and subsequent 

agonist independent phosphorylation of MKK6 (Figure 13, 

lower panel) . However, when wild-type Pyk2 was co-

expressed with MEKK4 (Figure 13, lanes c and d) , the 

pattern of phosphorylation for both MEKK4 and MKK6 

reflected the same pattern of agonist-dependent activity, 
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as that seen with tyrosine phosphorylation by Pyk2 (see 

Figure 10). MEKK4 was directly responsible for the 

activity on MKK6, as over-expression of KM MEKK4 eliminated 

any activity toward KA MKK6 (Figure 13, lanes g and h) . 

Introduction of KA Pyk2 abolished any activity (Figure 13, 

lanes e and f) . However, these lanes were found to be 

misleading, as after immunoblotting for expression of 

transfected MEKK4 in these experiments, transfection of KA 

Pyk2 was found to inhibit the expression of MEKK4 (data not 

shown), indicating no protein was immunoprecipitated in 

these two lanes. This phenomena was consistently observed 

and it is not clear how KA Pyk2 prevents expression of FLAG 

MEKK4. Nevertheless, the results demonstrate that agonist-

dependent activation of Pyk2 promotes tyrosine 

phosphorylation of MEKK4 (see Figure lOA), which 

corresponds to a 3-fold MEKK4-dependent phosphorylation of 

GST KA-MKK6 (Figure 13B). 
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Figure 13: Pyk2 regulates MEKK4 catalytic activity 
towards MKK6. 
HEK-293 cells that stably express the AT^ receptor were 
transiently transfected with MEKK4, along with either a 
control vector, wild-type Pyk2 or KA Pyk2. MEKK4 was 
immunoprecipitated using antibodies directed against 
its cloned FLAG epitope. After washing to remove non
specific proteins, an in vitro kinase assay was 
performed with KA MKK6 as a substrate. The reaction 
was stopped and the proteins were resolved by SDS-PAGE. 
A, a representative autoradiogram, B, quantitation from 
three separate experiments of the kinase activity seen 
in lanes c and d of A. 
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Dominant-negative MEKK4 blocks cyclooxygenase II gene 

promotion 

ultimately regulates gene transcription, angiotensin II-

dependent tyrosine phosphorylation of MEKK4 would be 

predicted to affect gene expression and cell function. 

Angiotensin II is known to stimulate both ERK and p38 MAP 

kinase and previous reports, as well as agonist-dependent 

activity towards MKK6 shown in this study, indicate that 

MEKK4 functions upstream of the p38 pathway (3, 57) . 

Angiotensin II mediated stimulation of both the p38 and ERK 

MAP kinases was confirmed in HEK-293 cells that stably 

express the AT^ receptor (Figure 14) . Angiotensin II and 

the p38 MAP kinase have both been documented to regulate 

the pro-inflammatory protein cyclooxygenase II, thus making 

it germane to examine a role for MEKK4 in this pathway 

(13 8) . To investigate whether MEKK4 regulates 

cyclooxygenase II transcription, a luciferase reporter 

construct coupled to the promoter region that regulates 

expression of cyclooxygenase II (graciously provided by Dr 

Inoue and Dr Tanabe at the National Cardiovascular Center 

Research Institute, Osaka, Japan) was utilized (139). HEK-
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293 cells stably expressing the angiotensin AT^ receptor 

were trans fected with the cDNA that encodes the 

cyclooxygenase II promoter luciferase reporter construct 

along with wild-type or kinase inactive MEKK4 and a cDNA 

that gncodes a er construct that 

is constitutively expressed to control for transcription 

efficiency. Forty-eight hours after transfection, the 

cells were treated with angiotensin II and then assayed 

five hours later, allowing time for luciferase expression. 

Over expression of a kinase-inactive mutant of MEKK4 

abrogated luciferase production, even at basal levels 

{Figure 15) . Over-expression of wild-type MEKK4 did not 

alter expression of the luciferase reporter construct over 

the vector control and angiotensin II caused roughly a two

fold increase in activity, similar to levels seen with 

other agonists in previous reports using this luciferase 

reporter construct (139 ) . 

To further corroborate these data, WT and dominant-negative 

(S207A T21IL) MKK6 (also courtesy of Dr. Woodgett) 

constructs were used in this luciferase assay (137) . 

Introduction of over-expressed WT MKK6 resulted in an 
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increase in basal and treated levels, indicating the 

pathway utilizes MKK6 for cyclooxygenase II transcription. 

Over-expression of dominant-negative MKK6 also showed 

decreased cyclooxygenase II promoter activity, further 

implying its role in cyclooxygenase II transcription. The 

decrease in activity was not the same as that produced by 

KM MEKK4, signifying other endogenous pathways affect 

cyclooxygenase II expression in HEK-2 93 cells. These 

results strongly indicate that MEKK4 and MKK6 function 

together in a signaling pathway that regulates 

cyclooxygenase II gene expression. 
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Figure 14: Angiotensin stimulates activation of the p38 
and ERKl/2 MAP kinases. 
HEK-293 cells stably expressing the ATj receptor were 
treated with 1 |iM angiotensin II for 10 minutes where 
indicated. A, an autoradiogram f rom an 
immunoprecipitation of p38 and the subsequent kinase 
assay with its substrate GST-ATF2. An agonist dependent 
increase in activity is seen, comparable to 0.3 M 
sorbitol. B, extracts from HEK-293 cells treated with 
angiotensin II were resolved by SDS-PAGE and probed with 
antibodies to phospho-p42/p44 (upper blot) and then re-
probed for p42/p44 (lower blot). 
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Figure 15; Dominant-negative MEKK4 inhibits the 
promotion of cyclooxygenase II. 
HEK-293 cells stably expressing the AT^ receptor were 
transiently transfected with control vector, WT/KM 
MEKK4 or WT/S207A T211L MKK6 and COX Il-luciferase and 
thymidine-kinase-renilla. Cells were then treated with 
1 [iM angiotensin II where indicated, harvested 5 hours 
later and analyzed by a dual-luciferase assay. The 
values displayed are combined from at least three 
separate experiments and are expressed as fold increase 
over the basal values from the vector control. WT 
MEKK4 does not affect the agonist dependent increase in 
luciferase production, but KM MEKK4 does. 
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Discussioni 

This study is unique in describing activity of a tyrosine 

kinase toward MEKK4. Based on the homologous yeast kinase 

cascades, the MEKK family of proteins is considered to be 

regulated by upstream serine/threonine kinases (140, 141). 

The data here, though, demonstrate evidence for an upstream 

tyrosine kinase. A physical interaction between Pyk2 and 

MEKK4 is demonstrated, which is sensitive to calcium. The 

calcium binding protein, annexin II, appears to facilitate 

the formation of the Pyk2/MEKK4 protein complex, which 

results in the tyrosine phosphorylation of MEKK4. This 

novel regulation of MEKK4 activity sets it apart from the 

related MEKK proteins and offers insight as to the 

physiological role of MEKK4. In addition, tyrosine 

phosphorylation of MEKK4 correlates with agonist-dependent 

positive regulation of MEKK4 catalytic activity. However, 

it is possible that tyrosine phosphorylation of MEKK4 also 

provides an anchoring domain for docking of SH2-containing 

proteins. 

MEKK4 has been documented to function upstream of MKK6, 

subsequently affecting the activity of p38 MAP kinase 
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(121). Previous studies have indicated that the binding of 

the protein, GADD45Y, increases MEKK4 activity towards MKK6, 

yet this association appears independent of agonist (121). 

The study presented here shows that Pyk2 phosphorylates 

MEKK4 on a tyrosine residue_in response to angiotensin II 

and that this kinase activity can be further reflected in 

activity towards MKK6 and p38 MAP kinase. As both 

angiotensin II and p38 MAP kinase activity have been shown 

to affect cyclooxygenase II production (138), angiotensin 

Il-dependent activation of MEKK4 provides compelling 

evidence that MEKK4 regulates cyclooxygenase II production. 

Over-expression of a kinase-inactive mutant MEKK4 shows 

that cyclooxygenase II production relies on an active form 

of MEKK4. This observation then suggests a credible role 

for MEKK4 kinase activity mediating prostaglandin 

biosynthesis through increased cyclooxygenase 11 

transcription. The data shown correspond with other 

studies detailing angiotensin II induced activation of 

cyclooxygenase II and the role of p38 in cyclooxygenase II 

expression (58, 142). Figure 16 illustrates an overview of 

these collective observations on angiotensin II induced 

MEKK4 signaling. 
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The association of Pyk2 and c-Src has been well documented 

and both tyrosine kinases are regulated by angiotensin II 

(105 , 135, 143) Autpphgsphory Pyk2_ at tyrosine 

402 has been reported as a recruiting site for the SH2 

domain of c-Src, indicating that both may function as a co

operative unit ( 105, 144) . However, other than paxillin, 

little has been previously detailed about a direct 

substrate for Pyk2 activity (104) . The finding that MEKK4 

is an agonist dependent substrate of Pyk2 that is upstream 

of the p38 MAP kinase pathway provides a key link for 

previously reported effects of Pyk2 on p38 MAP kinase (78, 

125, 126). 

The relationship between Pyk2 and calcium has remained 

enigmatic. Though Pyk2 is recognized as a calcium-

regulated protein kinase, the protein itself contains no 

currently recognized calcium-binding domains (78). 

