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ABSTRACT

THE REGULATION OF THE MIXED LINEAGE KNASE 3 BY SUBCELLULAR

LOCALIZATION

By

Mary Chao

Mixed lineage kinase 3 (MLK3) is a widely expressed mammalian

serine/threonine kinase that functions as a mitogen activated protein kinase (MAPK)

kinase kinase (MAPKKK) to activate the c-Jun NHz-terminal kinase (JNK) signaling

pathway. In addition, MLK3 contains various domains, including an amino terminal Src

-homology 3 (SH3) domain, a leucine zipper, a Cdc42/Rae interactive binding (CRIB)

motif and a carboxyl terminal region rich in proline, serine, and threonine.

Previous studies have demonstrated that MLK3 can associate with an activated

form ofthe small GTPase, Cdc42, and this association requires a functional CRIB motif.

Coexpression ofconstitutively active Cdc42 with MLK3 potentiates INK activation and

alters the in viva phosphorylation pattern ofMLK3. Interestingly, the activation of

MLK3 by Cdc42 cannot be reproduced in an in vitro system using purified recombinant

proteins, suggesting that a cellular environment is required.

The work presented herein demonstrates that MLK3 localizes to the

perinuclear/Golgi region. Upon coexpression with prenylated, activated Cdc42, MLK3 is

targeted to the plasma membrane. Activated Cdc42 that cannot be prenylated fails to

target MLK3 to the plasma membrane and fails to potentiate INK activation. This report

offers important information regarding MLK3’s subcellular location and provides an

initial understanding on how subcellular distribution regulates MLK3 function.
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I. Literature Review

1. Mammalian Protein Kinases

Cellular signal transduction refers to the network of events that allows cells to

respond coordinately to multiple, divergent extracellular stimuli. A relatively simple

signal transmission event is exemplified by ion channels, which upon ligand binding,

allow the movement of ions into a cell or a cellular organelle that, in turn, changes the

electrical potential of the cell. The coupling of ligand-receptor interactions to many

intracellular signaling newtworks, including protein kinase cascades, is much more

complex.

Protein kinases represent one ofthe largest protein superfarnilies. Based on the

current draft of the human genome, it is estimated that the human genome encodes 518

kinases [1]. Protein kinases catalyze the transfer of the y—phosphate ofATP to amino acid

residues in protein substrates. In physiological systems, protein phosphorylation is

rendered reversible through the action ofprotein phosphatases. Most mammalian protein

kinases phosphorylate hydroxy amino acids oftheir protein substrates. The

serine/threonine protein kinases catalyze the phosphorylation of serine/threonine residues

in protein substrates, whereas tyrosine protein kinases are specific for phosphorylating

only tyrosine residues in their substrates. A small group ofprotein kinases, capable of

targeting both serine/threonine residues as well as tyrosine residues, are known as the

dual specific kinases [2, 3]. Finally, there is some evidence, though still controversial,

for the existence ofmammalian histidine kinases, which phosphorylate the nitrogen

atoms at position 1 and/or 3 in the imidazole ring of the histidine residue, forming a



phosphoramidate bond. While histidine kinases have been definitively identified in

prokaryotes, fungi and plants, the function and existence ofhistidine kinases in mammals

is still under debate [4, 5].

The catalytic domains ofeukaryotic tyrosine and serine/threonine kinases are

highly conserved both in primary sequence and in tertiary structure. Based on crystal

structures of the catalytic domains of several protein kinases, the kinase domain, of

approximately 250 amino acids forms a two-lobed structure with conserved critical

catalytic residues. The amino-terminal lobe contains mainly [3 strands with one

conserved helix and includes the critical residues for interaction with ATP. The carboxyl

terminal lobe contains mainly or helices and functions in substrate recognition and

binding. Residues associated with substrate binding diverge among different protein

kinases, while the sequences involved in the active site stability and MgATP-binding are

highly conserved, supporting the idea that protein kinases are evolutionarily conserved

and share a similar catalytic mechanism (reviewed in [6]).



2. Mechanisms Regulating Protein Kinases

Protein kinases regulate virtually all cellular processes, including transcription,

cell cycle progression, metabolism, cell motility, apoptosis, and cytoskeletal organization.

Since protein kinases direct such critical cellular functions, it is not surprising that protein

kinases themselves are tightly regulated. Protein kinases are commonly maintained in an

inactive state in cells until activated in response to an extracellular signal or

environmental stimulus. The activities ofprotein kinases are regulated through several

different mechanisms including the binding of activators or inhibitors, post-translational

modifications such as phosphorylation, and changes in subcellular localization.

2.1. The Binding of Activating and Inhibiting Molecules

The allosteric binding of activating and inhibiting molecules is a well-

characterized mechanism regulating the activities ofprotein kinases. For example, cyclin

dependent protein kinases (CDKs) are nuclear serine/threonine kinases that control cell

cycle progression in eukaryotic cells. CDK is active when bound to cyclins whereas

binding to CDK inhibitors (CDKI), such as p27 or p16, inhibits CDK activity [7, 8].

In addition, certain protein kinases can be activated by binding to small

molecules, such as cyclic nucleotides, cAMP and cGMP. Protein kinase A (PKA) is a

tetrarneric holoenzyme consist oftwo regulatory and two catalytic subunits [9]. PKA is

maintained in an inactive state by binding of its regulatory subunit to the substrate

binding site in the absence ofcAMP. Binding ofcAMP to the regulatory subunit allows

the dissociation ofthe catalytic subunit fi'om the regulatory subunit and the catalytic

subunit is thus rendered active [9].



2.2. Subcellular Localization

Compartmentalization may restrict the access of a protein kinase to its substrate to

achieve specificity of a ligand-mediated response. Distinct protein modules have been

demonstrated to coordinate the subcellular localization ofprotein kinases. Herein, two

well-studied protein kinases, protein kinase A (PKA) and the serine/threonine protein

kinase, Raf, will be discussed as examples ofprotein kinases that are regulated by

subcellular localization.

The serine/threonine kinase, Raf, participates in a growth promoting signal

transduction pathway. For instance, activation by epidermal growth factor (EGF) results

in EGF receptor dimerization and trans-autophosphorylation ofthe tyrosine residues in

the cytoplasmic tail of the receptor. The activated receptor recruits the adaptor-guanine

nucleotide exchanger factor complex, Grb2-Sos, which activates Ras at the plasma

membrane. The activated Ras, in turn, recruits Raf to the plasma membrane (reviewed in

[10, 11]). The membrane targeting of Raf is required for its full activation. Appending a

membrane-targeting motif to Raf(Raf-CAAX) keeps it constitutively active. In addition,

Raf-CAAX is insensitive to both dominant negative Ras and activated Ras [12, 13],

suggesting that membrane-targeting is a key mechanism regulating Raf activation.

PKA, on the other hands, utilizes the A-kinase anchoring proteins (AKAPs) to

ensure proper association with subcellular components. AKAPs are a family of signaling

molecules that contain an anchoring motif that interacts with the regulatory subunit of

PKA, and a targeting domain that associates with various subcellular structures. AKAPs

vary in size and affinity for various subcellular components [14, 15]. The specific



subcellular targeting of a kinase enables one enzyme to regulate a variety of

physiological processes in a coordinated manner.



3. The c-Jun NH2-terminal Kinase Pathway

3.1. Mammalian MAPK Pathways

Mitogen-activated protein kinase (MAPK) signal transduction pathways are

evolutionarily conserved in eukaryotic cells. They are important mediators of cell

signaling in response to changes in the extracellular environments. The MAPK pathways

regulate a variety of cellular processes including proliferation, differentiation, and gene

expression (reviewed in [16—18]). The best-characterized MAPK pathways in

mammalian cells are the extracellular signal regulated kinase (ERK), p38, and the c-Jun

NHz-terminal kinase (JNK) pathways (Fig.1). MAPK cascades involve the sequential

activation of a MAPK kinase kinase (MAPKKK), a dual specific MAPKK (MKK), and a

MAPK. Extracellular stimulation leads to MAPKKK phosphorylation and activation.

This activation event usually is mediated through a small GTPase. The activated

MAPKKK phosphorylates a serine and a threonine residue in the activation segment of a

dual specific MAP kinase kinase (MAPKK) leading to its activation, which, in turn,

phosphorylates a threonine and a tyrosine residue within the activation segment ofthe

MAPK, leading to its activation.

3.2. The JNK pathway

JNK, also known as stress-activated protein kinase (SAPK), was initially

characterized as being activated in the liver upon treatment with a protein synthesis

inhibitor, cycloheximide. Subsequent studies illustrate that INK is activated in response

to various forms of environmental stress, such as heat shock, exposure to inflammatory

cytokines, hyperosmolarity, and ultraviolet irradiation (reviewed in [19-22]. Ten



isoforms ofINK resulting from alternative splicing of three mammalian genes, Jnkl,

Jnk2, and Jnk3, exist. INKl and INK2 are ubiquitously expressed, whereas JNK3 is

predominantly expressed in the brain [23]. Only two MKKs, MKK4 and MKK7, have

been shown to phosphorylate and activate INK. However, MKK4/7 have been shown to

be phosphorylated by several MAPKKKs, including MLK family members [24],

transforming growth factor activating kinase(TAK1) [25], apoptosis signal-regulating

kinase (ASKl) [26], and mitogen-activated protein/ERK kinase kinase (family members

MEKKl-4) [27], demonstrating the complexity ofJNK signaling. The substrates for

INK are predominantly transcription factors that reside in the nucleus. INK

phosphorylates the activation domains of several transcription factors including, c-Iun,

Elkl, and ATF2 (reviewed in [28]).