However, annexin II has multiple calcium binding domains 

(111) and the interaction between annexin II, MEKK4, and 

Pyk2 provides a molecular mechanism for calcium-dependent 

regulation of Pyk2. MEKK4 then provides a major 

intersecting point between the calcium-binding protein, 

annexin II, and calcium-regulated Pyk2, as well as a direct 
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link to the p38 MAP kinase. These observations, taken with 

the membrane localization of annexin II, provide an 

organizational structure for integrating calcium-dependent 

responses with tyrosine and serine/threonine kinase 

signaling, early in signal transduction networks. In this 

study it is shown that the angiotensin II induced flux of 

calcium from outside the cell promotes the interaction of 

annexin II with MEKK4, creating the ternary complex of 

Pyk2, MEKK4, and annexin II. This results in tyrosine 

phosphorylation of MEKK4. These data correspond with prior 

observations that, although Pyk2 activation is independent 

of extracellular calcium, tyrosine phosphorylation of the 

Pyk2 substrate, paxillin, is dependent on the inflow of 

calcium (102) . The mechanism could well rely on the 

binding of calcium to annexin II to allow for Pyk2 kinase 

activity. The reports of c-Src phosphorylation negatively 

affecting the activity of annexin II provides a suitable 

feedback mechanism to regulate this signaling (113) . 

Activation of Pyk2 would also allow for recruitment of c-

Src to the autophosphorylation site at tyrosine 402, and 

subsequent activity on annexin II would regulate the 

response. Future investigations will addres s the 

importance of annexin II for Pyk2 activity. 
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The data presented here also indicate a potential role for 

MEKK4 in regulating focal adhesions and cell migration. 

Previous studies have shown that Pyk2 activity functions to 

regulate focal adhesions along with paxillin (145) . 

Additionally, studies with specific kinase inhibitors have 

shown that c-Src, ERKl/2, and p38 are important in 

propagating an angiotensin II stimulus for cell migration 

(145) . The observation that MEKK4 is a substrate for Pyk2 

and that this activity is negatively regulated by c-Src 

strongly indicate a physiological role for MEKK4 in cell 

migration. Together, these biological activities point to 

MEKK4 as playing an important role in responding to 

extracellular stimuli as an active kinase, and perhaps as a 

scaffolding protein for the recruitment of other signaling 

proteins. MEKK4 regulates the expression of the pro

inflammatory protein, cyclooxygenase II and associates with 

key proteins involved in cell migration. Future studies 

will determine the significance of MEKK4 activity and 

protein recruitment in this capacity. Recent observations 

demonstrating the inhibition of Pyk2 and c-Src following 

treatment with non-steroidal anti-inflammatory agents 

provide further interest in investigating the role of MEKK4 
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in response to cell injury (128, 146). In summary, MEKK4 

is a substrate for angiotensin II mediated activity of Pyk2 

and functions to regulate cyclooxygenase II protein 

expression. Further investigations into the role of c-Src 

in regulating Pyk2 and the exact site of tyrosine 

phosphorylation of MEKK4 will be needed to better 

understand this novel mechanism. 
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Figure 16: Summary of the angiotensin 11-stimulated 
kinase cascade involving MEKK4. 
An illustration representing the angiotensin Il-induced, 
calcium dependent upstream events involving the 
association of annexin II and the catalytic activity of 
Pyk2 on MEKK4. The activity of Pyk2 regulates MEKK4 
activity on MKK6 and subsequently affects transcription 
of cyclooxygenase II. See text for further details. 
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CHAPTER 3; MEKK4 FUNCTIONS AS A CYTOPLASMIC SCAFFOLD FOR SHP-2 

REGULATION OF ERK 

INTRODUCTION 

As research has progressed in the f ield of signal 

transduction, it seems more and more important to identify 

the subcellular localization of proteins, as well as 

interacting proteins, in order to accurately elucidate the 

mechanism by which proteins signal within the cell. Many 

different stimuli activate specific receptors and the 

extracellular signal proceeds through a cascade of 

signaling proteins, and invariably, results in the 

activation of one or more of the three major MAP kinases; 

extracellular signal-regulated kinase (ERK), c-Jun amino-

terminal kinase (JNK) and p38. It is perplexing that 

diverse stimuli activate the same protein and yet produce a 

different physiological response. For example, both nitric 

oxide and angiotensin II activate ERK in smooth muscle 

cells, yet these stimuli result in vasodilatation and 

vasoconstriction, respectively {45, 46). Thus, specific 

responses are generated despite activation of the same MAP 

kinase. One mechanism by which the cell can produce a 
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different physiological response, even though the same MAP 

kinase is activated, is through activation of different 

subcellular pools of MAP kinases in response to the 

different stimuli. Scaffolding proteins provide a 

molecular mechanism that allowspecific proteins to 

interact with each other to yield a unique cellular 

response, making scaffolding proteins a vital component of 

signaling pathways (18). 

Angiotensin II has been the focus of numerous studies to 

better understand its role in the inflammatory process and 

in the progression of diseases such as vascular and cardiac 

hypertrophy (147). Activation of ERKs 1 and 2 in response 

to angiotensin II stimulation has been characterized; the 

agonist binds to the angiotensin II receptor type I {AT^R) 

and proceeds through Has, Raf and MEK-1 to activate ERKl 

and 2 (45, 57, 71, 148, 149) . Activation of the ERKs can 

lead to many different cellular responses, both in the 

cytoplasm and in the nucleus. Activated ERK regulates the 

activity of carbamoyl phosphate synthase II, a protein 

involved in the synthesis of pyrimidine nucleotides, 

essential for DNA and RNA production (150). Activated ERK 

also affects gene transcription through regulation of 
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various transcription factors such as Elk-1, c-Myc, c-Jun 

and c-Fos, and through regulation of Rsk-2, a protein that 

phosphorylates histone H3, subsequently unwrapping the DNA 

from the histones to allowfor genetranscription(47-49, 

151). Cytoplasmically, ERK regulates the activity of 

cytoplasmic phospholipase which when active, releases 

arachidonic acid and allows for prostaglandin production 

(50-52) . ERK also regulates Mnkl, a protein that affects 

the recruitment of ribosomes for protein synthesis (152, 

153) - ERK has also been identified to phosphorylate 

connexin-43 (cx43) and mediate intercellular communication 

through gap junctions (53) . 

Angiotensin II is also documented to stimulate activation 

of the protein tyrosine phosphatase, src-homology domain 2 

(SH2)-containing phosphotyrosine phosphatase (SHP-2), 

through tyrosine phosphorylation (79, 154). SHP-2 directly 

regulates the angiotensin Il-induced activation of tyrosine 

kinases, such as proline-rich tyrosine kinase 2 (Pyk2) (77-

79, 107, 145) . More recently, SHP-2 has been reported to 

regulate ERKL and 2 activity in response to various stimuli 

such as activation of T-cell receptors and endothelin-1 

(155-158). The mechanism by which SHP-2 regulates ERK 
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activation remains unclear, but studies have indicated the 

pathway follows the Ras-Raf-MAPK/ERK kinase 1 (MEK-1) 

pathway and may involve the tyrosine kinase, Src (117, 

159) . 

This study has identified the ERKs as associating with the 

serine/threonine kinase, MEKK4. These proteins were 

identified using recombinant MEKK4 as bait to bind 

associating proteins and LC-MS/MS and SEQUEST to identify 

the bound protein. Here, it is documented that ERKl and 2 

constitutively associate with MEKK4 in aortic smooth muscle 

cells. Using angiotensin II as a stimulus, the ERKs 

associated with MEKK4 are activated in similar manner as 

that of the total population of ERKl and 2. It was 

observed though, that the activation of ERKs was not due to 

the kinase activity of MEKK4. This observation lead to the 

hypothesis that MEKK4 is a cytoplasmic scaffold for the 

ERKs and that the activation of the ERKs was regulated by 

the tyrosine phosphatase SHP-2, which associates with MEKK4 

following angiotensin II treatment. The following study 

demonstrates that MEKK4 is a scaffold for SHP-2 regulation 

of ERK and, coupled with data that demonstrate the 

cytoplasmic localization of MEKK4, implicate MEKK4 as a 
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cytoplasmic assembling point for regulation of a specific 

subcellular population of activated ERK. 



105 

METHODS 

Materials 

ERKL and 2 and MEKK4 antibodies (cat # sc-93-G, sc-154-G 

and 6846-G) from Santa Cruz Biotech; CA, phospho-ERK (cat # 

9106S) p42/p44, MEK-1/2 (cat #9122) and phospho-MEK-1/2 

(cat # 912IS) antibodies from Cell Signaling, MA; SHP-2 

antibodies from BD Transduction Labs, Lexington KY (cat # 

P54420); antibodies to the HA epitope were obtained from 

Roche, Indianapolis IN (cat # 1 583 816) ; antibodies to the 

FLAG-epitope were obtained from Kodak, New Haven CT (cat # 

IB13026) ; and antibodies to phosphotyrosine from Upstate 

Biotech, Lake Placid NY (clone 4G10, cat # 05-321) . 

Fluorescently coupled antibodies for donkey anti-rabbit 

Alexa Fluor 594, chicken anti-goat Alexa Fluor 594 and goat 

anti-mouse Alexa Fluor 488 (cat # A-21207, A-21468 and A-

21121) were purchased from Molecular Probes, Eugene OR. 