Genetic studies ofDrosophila have demonstrated that INK is required for early

embryonic development [29]. In mammals, INK has been implicated in oncogenic

transformation [30], apoptosis [31], and immune responses [31]. INK knockout mice

show various defects in immune responses and apoptosis. However, none of the targeted

knockouts of individual INK genes (Jnkl, Jnk2, Jnk3) results in lethality, suggesting that

different INK isoforrns may have overlapping functions [21].

As an emerging feature of signal transduction pathways in general, that applies to

the JNK pathway as well, is organization through scaffold proteins. Although scaffold

proteins lack enzymatic activity, they ofien function to promote efficient activation of

their specific components. INK-interacting protein (IIP) was first identified as a binding

partner for INK] in a yeast two-hybrid analysis [32]. It contains an NHz-terminal INK

binding domain and a potential SH3 domain at the COOH-terminus. Whitrnarsh et a1.



demonstrated that IIP-l facilitates INK signal transmission through specific binding to

three components of the pathway including MLKs, MKK7 but not MKK4, and INK [33]

(Fig. 2).

Currently, three JIPs have been identified. HP] is ubiquitously expressed in

human tissues, while I1P2 is predominantly expressed in the brain [34]. J1P3 is expressed

in the brain, lung and heart [35]. HP] and IIP2 are structurally related, whereas JIP3 is

structurally distinct. It has been suggested that IIPs potentiate the activation ofJNK by

facilitating the assembling of signaling pathway components [34, 35]. Other studies

suggest that IIPl-associated dual leucine zipper-bearing kinase (DLK) is monomeric and

catalytically inactive. INK facilitates the dimerization and activation ofJIP-bound DLK.

Regulation ofJNK signaling through IIPs is not completely understood and is likely to be

complex [36].

In addition to JIPs, Plenty of SH3s (POSH) has been identified as a scaffold

protein linking active, GTP-bound Rae to INK signal transduction pathways triggering

neuronal apoptosis [3 7]. POSH complexes directly with activated Racl, MLKs, and

indirectly with MKK4/7 and INKS. The overexpression ofPOSH promotes apoptotic

neuronal death which can be suppressed by dominant negative forms ofMLK8, MKK4/7,

and c-Iun [37].



  
"r ---— - r-Iv w.

TAKI, ASKI,

MLKs

‘ u KK1-4,ASK1,

MKKK TAK1,MLKl-4,

  

MKK --

I 

Fig. 1. The Mammalian MAPK Pathways. In mammalian cells, there are three well-

defined MAPK pathways: ERK, JNK, and p38. The MAPK pathways are composed of

three sequentially activated protein kinases: MKKK, MKK, and MAPK.



 
Fig. 2. Mammalian JNK Scaffold Complexes. The scaffold proteins JIP1/3

specifically bind to MLKs, MKK7, and INK to coordinate the JNK signaling cascade.

I1P2 binds to MLKs, MKK3, and p38. POSH interacts with activated GTP-bound Rae

and MLK3 directly and MKK4/7 and INK indirectly.



4. The Mixed Lineage Kinase Family

4.1. MLK Family Members

The MLKs are a family of serine/threonine kinases so-named because of sequence

similarity within their catalytic domain to both serine/threonine kinases and tyrosine

kinases. However, only serine/threonine kinase activity has been demonstrated. The

MLK family can be clustered into three subfamilies: the MLKs; the dual-leucine-zipper-

bearing kinases (DLKs); and zipper sterile-a—motif kinase (ZAK) (reviewed in [24]) (Fig.

3).

The MLK subfamily consists of four family members, MLK1-4. In addition to a

kinase catalytic domain, MLKs contain several conserved structural domains that may

mediate protein-protein interactions, including an src-homology (SH3) domain, a leucine

zipper, and a Cdc42/Rec interactive binding (CRIB) motif. MLKl-MLK4 share

approximately 75% sequence identity within their catalytic and leucine zipper domains.

However, their COOH termini, which are rich in serine, threonine, and proline, are highly

divergent, indicating a possible role in regulatory functions.

The MLK family members function as MAPKKKs to activate the INK pathway

via phosphorylation and activation of an MKK, such as MKK4 and MKK7 [38-40]. Of

the MLK subfamily, only MLK2 and MLK3 have been studied in any detail. MLKl

mRNA has been detected in epithelial cell lines ofbreast, colonic and esophageal origin

[41] and shows differential expression ofmRNA in pancreatic B-cells as a function of

development. MLK2 mRNA has been detected at high levels in human brain, skeletal

muscle, and testis [41]. Northern blot analysis indicated that the MLK3 mRNA is widely

expressed in various tissues, with lower expression in the heart and brain [55].

11



4.2. The Biological Functions of MLK5 In Mammalian Cells

4.2.1. MLK3 in Vesicular Transport

Irnmunostaining ofMLK2 expressed in Swiss 3T3 cells demonstrated that MLK2

colocalizes with active, dually phosphorylated INK along microtubules [42]. Yeast two-

hybrid analysis identified KIF3A, B, and X and KAP3A as potential MLK2 interacting

proteins. KIF3s are members ofthe kinesin superfamily ofmotor proteins that transport

vesicles along microtubules toward the plus end, whereas KAP3A recruits cargo to the

motor protein complex [43]. It appears that MLK2 can associate with both the motor

molecule itself and the putative cargo recognition component of the KIF motor complex.

Furthermore, MLK2, together with MKK7 and INK, binds to the JNK scaffolding

protein, JIP, which can associate with kinesin light chain, as well as with the

transmembrane receptor molecule ApoER2 [44, 45]. These results suggest that the IIP

scaffolding complex may be transported along microtubules to potential site of activity

and thus regulating the subcellular distribution.

MLK2 can bind to dynamin [46], a GTPase which is involved in vesicle

formation during endocytosis, synaptic transmission, and secretion [47]. The fimction of

this interaction has not been well described. Finally, mass spectrometric analysis has

identified clathrin as a MLK2 binding protein in cultured cells and mammalian brain

[48]. MLK2 binds to clathrin heavy chain and is enriched in clathrin-coated vesicles,

suggesting a role for MLK2 in vesiclar transport processes.

12



4.2.2. MLKs in Neuronal Apoptosis

MLK3, along with MLK2 and DLK, have been implicated in neuronal apoptosis

involving the JNK pathway. Ectopic expression ofMLK2, MLK3 or DLK induces

apoptosis in neuronal-like PC12 cells, whereas a catalytically inactive MLK3 effectively

blocked neuronal death caused by neuronal growth factor (NGF) deprivation [49]. In

addition, CEP-1347, an inhibitor of the MLK family, protected neuronal PC12 cells from

MLK-mediated apoptosis induced by overexpression ofMLK family members.

Overexpression ofMLK3 in superior cervical ganglion (SCG) sympathetic neurons

activated JNK and induced apoptosis, whereas catalytically inactive MLK3 blocked SCG

neuron apoptosis in response to NGF withdrawal [50].

Another study has indicated that MLK2/3 can associate with the SH3 domain of

the postsynaptic density protein (PSD-95), which is involved in kainate receptor

glutamate receptor 6 (GluR6)-mediated INK activation and apoptosis [51]. Coexpression

of catalytically inactive MLK2/3 significantly attenuated GluR6/PSD-95-mediated

neuronal apoptosis. PSD-95 with a deficient SH3 domain inhibited GluR-induced INK

activation and neuronal apoptosis.

Finally, a yeast two-hybrid study has identified plenty of SH3s (POSH) as a

scaffold protein that binds activated Racl and MLKs to potentiate INK signaling [52].

Overexpression ofPOSH induced INK activation and promoted neuronal apoptosis in

PC12 cells and in sympathetic neurons. Catalytically inactive MLKs and CEP-1347

suppressed neuronal apoptosis induced by POSH overexpression [37].

4.2.3. MLKs in Cell Cycle

13



Distinct from its function in the JNK pathway, MLK3 may be involved in cell

cycle regulation, inducing microtubule instability at the G2/M transition [53]. Using a

bioinformatics approach, MLK3 was identified as homologous to the non-catalytic region

ofNIMA, a firngal serine/threonine kinase that is essential for regulating Gz/M transition

in A. nidulans. The study showed that phosphorylation and activity ofMLK3 are

enhanced at G2/M, while INK remains inactive. MLK3 is localized at the centrosome

during interphase of mitosis and its overexpression disrupts microtubules.

4.3. MLKs in Drosophila Development

Recent genetic analysis ofslpr indicated that it encodes a Drosophila MLK

homologous to the mammalian MLKs. Using mutants in the str gene, Stronach et al.

demonstrated that Slpr is required for INK activation during dorsal closure in Drosophila

embryonic development [54], suggesting a role for MLK in controlling epithelial cell

morphogenesis and development.