Protein A Sepharose, FLAG agarose, MYC agarose and 

bisbenzimide H 33342 (Hoechst 33342) was purchased from 

Sigma, St Louis MO (cat # P-3391, A-222 0, A-7470 and 

14533). Angiotensin II was purchased from Calbiochem, San 

Diego CA (cat # C-130). Antibodies to MEKK4 were produced 

as described previously (see chapter 2). The MEKK4 
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polyclonal antibody from Santa Cruz Biotech was utilized 

for ixnmunoflucrescent microscopy, the polyclonal MEKK4 

antibody to amino ac ids 18-139 was utilized for 

immunoprecipitations and the polyclonal MEKK4 antibody that 

recognizes amino acids 1102-1255 were utilized for 

immunblotting. The MEKK4 polyclonal antibody from Santa 

Cruz Biotech was utilized for immunofluorescent microscopy, 

the polyclonal MEKK4 antibody to amino acids 18-139 was 

utilized for immunoprecipitations and the polyclonal MEKK4 

antibody that recognizes amino acids 1102-1255 were 

utilized for immunoblotting. 

Cell Culture 

HaCaT human keratinocyte cells, COS-7 monkey kidney cells 

and rat aortic smooth muscle (RASM) cells were maintained 

in Dulbecco's Minimal Essential Media (DMEM) (Invitrogen, 

CA) containing 10% fetal bovine serum and 5 0 jig/mL 

penicillin/streptomycin at 37°C under 5% COj. RASM cells 

were utilized for passages 3 through 15. Human embryo 

kidney (HEK-293) cells that were stably transfected with 

the angiotensin ATj receptor were maintained in DMEM with 50 

Hg/mL penicillin/streptomycin, 10% fetal bovine serum, 250 

jig/itiL geneticin and 200 |xg/mL hygromycin. Sf-9 insect cells 
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were maintained in suspension in Grace's complete insect 

media (Invitrogen) containing 10% fetal bovine serum, 50 

[ig/mL penicillin/streptomycin, 0.25 i^g/mL fungizone and 10 

[ig/mL gentamycin at 27°C with shaking at 125 rpm. 

SHP-2 cloning and mutagenesis 

Wild type SHP-2 was cloned from a HaCaT cDNA library 

created using HaCaT RNA generated using Trizol (Invitrogen) 

and Superscript II (Invitrogen) and following the protocol 

provided by the manufacturer. The cDNA was generated in 

two pieces and then re-ligated to full length SHP-2. A two 

step PGR reaction using primer to the amino terminus of 

SHP-2 and containing a FLAG epitope overhang (GAG GAG GAT 

GAG AAG AGA TGG GGG AGA TGG TTT GAG) and an anti-sense 

primer downstream of the endogenous Bglll site at base 

number 702 (ATG TTG GAG AAG ATG TGT GAA AGA ATG), followed 

by a second PGR step using a primer to the FLAG epitope 

with an EcoRl restriction site (GGT GAA TTG ATG GAG TAG AAG 

GAG GAG GAT GAG AAG) and the same anti-sense primer 

generated the first fragment. The second fragment was 

generated using a sense primer upstream of the Bglll site 

(GAT TGT TTG AGA GAT GTT GTG GAA GAT) and an anti-sense 

primer containing a Sail restriction site just beyond the 
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stop codon (TTT TGG TCG ACT TTC TCA TCT GAA ACT TTT CTG 

CTG). The two fragments were resolved on a 1% agarose gel, 

cleaned using MoBio Labs GeneClean {SolanaBeaeh CA) and 

inserted into pGEM-T (Promega, Madison WI) . The fragments 

were then excised using the EcoRI/Bglll and Bglll/Sail 

restriction sites and ligated together into pBlueBac4.5 

HisB (Invitrogen). As the carboxyl-terminal SHP-2 fragment 

lacked all of the first and most of the second SH2 domains, 

this fragment was ligated into pFLAG CMV2 (Sigma) using the 

Bglll/Sail restriction sites to generate a FLAG A(SH2)2-SHP2 

mutant. 

Mutagenesis was performed on the wild type full length SHP-

2, mutating the active cysteine 459 to a serine. 

Mutagenesis was performed using the Stratagene (La Jolla, 

CA) QuikChange Site-Directed Mutagenesis Kit and following 

the protocol provided with the kit. Two complementary 

sense and anti-sense primers containing the mutated codon 

were used (sense: GTG GTG CAC AGC AGT GCT GGA; anti-sense: 

TCC AGC ACT GCT GTG CAC CAC). The sequence of the mutation 

was confirmed and then excised using Bglll/Sail and re-

ligated to replace the same fragment of the wild type form 

in pBlueBac4.5 HisB. Both the wild type and cysteine 
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mutant were subcloned by digesting with EcoRl/Sail and 

ligating into pcDNA 3.1 HisC digested with EcoRlfXhol 

restriction sites. 

Baculoviral infections 

Sf-9 insect cells were counted and 2x106 cells were plated 

onto lOcm tissue culture dishes and allowed to adhere. 

Baculoviruses were added and allowed to infect the cells 

for 40 hours. Following infection, cells were washed in 

ice-cold PBS and lysed in an extraction buffer containing 

1% Triton X-100, 10 mM Tris pH 7.4, 2 itiM sodium vanadate, 1 

mM PMSF, 50 mM NaCl, 50 mM NaF, 1% aprotonin, 0.5 fig/mL 

leupeptin. Baculoviral plasmid constructs for MEKK4 and 

Pyk2 were produced as previously described (see chapter 2). 

Immunofluorescent antibody staining 

RASM cells were grown in 6-well plates containing sterile 

glass coverslips and deprived of serum for 48 hours once 

the cells were approximately 7 0% confluent. Cells were 

treated as indicated, washed and then fixed in ice-cold 

methanol:acetone (1:1), followed by further washing in PBS. 

The coverslips were then incubated in 10% goat serum in 

PBS, followed by primary antibody for 1 hour. Coverslips 
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were then washed and incubated with flucrescently-coupled 

secondary antibodies. After a final wash, coverslips were 

mounted onto glass slides. Stained cells were visualized 

using an Olympus 1X7 0 (Japan) microscope with lOOx 

(UPIanApo/ 1.35 oil aperture) , 60x (PlanApo/ 1.4 oil 

aperture) and 40x (Uapo/340/ 1.35 oil aperture) lenses. 

Images were obtained with a Photometries CCD High 

Resolution Liquid Cooled Camera (model# CH350L KAF1401E at 

-40SC) and processed using SoftWoRx™ software (Applied 

Precision Inc., Issaquah WA). 

Preparation of cell extracts 

Cells were treated with 1 |iM angiotensin II for ten minutes 

where indicated, cells were then washed twice with ice cold 

phosphate-buffered saline (PBS) and then lysed in an 

extraction buffer containing 1% Triton X-100, 10 mM Tris pH 

7.4, 2 mM sodium vanadate, 1 mM PMSF, 50 mM NaCl, 50 mM 

NaF, 1% aprotonin, 0.5 ji g/mL leupept in. For 

immunoprec ipitations and Sepharose bead pulldown 

experiments, the bound proteins were washed twice with 1 mL 

of PAN-NP4 0 buffer ( 10 mM PIPES pH 7.0, 100 mM NaCl, 1% 

aprotonin and 0.5% NP40) and once with 1 mL of PAN buffer 

(10 mM PIPES pH 7.0, 100 mM NaCl, and 1% aprotonin). Cells 
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that were used to obtain cytoplasmic and nuclear fractions 

were treated with 1 |.iM angiotensin II for ten minutes where 

indicated, washed and then fractioned according to the 

protocol provided by the manufacturer (Promega). 
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RESULTS 

ERKl/2 interacts with MEKK4 

Recombinant MEKK4, produced in Sf-9 insect cells and 

attached to nickel-Sepharose, was incubated with extracts 

from human keratinocytes cells (HaCaT) to capture 

associating proteins. The proteins bound to (His)fiFLAG 

MEKK4 were washed, resolved by SDS-PAGE and stained by 

imidazole-zinc sulfate (160) . Prominent proteins were 

excised from the gel, digested with trypsin and the 

peptides were analyzed by LC-MS/MS and SEQUEST. The 

spectral data from one prominent protein of approximately 

45 kDa matched the spectra of a theoretical peptide from 

ERKl (Figure 17A, matching peptide is in bold). As studies 

had focused on the effect of angiotensin II on MEKK4 

activity and numerous reports detail the effects of 

angiotensin II upon ERK (57, 148, 149), studies to examine 

the association of ERK and MEKK4 were shifted to rat aortic 

smooth muscle cells (RASM). To confirm the association 

between ERK and MEKK4 that was identified using 

keratinocytes, recombinant MEKK4 was incubated with smooth 

muscle cell extracts (treated with 1 jiM angiotensin II for 
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ten minutes where indicated) and used immunoblotting 

instead of mass spectrometry to confirm the association of 

ERKl and 2 with MEKK4 (Figure 17B, lanes a and b). Both 

ERK isoforms were observed to associate with recombinant 

MEKK4, irrespective of angiotensin II treatment. The 

"beads only" control (Figure 17B, lane c), which included 

recombinant MEKK4 incubated with only lysis buffer, 

indicated that the ERK proteins (detected in Figure 17B, 

lanes a and b) were derived from RASM and not contaminating 

proteins from the purification of recombinant MEKK4 from 

Sf-9 insect cells. Additional experiments were performed 

to confirm the association of ERK with endogenous MEKK4. 

MEKK4 was immunoprecipitated from RASM cells, washed to 

remove nonspecific proteins and the bound proteins were 

resolved by SDS-PAGE and then immunoblotted for ERKl/2. 

The association of the two kinases with MEKK4 was confirmed 

again, irrespective of angiotensin II treatment (Figure 

17B, lanes d and e) . In the agonist treated condition, a 

doublet was observed for each ERK isoform, indicative of a 

post-translational modification of the protein such as 

phosphorylation (Figure 17B, lane e). Thus, using tethered 

MEKK4 and identifying only one ERKl peptide by mass 
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spectrometry allowed for better identification of MEKK4 as 

a binding protein for the ERKs. 
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Figure 17: ERKl and 2 interact with MEKK4. 
A, HaCaT cells extracts were incubated with recombinant 
MEKK4, resolved by SDS-PAGE and stained using zinc 
sulfate and imidazole. A prominent band at 45 kDa was 
excised, analyzed by tandem mass spectrometry and 
matched to theoretical peptide spectra using the SEQUEST 
computer algorithm. A theoretical ERKl peptide (in 
bold) was identified from the analysis. B, RASM cell 
extracts (lanes a and b) were incubated with recombinant 
MEKK4 or MEKK4 was immunoprecipitated from treated RASM 
cells (lanes d and e) and immunoblotted for ERKs 1 and 2 
to confirm the association seen in A. 
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Angiotensin II causes pbospborylation of the ERKl/2 bound 

to MEKK4 

The observed ERK doublet in angiotensin II treated cells 

prompted experiments to determine if the agonist affected 

the phosphorylation status of ERK associated with 

endogenous MEKK4. RASM cells were treated with 1 fiM 

angiotensin II for ten minutes, and MEKK4 was 

immunoprecipitated from cell extracts. The proteins were 

resolved by SDS-PAGE and transferred to nitrocellulose 

where the membrane was probed with antibodies specific to 

phosphorylated ERKl and 2 (Figure 18, upper panel). The 

ERKs associated with MEKK4 were phosphorylated in response 

to angiotensin II (Figure 18, lane b), although there was 

typically more active ERK2 (p42) observed than ERKl 

associated with MEKK4. When cells were pretreated with the 

MEK-1 selective inhibitor, PD98059, a significant decrease 

in phosphorylated ERK associated with MEKK4 was observed 

(Figure 18, lane d). The membrane was also reprobed for 

total MEKK4 to confirm that similar amounts of the protein 

had been immunoprecipitated (Figure 18, second panel). 

Inhibition of the phosphorylation of the associated ERKs by 

PD98059 implied that the MEK-1 signaling pathway, well 
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documented to regulate total ERK activation following 

angiotensin II treatment (148), was also regulating the 

subset of ERKs associated with MEKK4, though binding of 

MEK-1 to MEKK4 was not detected (data not shown). 
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Figure 18: ERKl and 2 associated with MEKK4 are active 
following angiotensin II treatment. 
RASM cells were pretreated with 6 [iM PD98059 for twenty 
minutes followed by treatment with 1 [iM angiotensin for 
ten minutes before harvesting. MEKK4 was 
immunoprecipitated and the resulting nitrocellulose 
membrane was probed using antibodies to phosphorylated 
ERKs 1 and 2 (first panel) and MEKK4 (second panel). 
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ERKl/2 is not a substrate for MEKK4 

Although other studies have demonstrated that MEKK4 cannot 

phosphorylate MEK-1 in vitro, nor did dominant-negative 

expression of MEKK4 affect ERK activation, it was still 

prudent to test if MEKK4 could directly phosphorylate ERK, 

as the two proteins were interacting endogenously in cells 

(2, 3). An in vitro kinase assay was performed using 

immunoprecipitated MEKK4 from angiotensin II treated RASM 

cells, recombinant kinase-inactive GST-KM ERKl and 

radiolabeled ATP. MEKK4 was unable to phosphorylate KM-

ERK, even though immunoprecipitated MEKK4 was catalytically 

active as evidenced by its autophosphorylation activity 

(Figure 19, lanes a and b). To confirm that GST KM-ERK was 

capable of being phosphorylated, immunoprecipitated MEK-1 

was also used in an in vitro kinase assay. MEK-1 was 

observed to phosphorylate GST KM-ERKl in an agonist 

dependent manner (Figure 19, lanes c and d). These data 

revealed that ERK is not a direct substrate for MEKK4, 

correlating with previous studies that showed MEKK4 does 

not affect ERK activity (2, 3). 
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Figure 19; ERK is not a substrate for MEKK4 catalytic 
activity. 
RASM cells were treated with angiotensin II as described 
and MEKK4 and MEK-1 were immunoprecipitated from 
prepared cell extracts, then washed and incubated for 20 
minutes at 30°C with radiolabeled ATP and recombinant 
GST KM-ERKl. GST WT-ERKl was incubated separately with 
radiolabeled ATP in order to allow autophosphorylation. 
The reactions were then resolved by SDS-PAGE and an 
autoradiogram was obtained. 
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ERKl/2 bound to MEKK4 is catalytically active 

To confirm that the ERK phosphorylated in response to 

angiotensin II and associated with MEKK4 was catalytically 

active, an immunoprecipitation of MEKK4 was performed, 

followed by an in vitro kinase assay with recombinant GST-

Elk-1, a ERK known substrate (48) . It was observed that 

Elk-1 could be phosphorylated in vitro by the 

immunoprecipitated MEKK4-complex following angiotensin II 

treatment (Figure 20A, lane b), similar to the pattern of 

ERK phosphorylation following angiotensin II treatment (see 

Figure 17) . This observation indicates that the ERK 

associated with MEKK4 is catalytically active following 

angiotensin II treatment. To control for the ability of 

ERK to phosphorylate Elk-1 following angiotensin II 

treatment, ERK was independently immunoprecipitated from 

RASM cells, followed by an in vitro kinase assay with 

recombinant Elk-1 (Figure 20A, lane c). To control for any 

potential kinase activity that MEKK4 may have toward Elk-1, 

HEK-293 cells that stably express the angiotensin II ATj 

receptor were transfected with MEKK4 and ERK constructs. 

Immunoprecipitated KM MEKK4 co-transfected with WT ERK-1 

yielded a similar pattern of kinase activity toward Elk-1 
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(Figure 20B, lane b) . However, when WT MEKK4 was 

immunoprecipitated from cells co-transfected with KM ERK-1, 

no kinase activity toward Elk-1 was observed (Figure 20B, 

lane d) . These data confirmed that the observed kinase 

activity toward Elk-1 was from activated ERK associated 

with MEKK4 and not directly from MEKK4. 
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Figure 20: ERK bound to MEKK4 is catalytically active. 
A, MEKK4 was immunoprecipitated from RASM cells, treated 
with 1 fiM angiotensin II for ten minutes where 
indicated, followed by an in vitro kinase assay with 
radiolabeled ATP and recombinant GST Elk-1. B, HEK-293 
cells that stably expresses the AT^ receptor were 
transfected with either WT MEKK4 and KM ERK or KM MEKK4 
and WT ERK. Cells were then treated as indicated, MEKK4 
was immunoprecipitated, and an in vitro kinase assay 
with radiolabeled ATP and recombinant Elk-1 was 
performed. 
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MEKK4-bound ERK is cytoplasmically located 

As ERK translocates to the nucleus following activation 

(47), it was necessary to examine if MEKK4 was located, or 

translocated, to the nucleus as well. Cell extracts were 

separated into cytoplasmic and nuclear fractions from 

angiotensin II treated and non-treated RASM cells. The 

proteins were resolved by SDS-PAGE, trans ferred to 

nitrocellulose and probed for MEKK4 in each condition. As 

figure 21, panel A illustrates, MEKK4 located primarily in 

the cytoplasm (Figure 2lA, lanes a and b) , and treatment 

with angiotensin II caused no increase in nuclear 

localization (Figure 2lA, lanes c and d) . When probed for 

ERKl and 2 however, there was an abundance of ERK localized 

in both the nucleus and cytoplasm (Figure 21C, lanes a-d), 

and when probed for phosphorylated ERK, both the nuclear 

and cytoplasmic fractions increased following angiotensin 

II treatment (Figure 2ID, lanes a-d). The membrane was 

also probed for histone deacetylase 2 (HDAC-2), a 

predominantly nuclear protein, to verify that no nuclear 

proteins had contaminated the cytoplasmic preparations 

(Figure 2 IB). It was observed that HDAC-2 was 

predominantly in the nuclear fraction (Figure 21B, lanes c 
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and d) , further confirming the observation that MEKK4 is 

primarily located in the cytoplasm of cells. These data, 

along with the results shown in figures 22A and 23B that 

visually identify MEKK4 as predominantly cytoplasmic by 

immunofluorescent microscopy, indicate that MEKK4 serves as 

a cytosolic scaffold for ERK, presumably to localize ERK 

with its cytoplasmic substrates. 
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Figure 21: MEKK4 is primarily located in the cytoplasm. 
RASM cells were treated with 1 fiM angiotensin II for ten 
minutes where indicated and lysed to prepare cytoplasmic 
(lanes a and b) and nuclear fractions (lanes c and d) as 
directed by the manufacturer (Promega). Proteins were 
resolved by SDS-PAGE, transferred to nitrocellulose and 
immunoblotted for MEKK4 (panel A), HDAC-2 (panel B) , 
ERKl and 2 (panel C) and phosphorylated ERK (panel D). 
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MEKK4 co-localizes with ERK2 and cFLA^ in the perinuclear 

.region 

Experiments were next designed to visually confirm the 

cytoplasmic localization of MEKK4. RASM cells were 

immunofluorescently stained with antibodies against MEKK4 

and ERK2. Figure 22A and 2 3D illustrate MEKK4 is a 

cytoplasmic protein, confirming the results of figure 21. 

MEKK4 and ERK2 co-localize predominantly around the nucleus 

as indicated by the yellow perinuclear staining (Figure 

22A). The co-localization of ERK2 and MEKK4 was unaffected 

by angiotensin II treatment (data not shown). In addition, 

the immunofluorescent staining of ERK2 demonstrates that a 

significant fraction of ERK2 is localized to the nucleus in 

an agonist-independent manner, cons istent with the 

biochemical fractionation studies shown in figure 21. In 

both the fractionation and immunofluorescent staining 

experiments, the RASM cells were deprived of serum for 48 

hours which produced quiescent cells as seen in figure 18. 

Thus, the appearance of ERK in the nucleus under conditions 

which RASM cells are quiescent was unexpected and may be 

unique to RASM cells. However, MEKK4 is a predominantly 

cytoplasmic protein, regardless of angiotensin II 
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treatment, as shown by both biochemical fractionation and 

iinmunofluorescent microscopy. 

The next series of experiments were designed to determine 

whether MEKK4 co-localizes with putative ERK substrates. 

Cytoplasmic PLA2 was a likely candidate as it is a reported 

cytoplasmic substrate for active ERK and is itself 

activated following angiotensin II treatment (50, 161). 

Staining of RASM cells with antibodies directed against 

CPLA2 showed it to be a cytoplasmic protein with some 

concentration in the perinuclear region (Figure 23C). The 

two immunofluorescent images confirmed that MEKK4 and CPLA2 

co-localize in punctate regions near and around the nucleus 

(Figure 23A and 23C). These data illustrate that MEKK4 and 

cPLAj co-localize in the perinuclear region, a reported area 

for preferential cPLAj activity, as demonstrated by the 

yellow staining in figure 23C. Localization of MEKK4 to 

the perinuclear region of the cell is important because 

CPLA2 and cyclooxygenase activities have been co-localized 

to this region of the cell (162) . Immunoprecipitations of 

MEKK4 from RASM cells were also immunoprobed to examine if 

cPLAj co-precipitates with MEKK4, yet these results yielded 

no detectable levels of cPLAj (data not shown). This 
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observation may be due to preparative effects such as 

differeaces in- washing stringency • or simply-due--t-o a lack-

of high affinity binding of CPLA2 with MEKK4. These 

immunofluorescent data do though suggest that MEKK4 

provides a scaffold for activated ERK to remain in the 

cytoplasm of the cell and phosphorylate relevant substrates 

like cPLAj. 
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Figure 22: MEKK4 co-localizes with ERK2 in RASM 
perinuclear regions. 
RASM cells were plated on coverslips and deprived of 
serum for 48 hours. Cells were then treated with 
angiotensin II and fixed and permeabilized with 
methanol:acetone (1:1). Cells were then probed with 
antibodies to MEKK4 and ERK2, followed by incubation 
with fluorescently coupled secondary antibodies. 
Coverslips were mounted and images were captured using a 
60X lens. A, illustrate MEKK4 in green, B shows ERK2 in 
red and C, illustrates an overlay of the two stains and 
nuclear staining with Hoechst 33342. D, is an expanded 
view of the co-localization of cPLAj with MEKK4. The 
length of the white line is equivalent to 30 microns. 
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Figure 23: MEKK4 co-localizes with cPLA^ in RASM 
perinuclear regions. 
RASM cells were plated on coverslips and deprived of 
serum for 48 hours. Cells were prepared as described in 
Figure 30 and then probed with antibodies to MEKK4 and 
CPLA2/ followed by incubation with fluorescently coupled 
secondary antibodies. Coverslips were mounted and images 
were captured using a 60X lens. A, illustrate CPLA2 in 
green, B shows MEKK4 in red and C, illustrates an 
overlay of the two stains and nuclear staining with 
Hoechst 33342. D, is an expanded view of the co-
localization of CPLA2 with MEKK4. The length of the 
white line is equivalent to 30 microns. 
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SHP-2 binds to MEKK4 following Angiotensin II treatment 

To further investigate the relationship between MEKK4 and 

ERK, MEKK4 was inununoprecipitated from RASM cells that were 

treated with 1 angiotensin II for the length of time 

indicated in figure 24. The pattern of phosphorylation of 

the subset of ERKs associated with MEKK4 (Figure 24C) 

reflected the pattern of ERK phosphorylation for the total 

pool (Figure 24D) . Both the total ERKs and the subset 

bound to MEKK4 were significantly phosphorylated following 

2 minutes of angiotensin II treatment and decreased after 

ten minutes. As previous studies had shown tyrosine 

phosphorylation of MEKK4 by the tyrosine kinase Pyk2 

(Figure 2 6A, lane b) (also see chapter 2), it seemed 

germane to examine if the Pyk2 associated tyrosine 

phosphatase, SHP-2, was also recruited to MEKK4, especially 

as this protein has been reported to regulate ERK activity 

( 79, 117, 155 ) . SHP-2 was observed to increase its 

association with MEKK4 following angiotensin II treatment, 

again peaking after ten minutes of angiotensin II treatment 

(Figure 22B). Both nitrocellulose membranes were probed 

for total MEKK4 to confirm equal loading and 

immunoprecipitation of the protein (Figure 24A and 24E). 
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kDa 

45 
'* pho® Id 

ERK 1J2 

b c d f 
IP:ME«« 

m: lyt EKK4, SHP-2, phoî to-EBKIS 

D 
45 

kDa 
E 

220-

ujf -••-OiLi, Jilt 11-^1' 

tZTT 7^ rZ* I Til '' pto^hD 
- WWM' 4iM«i» -m ERK1S 

• MEKK4 

b 

^fsates 
IB: pha  ̂lis-ERKt ® mi M EKK4 

Figure 24: Association of SHP-2 with MEKK4 reflects a 
similar pattern of the phosphorylation of ERKs 
associated with MEKK4. 
MEKK4 was immunoprecipitated from RASM cell lysates 
prepared from cells treated with angiotensin II for the 
indicated lengths of time. The resulting membrane was 
probed for MEKK4 (panel A) , SHP-2 (panel B) and 
phosphorylated ERK (panel C) . A separate gel with the 
same cell extracts was also probed for phosphorylated 
ERK (panel D) and total MEKK4 (panel E). 
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SHP-2 associates with MEKK4, independent of the SH2 domains 

It would be likely that SHP-2 binds to MEKK4 through either 

as soc iation with Pyk2 or by binding to tyrosy1 

phosphorylated MEKK4 through its SH2 domains {67, 163). To 

examine if Pyk2 was required for the interaction between 

SHP-2 and MEKK4, Sf-9 cells were infected with baculovirus 

encoding MEKK4, SHP-2 and Pyk2 . MEKK4 was 

immunoprecipitated from the infected cells and the presence 

of SHP-2 was assessed by immunoblotting. SHP-2 and MEKK4 

CO-immunoprecipitated (Figure 25A, lane c), and this 

interaction was not affected by the further introduction of 

Pyk2 (Figure 25A, lane d). Expression of the proteins was 

confirmed by immunoblotting with MEKK4, Pyk2 and SHP-2 

antibodies. Furthermore, expression of MEKK4 alone in Sf-9 

inse c t  c e l l s  w a s  n o t  ph o s p h o r y l a t e d  o n  ty r o s i n e  ( F i g u r e  2 7 ,  

lane b) , indicating that SHP-2 is not binding to MEKK4 

through SH2 recognition of tyrosyl phosphorylation. These 

data indicate that SHP-2 associates with MEKK4 

independently of Pyk2 and MEKK4 tyrosine phosphorylation. 

To further examine the interaction between SHP-2 and MEKK4, 

an additional series of baculoviral infections was 
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prepared, followed by immunoprecipitation of MEKK4. As 

stated above, infection of WT MEKK4 alone yielded no 

detectable tyrosine phosphorylation, whereas co-infection 

with WT Pyk2 caused significant tyrosine phosphorylation of 

WT MEKK4 (Figure 27A, compare lanes b and c) {also see 

chapter 2). Co-infection of WT MEKK4 with WT Pyk2 and WT 

SHP-2 however, eliminated tyrosine phosphorylation of MEKK4 

(panel A, lane d). When the inactive C459S mutant of SHP-2 

was used instead, there was little difference in tyrosine 

phosphorylation seen in comparison with infection of WT 

Pyk2 and MEKK4 alone (panel A, compare lanes c and e) . 

Expression of MEKK4, Pyk2 and SHP-2 was confirmed by 

immunoblotting (Figure 28) . These data demonstrate that 

MEKK4, tyrosine phosphorylated by Pyk2, is unable to 

achieve the same amount of phosphorylation when SHP-2 is 

over-expressed, indicating the tyrosine phosphatase 

regulates tyrosine phosphorylation of MEKK4 in vivo. 
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Figure 25: SHP-2 associates with MEKK4 irrespective of 
the presence of Pyk2. 
Sf-9 insect cells were infected with baculovirus 
encoding a control empty vector, WT MEKK4, WT Pyk2 and 
WT SHP-2 where indicated. Cells were lysed 40 hours 
post-infection and MEKK4 was immunoprecipitated. The 
immunoprecipitations were then washed, resolved by SDS-
PAGE, transferred to nitrocellulose and immunoblotted 
for SHP-2 (panel A) and re-probed for total MEKK4 (panel 
B) . Tyrosine phosphorylation and the presence of Pyk2 
were not required for SHP-2 to interact with MEKK4 (lane 
b). 
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Figure 26: Expression of proteins in baculoviral 
infected Sf-9 cells. 
Cell extracts from the infections in Figure 23 were also 
resolved by SDS-PAGE, transferred to nitrocellulose and 
probed for MEKK4 (panel A), Pyk2 (panel B) and SHP-2 
(panel C) to confirm equal expression of the proteins in 
the infected cells. 
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Figure 27: SHP-2 regulates tyrosine phosphorylation of 
MEKK4. 
Sf-9 insect cells were infected with baculovirus encoding 
WT MEKK4, WT Pyk2 and WT or C459S inactive SHP-2 where 
indicated. Cells were lysed 40 hours post-infection and 
MEKK4 was immunoprecipitated. The iiranunoprecipitations 
were treated as described in Figure 23 and immunoblotted 
for phosphotyrosine (panel A) and re-probed for MEKK4 
(panel B). 
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Figure 2 8: Expression of proteins in baculoviral 
infected Sf-9 cells. 
A separate gel with the same cell extracts from Figure 
25 was also probed for MEKK4, Pyk2 and SHP-2 to confirm 
equal expression in the infected cells (third, fourth 
and fifth panels respectively). 
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SHP-2 regulates activation of ERKl/2 bound to MEKK4 through 

its SE2 domains 

Recent studies have demonstrated a key role for SHP-2 in 

regulating activation of ERK (117, 157). The exact 

mechanism employed for SHP-2-dependent ERK regulation 

remains unclear, though Ras and MEK-1 function in this 

pathway (117). As both ERK and SHP-2 associate with MEKK4, 

experiments were designed to determine whether SHP-2 

regulates ERK that is associated with MEKK4. Other 

research groups have demonstrated that the SH2 domains of 

SHP-2 are important in regulating ERK activation (164). A 

SHP-2 mutant devoid of both SH2 domains [A(SH2 )2-SHP-2] was 

constructed and tested for its ability to affect the 

association between MEKK4 and ERK. HEK-293 cells that 

stably express that ATj receptor were transfected with 

either a control vector, wild type FLAG-SHP-2 or FLAG-

A(SH2 )2-SHP-2. Following angiotensin II treatment, MEKK4 

was immunoprecipitated and the resulting membrane was 

probed for phosphorylated ERK (Figure 29A) and MEKK4 

(Figure 29B). Over-expression of FLAG WT SHP-2 was observed 

to preferably bind to MEKK4 following angiotensin II 

treatment (Figure 29C, lanes c and d) without affecting the 
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MEKK4-associated ERK phosphorylation, similar to that seen 

with the empty vector control (Figure 2 9A, lanes a-d) . 

However, over-expressed A(SH2 )2-SHP-2 resulted in decreased 

detection of the phosphorylated ERKs associated with MEKK4 

(Figure 29A, lanes e and f). When the membrane was probed 

with antibodies specific to phosphorylated tyrosine, a 

protein the size of FLAG WT SHP-2 was present following 

angiotensin II treatment, suggesting bound SHP-2 to MEKK4 

was tyrosine phosphorylated (Figure 29D, lane d) . The 

ability to detect if the FLAG-A(SH2 )2-SHP-2 was tyrosine 

phosphorylated was inhibited by the presence of a non

specific protein (Figure 29D, lanes e and f). 

When the nitrocellulose membrane of the 

immunoprecipitations was probed with an antibody specific 

for the FLAG epitope (Figure 29C, lanes a-f) , a non

specific protein also blocked the ability to observe the 

association of A (SH2 ) 2-SHP-2 with MEKK4 (lanes e and f) . 

However, probing a separate nitrocellulose membrane 

consisting of only cell extracts with the monoclonal 

antibody that recognizes the FLAG epitope indicated that 

FLAG SHP-2 and FLAG-A (SH2) 2-SHP-2 were equally expressed in 

HEK-293 cells (Figure 31B, lanes c-f). Expression in COS-7 
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cells did not produce the same non-specific band and FLAG-

A{SH2 )2-SHP-2 was confirmed to bind with MEKK4 (Figure 30). 

Here, the association of WT SHP-2 with MEKK4 was again 

dependent on agonist. In contrast, the reproducible 

observation of A(SH2 )2-SHP-2 with MEKK4 was independent of 

angiotensin II treatment (Figure 30, lanes e and f) , 

potentially implying the SH2 domains are important for 

disassociation of SHP-2 from MEKK4. 

When the lysates from these transfections were probed for 

phosphorylated ERK (Figure 3lA, lanes a-f), there was no 

significant effect of over-expressed A(SH2)2-SHP-2 on the 

total population of ERKs. This observation indicates the 

SH2 domain region of SHP-2 regulates the activity of ERK 

for only a small subset of the total population, this 

including the subset of ERKs bound to MEKK4 (compare Figure 

2 9A and 31A, lanes e and f). These data collectively show 

that the SH2 domains of SHP-2 are important in regulating 

the activation of the subset of ERKs associated with MEKK4. 
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Figure 29: SH2 domains of SHP-2 affect activation of 
ERKs associated with MEKK4. 
HEK-2 93 cells that stably express the ATI receptor were 
transfected with plasmids encoding either empty vector, 
FLAG-WT or FLAG-A(SH2 )2SHP-2. Cells were then treated 
with 1 angiotensin II for ten minutes where indicated 
and MEKK4 was immunoprecipitated from the resulting cell 
extracts. Following SDS-PAGE and transfer to 
nitrocellulose, immunoblotting for phosphorylated ERK 
(panel A), total MEKK4 (panel B), and the FLAG epitope 
(panel C) were performed. 
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Figure 30: FLAG ASH2 SHP-2 associates with MEKK4 
irrespective of angiotensin II treatment in COS-7 cells. 
Cells were transfected, treated and prepared as 
described in Figure 27. The non-specific band seen in 
Figure 27 that prevented observation of FLAG ASH2 SHP-2 
was not present in COS-7 cells. 
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Figure 31: SH2 domains of SHP-2 do not affect 
phosphorylation of the total population of the ERKs. 
A separate gel with cell extracts from the transfections 
described in Figure 2 7 was resolved by SDS-PAGE, 
transferred to nitrocellulose and probed for 
phosphorylated ERK (panel E), the FLAG epitope (panel F) 
and MEKK4 (panel G) . A non-specific band inhibited 
visualization of association of the transfected FLAG-
A(SH2)2-SHP-2 with MEKK4 (panel C) . COS-7 cells were 
also transf ected and treated in the same manner, 
followed by MEKK4 immunoprecipitation. After 
immunoblotting for the FLAG epitope (panel D), the non
specific band seen in HEK-293 cells that stably express 
the ATI receptor was not present and the association of 
FLAG-A (SH2) 2-SHP-2 with MEKK4 was detectable (lanes e 
and f). 
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DISCUSSION 

This study demonstrates a novel function for MEKK4 as a 

cytoplasmic scaffold for angiotensin II stimulation of SHP-

2 regulated ERK activation. This observation adds further 

information in understanding the recently documented 

regulation of ERK by SHP-2 (117, 157). In addition, a new 

role for MEKK4 is defined, not only as an active kinase, 

but also as a cytoplasmic scaffolding protein. Prior 

studies observed that Pyk2 affects MEKK4 kinase activity 

following angiotensin II treatment (see chapter 2), and 

this is reflected in the phosphorylation of its reported 

substrate, MKK6, an upstream kinase of p38 (3). The 

observations here provide insight into a possible mechanism 

to regulate the p38 MAP kinase pathway (Figure 32) . 

Recruitment of the tyrosine phosphatase, SHP-2, to MEKK4 as 

an active phosphatase regulates the tyros ine 

phosphorylation of MEKK4 and also potentially Pyk2, as 

others have reported (79, 163). Additionally, here it is 

observed that recruitment of SHP-2 affects the activation 

of a different MAP kinase pathway, the subset of ERKs 

associated with MEKK4. 
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The association of ERK with MEKK4 adds insight to a role 

for MEKK4 in directing ERK kinase activity without MEKK4 

catalytic activity. MEKK4 appears to bind a subset of ERK 

proteins, yet fails to demonstrate any kinase activity 

toward the potential downstream kinase, reflecting the 

initial observations about MAP kinases regulated by MEKK4 

catalytic activity consisting of p38 and JNK, but not ERK 

(2, 3) . Instead, the associated SHP-2 is regulating the 

activation of ERK bound to MEKK4. These data then provide 

an interesting dual function for MEKK4, as an active kinase 

for the p38 MAP kinase and as a scaffolding protein for the 

ERK MAP kinase (2, 3, 121) . 

The observation that SHP-2 SH2 domains regulate the 

activation of the ERKs associated with MEKK4, illustrates a 

potential mechanism for the activation of this sequestered 

pool of ERKs. This mechanism affects only a small 

population of the ERKs, as the SHP-2 mutant lacking both 

SH2 domains prevents activation of the ERKs associated with 

MEKK4 and not activation of the total cellular ERK 

population. Additionally, it has been observed that SHP-2 

devoid of its SH2 domains consistently associates with 

MEKK4, independently of angiotensin II treatment, 
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indicating the SH2 domains are not required for binding to 

MEKK4 but may be important for disassociation of SHP-2 from 

MEKK4. Both of these observations indicate that the SH2 

domains are recruiting other proteins to regulate the ERKs 

and to disassociate SHP-2 from MEKK4. SH2 domains are 

widely recognized to bind phosphorylated tyrosine residues, 

through the surrounding amino acids of the phosphorylated 

tyrosine that add specificity to attract particular SH2 

domains (67) . These observations suggest that proteins 

that interact with the SH2 domains of SHP-2 are also 

involved in activating the ERKs. One protein that binds to 

the SHP-2 SH2 domains is Gabl, which has been demonstrated 

to function in the activation of ERKs by treatment with 

endothelin-1 (157) . In characterizing the role for Gabl 

binding to SHP-2, it was identified that Gabl affected 

endothelin-1 induced ERK activation through src family 

kinases and phosphoinositide 3 kinase (157). The activity 

of the src family kinases then is of particular interest 

considering that src has been reported to regulate the 

MEKK4-associated tyrosine kinase, Pyk2 {105) . Further 

studies will help to better understand the regulation of 

the MEKK4-associated ERKs and the mechanism for 

disassociation of SHP-2 from MEKK4 through its SH2 domains. 
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The observation that MEKK4 islocatedinthe cytoplasm 

provides a mechanism to restrain a pool of activated ERK 

from translocating to the nucleus. Using this model, 

active ERK in the cytoplasm could target additional 

cytoplasmic substrates. One noted cytoplasmic substrate 

for ERK that is reported to be active following angiotensin 

II treatment is cytoplasmic phospholipase Aj (cPLAj) (161, 

165, 166) . Activated cPLAj has a well documented role in 

mediating inflammation through its ability to release 

arachidonic acid, a necessary precursor for prostaglandin 

biosynthesis by cyclooxygenases I and II ( 167 , 168). 

Angiotensin II similarly is a well noted agonist for 

propagating prostaglandin biosynthesis, through both ERK 

and p38 MAP kinase activation (45, 127, 138) . MEKK4 is 

consequently an interesting intersecting point in that it 

anchors a subset of ERK to the cytoplasm to potentially 

activate substrates such as cPLAj, and can regulate the 

downstream kinase activity of p38 (Figure 32 ) . 

Immunofluorescent staining of MEKK4 shows it to be a 

protein that does not significantly move in its subcellular 

positioning following angiotensin II treatment (data not 

shown). Immunofluorescent staining of RASM cells with 
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antibodies to MEKK4 and ERK2 or cPLAj show that the MEKK4 

co-localizes with each of the two proteins in regions 

around the nucleus of RASM cells. The co-localization of 

MEKK4 and cPLAj in the perinuclear region further supports a 

role for MEKK4 in prostaglandin production. It has been 

demonstrated by other groups that perinuclear localization 

of CPLA2 is important for coupling cPLAj to cyclooxygenases 

(162) . Thus, cytoplasmic phospholipase Aj may be a relevant 

substrate for the MEKK4-bound ERKs, as p38 is reported to 

activate eyelooxygenase II transcription and cPLAj 

activation by perinuclear scaffolded ERKs would provide the 

other necessary cofactor for prostaglandin production 

(169). 

Connexin-43 is another potential cytoplasmic substrate of 

the MEKK4 bound ERKs. Connexin-43 is involved in mediating 

cell-cell communication through gap junctions, and serves 

as a substrate for activated ERK (53) . Following 

phosphorylation, connexin-43 migrates away from gap 

junctions thus terminating intercellular communication 

(170) . In addition to the role of connexin-43 with 

activated ERK, the association of both SHP-2 and Pyk2 with 

MEKK4 implies interaction with another tyrosine kinase, Src 
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( 105, 157, 171) . Pyk2 is reported to have its kinase 

activity regulated by Src, and Src is reported to 

phosphorylate SHP-2 to maintain the integrity of the 

cytoskeleton (105, 159, 172). Src also regulates connexin-

43 (97, 98). MEKK4, through its direct scaffolding of ERKs 

and potential interactions with Src, may act as a mediator 

for the regulation of gap junctions through connexin-43. 

The subset of MEKK4-scaffolded ERKs can potentially 

regulate connexin-4 3 and affect cellular 

intercommunication. To date, little has been reported 

regarding the effect of angiotensin II on cell-cell 

junctions, yet the effects of PDGF and the transactivation 

of receptor tyrosine kinases by AT^ receptor activation, 

makes angiotensin II affecting cell-cell communication 

likely (173-175). Further studies aimed at examining if 

the ERKs bound to MEKK4 are also at cell-cell junctions and 

any role they possess in regulating inter-cellular 

communication, will further elucidate this mechanism. 

The duality of MEKK4 in mediating activation of the p38 MAP 

kinase and scaffolding cytoplasmic ERKs illustrate two 

different, yet overlapping properties. Certainly its 

likely role in prostaglandin production provides an 
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intersecting point in concerting the transcription of 

cyclooxygenase with the activation of cPLAj. Further 

studies aimed at examining the role of ERKs scaffolded to 

MEKK4 with the activation of cPLAj will evaluate this 

possibility. Similarly, there are potentially other 

physiological processes that involve the coordination 

between both p38 and ERK MAP kinase activity, and the 

potential role for MEKK4 there warrants examination. 

Additionally, studies aimed at examining specific amino 

acids necessary for ERK and SHP-2 binding to MEKK4 may help 

to identify novel domains involved in these protein-protein 

interactions. 
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Figure 32: MEKK4 scaffolds SHP-2 regulation of ERK. 
Illustration of the hypothetical model incorporating the 
observations from this study and the relevance of MEKK4 
as both a scaffolding protein and an active kinase 
following angiotensin II treatment. 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 

The data presented in this study details novel interactions 

and pathways that involve the serine/threonine kinase, 

MEKK4. The initial work of this project involved using 

recombinant MEKK4 as bait to bind mammalian interacting 

proteins. The calcium binding protein, annexin II, was 

identified as an interacting protein with MEKK4. This 

observation was additionally conf irmed through 

immunoblotting. The Far-Western immunoblot was used as 

another approach to identify interacting proteins was 

utilized and revealed that a protein of 120 kiloDaltons 

interacts with MEKK4. As annexin II is a calcium binding 

protein, it was postulated that this other protein may be 

the calcium regulated tyrosine kinase, Pyk2. This lead to 

the hypothesis that MEKK4 is a substrate for Pyk2 catalytic 

activity and that MEKK4 is the link between Pyk2 affecting 

the p38 MAP kinase. 

Further studies confirmed that both Pyk2 and the annexin II 

tyrosine kinase, c-Src, phosphorylate MEKK4 in vitro. 

However, studies using baculoviruses that encode Pyk2, v-

Src and MEKK4 showed that only Pyk2 was capable of 

phosphorylating MEKK4 on tyrosine in vivo. The tyrosine 
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phosphorylation of MEKK4 by Pyk2 was then confirmed to 

regulate MEKK4 catalytic activity toward its substrate, 

MKK6. Additional experiments tied MEKK4 signaling into the 

reported pathway of angiotensin Il-stimulated transcription 

of cyclooxygenase II through the p38 MAP kinase. The 

results of this study are unique in detailing an agonist 

and an upstream kinase for regulating MEKK4 activity, as 

well as in observing a physiological consequence affected 

by MEKK4 catalytic activity. 

The second aim of this dis sertation focused on 

characterizing the interaction between MEKK4 and ERK. ERKl 

was identified to interact with MEKK4 using the same 

experimental approach that identified annexin II as a MEKK4 

interacting protein, i.e. using recombinant MEKK4 to trap 

associating mammalian proteins and LC-MS/MS to identify 

them. The interacting ERK MAP kinases were found not to be 

phosphorylated by MEKK4 catalytic activity. This 

observation provided the hypothesis that MEKK4 scaffolds 

ERK activation and that ERK activation was instead 

regulated by SHP-2, which was also found to interact with 

MEKK4. Results demonstrated that MEKK4 is a cytoplasmic 

scaffold for ERK and that the SH2 domains of SHP-2 were 



156 

important in regulating activation of the subset of ERKs 

bound to MEKKK4. When SHP-2 was utilized in baculoviral 

co-infections with MEKK4 and Pyk2, results revealed that 

SHP-2 interacts with MEKK4 independently of tyrosine 

phosphorylation and the co-association of Pyk2. 

Baculoviral studies also demonstrated that SHP-2 regulates 

MEKK4 tyrosine phosphorylation. This study is unique in 

identifying a cytoplasmic scaffolding function for MEKK4. 

Figure 33 illustrates the collective findings of MEKK4 as 

both an active kinase and as a cytoplasmic scaffolding 

protein. 

The association of SHP-2 with MEKK4 itself presents an 

interesting overlap between the two functional roles 

identified in these studies for MEKK4 as an active kinase 

and as a scaffold molecule. MEKK4 kinase activity is 

regulated by Pyk2 tyrosine phosphorylation and studies 

using the SHP-2 baculovirus have demonstrated that SHP-2 

regulates the Pyk2 tyrosine phosphorylation of MEKK4. It 

remains to be conclusively determined whether SHP-2 

dephosphorylates MEKK4 directly, or whether it decreases 

Pyk2 catalytic activity and MEKK4 is consequently reduced 

in its level of tyrosine phosphorylation. 
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In addition to regulating tyrosine phosphorylation of 

MEKK4, the interaction between MEKK4 and SHP-2 serves a 

purpose to regulate the activation of the ERKs bound to 

MEKK4.." There aire pbtentially very significant cohs^ 

of this interaction, as the SHP-2/MEKK4 interaction affects 

both the p38 MAP kinase activation, which in turn affects 

transcription of proteins, and the cytoplasmic ERK 

activation. As previously discussed, activation of p38 

affects cyclooxygenase II enzyme production, which then 

affects prostaglandin production; and activation of ERKl/2 

in the cytoplasm affects cytoplasmic phospholipase Aj, which 

then affects release of arachidonic acid, the necessary 

precursor for prostaglandin production (58, 168) . This 

study has not definitively demonstrated a role for MEKK4 in 

activation of cytoplasmic phospholipase Aj. However, given 

that MEKK4 catalytic activity does regulate cyclooxygenase 

II production and that MEKK4 tethers a subset of SHP-2 

regulated ERKs in the perinuclear region, MEKK4 

participating in the release of arachidonic acid is a very 

reasonable hypothesis and is certainly worthy of further 

exploration. 



158 

The results from these studies have provided substantial 

evidence into defining the function of MEKK4. One means to 

proceed in evaluating the cellular role for MEKK4 is to 

delete expression of MEKK4 as a functional protein and 

observe the ensuing consequences. Genetic knock out of 

MEKK4 expression would certainly help to determine the 

importance of expression of this protein in normal 

cardiovascular physiology and allow for assessment of the 

potential role MEKK4 plays in the progression of 

angiotensin II induced diseases such as cardiovascular 

hypertrophy. To produce a homozygous MEKK4 knock out mouse 

is one option, though the expense, coupled with the risk of 

an uninterpretable cause for lethality, makes this option 

unappealing. An inducible knock out of MEKK4 is perhaps a 

better option. An inducible knock out would allow for 

examination of the physiological changes seen both during 

development and in normal adults, illustrating overall 

functions and processes that rely on MEKK4 expression, 

while allowing for MEKK4 expression at points that may be 

absolutely necessary for early embryo development. An 

inducible knock out of MEKK4 expression would also provide 

multiple types of tissue to be available for 

experimentation, allowing for further observations in 
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aortic smooth muscle cells, used primarily in this 

dissertation, as well as alternative types of cells for 

comparison and the identification of potentially different 

protein interactions. 

Another possible approach to examine MEKK4 and its 

interacting proteins is the use of RNA inhibition, where 

the mRNA for a particular protein couples to transfected 

complementary strands of nucleotides, rendering the mRNA 

inaccessible for ribosomal protein translation. This 

technique would allow for further assessment on the 

signaling and scaffolding significance of MEKK4. As with 

the knock out approach, effects such as reduced 

cyclooxygenase II expression when MEKK4 expression is 

inhibited would add to the significance of the results 

obtained in chapter 2. Inhibition of the expression of 

other proteins that interact with MEKK4 would also allow 

for better insight into the activation of MEKK4. For 

example, inhibiting expression of annexin II could allow 

for a better dissection of the MEKK4/Pyk2/annexin II 

ternary complex. As annexin II is a calcium binding 

protein and Pyk2 is calcium regulated, then calcium-bound 

annexin II may be the initial event for Pyk2 activation and 
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tyrosine phosphorylation of MEKK4. Preventing the physical 

presence of annexin II would therefore allow a means for 

testing this hypothesis of annexin Il-mediated Pyk2 

activation. 

Another significant study for further investigating MEKK4 

would be to identify specific regions of MEKK4 important 

for protein-protein interactions and the MEKK4 serine, 

threonine and tyrosine residues that serve as 

phosphorylation sites. Generation of recombinant fragments 

of MEKK4 could allow for the identification of specific 

regions that recognize and bind reported interacting 

proteins, such as the ERKs, annexin II, Pyk2 and SHP-2. 

Furthermore, use of recombinant MEKK4 fragments may help to 

identify which interactions are direct and which are not. 

For example, based upon the results of the Far-Western 

immunoblot detailed in chapter 2, Pyk2 likely directly 

binds to MEKK4. Identification of this region could help 

to determine if the annexin II interaction with MEKK4 is 

direct or indirect through Pyk2 binding. 

Identification of the binding regions of MEKK4 responsible 

for associating with the ERKs would allow for further 
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experimentation into the physiological significance of the 

scaffolding properties of MEKK4. One possible means for 

this is introduction of an ERK-binding deletion MEKK4 

mutant into cells that do not express full-length MEKK4, or 

over-expression of the ERK-binding mutant MEKK4 into 

transfectable cells. The effect of ERK not binding to 

MEKK4 could be assessed in the activity of potential 

cytosolic substrates such as cytoplasmic phospholipase Aj 

and connexin43. Experiments such as these that allow for a 

read out of downstream consequences of preventing ERK from 

interacting with MEKK4 would enhance the significance of 

the role of MEKK4 as a scaffolding protein. 

Identification of phosphorylation sites for MEKK4 is also 

of significant importance. MEKK4 is the first protein of 

the MEKK family to be identified as being phosphorylated on 

a tyrosine residue. The given dogma for proteins at the 

MAPKKK level is that they are regulated by upstream 

serine/threonine kinases. The regulation of MEKK4 by the 

tyrosine kinase, Pyk2, is a unique observation. The 

significance of this interaction is worthy of further 

exploration. It has been demonstrated that Pyk2 activity 

regulates MEKK4 activity on MKK6, but it remains unclear if 
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this is an activation event. Over-expressed MEKK4 by 

itself can readily autophosphorylate and phosphorylate its 

substrate, MKK6. Co-overexpression with Pyk2 leads to 

regulated MKK6 activation, indicating Pyk2 activity 

regulates MEKK4 activity, but not necessarily that it 

assists in activation. Identification of the tyrosine 

residue that is phosphorylated in MEKK4 would allow for 

experimentation to further examine the significance of the 

Pyk2/MEKK4 interaction. 

As discussed in chapter 3, following H. pylori infection, 

the injected CagA protein leads to dysregulation of SHP-2 

phosphatase activity (119) . Therefore, as MEKK4 and SHP-2 

interact, a necessary area for study in MEKK4 function is 

any potential effect that H. pylori infection may cause to 

MEKK4 signaling and scaffolding. As the catalytic activity 

of SHP-2 regulates MEKK4 tyrosine phosphorylation, an 

initial observation would be to assess if H. pylori 

infection affects endogenous MEKK4 tyros ine 

phosphorylation. Additionally, unregulated SHP-2 activity 

may help determine if tyrosine phosphorylation on MEKK4 is 

a regulating or activating event for MEKK4 catalytic 

activity. A potentially simple assessment of this would be 
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production of cyclooxygenase II, and subsequent observation 

of whether H. pylori infection leads to increased or 

decreased levels of cyclooxygenase II production. As the 

association of SHP-2 with MEKK4 leads to activation of 

MEKK4-bound ERKs, infection of cells with H. pylori may 

affect this subset of ERKs and further characterize the 

significance of the MEKK4 scaffolding properties. 

Another potential area for further investigation of MEKK4 

function is the means through which calcium exerts its 

effect. Studies with Pyk2 have revealed that chelation of 

intracellular calcium affects Pyk2 autophosphorylation, but 

chelation of extracellular calcium affects paxillin 

phosphorylation, a Pyk2 substrate, as well as MEKK4 

tyrosine phosphorylation ( 102, 125). This points at a 

discrepancy in activation versus actual catalytic activity 

for Pyk2. The identification of annexin II, a calcium-

binding protein, that interacts with Pyk2 points to a start 

for understanding the discrepancy in the mechanism for Pyk2 

activity. 

Some interesting recent developments in calcium entry into 

the cell definitely warrant exploration with regards to the 
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Pyk2/MEKK4/annexin II ternary complex. Studies with 

angiotensin II have detailed that the ATjR causes increases 

in cytoplasmic calcium concentrations due to increased flow 

from both intracellular stores and from outside of the cell 

(149, 176) . The TRP (transient receptor potential) family 

of channels are a novel group of proteins of interest due 

to the observations made about their roles in calcium 

regulation (177). 

TRP channels are a diverse family of proteins. Each member 

of the TRP family is a six-transmembrane unit that 

associates as a tetramer to create an ion pore (178). TRP 

channels are very diverse across all species of animal. 

TRP channels in mammals are typically activated by G-

protein coupled receptors and receptor tyrosine kinases 

(178) . In function, a lot of the specifics remain to be 

delineated, most notably the means for gating these 

channels, but many have demonstrated the ability of TRP 

channels to affect calcium flow and researchers have 

postulated that TRP channels are a source for store-

operated calcium entry (178, 179). It is this function, 

along with the reported activation by many G-protein 

coupled receptors that makes their potential role in the 
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angiotensin Il-stimulated Pyk2/MEKK4/annexin II complex 

intriguing. Furthermore, at least two members of the TRP 

family, TRPM6 and TRPM7, contain kinase domains as well as 

the capacity to operate as channels (180). The kinase 

activity of TRPM7 is affected by phospholipase C, a protein 

linked with Pyk2 and annexin II activity (77, 181-184). An 

initial hypothesis is that a TRP kinase could affect the 

activation of Pyk2, rather than the previous observations 

that Pyk2 simply autophosphorylates following agonist 

treatment (105) . Similarly, calcium flow through the TRP 

channels could affect annexin II conformation and allow for 

binding to Pyk2 or MEKK4 and positively affect the activity 

of the complex. 

Clearly many questions are now present that extend from the 

initial inquiry into identifying how MEKK4 participates in 

signal transduction. An upstream kinase and an agonist 

have been identified for MEKK4. A physiological role for 

MEKK4 catalytic activity has also been identified in the 

inflammatory response through cyclooxygenase 11 

transcription. In addition, a novel role for MEKK4 as a 

scaffolding protein for cytoplasmic SHP-2 regulation of ERK 

activation has been characterized. These results will 
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allow for many future investigations into MEKK4 and should 

also assist other research groups studying proteins such as 

Pyk2, SHP-2 and annexin II. Hopefully, many more 

discoveries into the function of MEKK4 are now on the 

horizon and this curious kinase can be even better 

understood. 
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Figure 33: Overview of the dual roles for MEKK4 as a 
kinase and a scaffold in response to angiotensin II. 
Illustration of the results detailed in chapters 2 and 
3. Results demonstrated that as an active kinase, Pyk2 
phosphorylates MEKK4, which further regulates MKK6 and 
ultimately regulates cyclooxygenase II transcription. 
The other portion of the study demonstrated that SHP-2 
recruited to MEKK4 regulates through its SH2 domains the 
ERKs bound to MEKK4. 
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