4.4. Mixed-Lineage Kinase 3

MLK3, formerly called SH3.domain-containing proline-rich kinase (SPRK) and

protein tyrosine kinase 1 (PTKl ), consists of 847 amino acid residues and has a predicted

molecular weight of 93 kDa [55-57]. Northern blot analysis indicated that the MLK3

mRNA is widely expressed in various tissues, with lower expression in the heart and

brain [55]. The overexpression ofMLK3 in mammalian cells can activate INK via

MKK4 and/or MKK7. In addition, it binds to INK scaffold proteins, INK interacting

protein 1 (IIP), IIP2, and JIP3. IIP proteins organize INK1/2, MLKs, and MKK7 into a

14



specific signaling module and thereby potentiate INK activation. MLK3 has also been

shown to activate the MAPK p38 via MKK3/6 [58] as well as ERK [59]. Ceranride and

TNF-or have been recently reported as agonists ofmammalian MLK3, resulting in

increased MLK3 kinase activity and JNK activation which was blocked by a pan-MLK

inhibitor, CEP-1347 [60]. In some cell types, MLK3 has been shown to function as an

Ich kinase kinase(IKKK) to positively regulate the NF-KB pathway in response to Iurkat

T cell receptor costimulation [61].

MLK3 contains several domains that can potentially mediate protein-protein

interactions including an NHz-terminal SH3 domain, a leucine zipper, a CRIB motif, and

COOH-terminal proline, serine, and threonine-rich region. The activities ofMLK3 are

regulated, at least in part, by protein-protein interactions. MLK3 is autoinhibited by an

interaction between its SH3 domain and a short proline-containing sequence that is

located between its zipper and CRIB motif [62]. Mutation of the conserved tyrosine

residue 52 to an alanine in the SH3 domain, disrupts SH3 ligand binding and increases

the catalytic activity of MLK3. Mutation ofthe single proline residue in the SH3 binding

region prevents SH3 binding and increases the catalytic activity ofMLK3. SH3-

mediated autoinhibition is likely a characteristic ofMLK1-4 since the proline residue

critical for this interaction is conserved in all ofthese MLKs.

Zipper-mediated oligomerization is critical for MLK3 activation ofJNK [63, 64].

The autophosphorylation and histone phosphorylation activity of a monomeric MLK3

containing a mutated leucine zipper can be induced when coexpressed with activated

Cdc42. However, this monomeric, activated MLK3 fails to induce INK signaling due to

its inability to properly phosphorylate a downstream substrate, MKK4.

15



Coexpression with activated variants of the small Rho family GTPases, Cdc42

and Rac, potentiates MLK3 activity [65, 66]. The precise mechanism by which small

GTPases activate MLK3, and presumably other CRIB-containing MLKs, is yet to be

elucidated. It would be interesting to study the prospect that an SH3-mediated

intramolecular interaction could inhibit MLK3 dimerization, while reliefof

autoinhibition, possibly by activated Cdc42, could induce dimerization.

A role for phosphorylation is suggested by the finding that the in viva

phosphorylation ofMLK3 is altered by expression with activated Cdc42 [65, 67].

MLK3’s CRIB motif is required for the Cdc42-mediated potentiation ofMLK3 activity

[65] and MLK3 and activated forms ofCdc42 associate in coimmunoprecipitation assays

[68] suggesting that the GTPase directly associates with MLK3, at least transiently, to

impact MLK3 activity.

16
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Fig. 3. Schematic diagram of the Mixed-Lineage Kinase (MLK) family. GIy
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5. Rho Family GTPases

The Rho GTPases are a subfamily of the Ras superfamily of small GTP-binding

proteins that have been implicated in a wide variety ofcellular firnctions. These proteins

with molecular masses of20-40 kDa are found in all eukaryotes from yeast to man

(reviewed in [69-72]). The Rho GTPases function as molecular switches, cycling

between an active GTP-bound form and an inactive GDP-bound form (Fig. 4). Among

the 16 members ofthe Rho GTPase family, Rho, Rae and Cdc42, are best characterized.

All small GTP-binding proteins have consensus amino acid sequences responsible

for specific interaction with GDP and GTP and for GTPase activity, which hydrolyzes

bound GTP to GDP and Pi. The switch I, II, and p-loop regions constitute the GTP-

binding core ofthe GTPases. Mutations in regions involved in the GTP binding and

hydrolysis such as Cdc42G12V and Cdc42Q61L decrease the intrinsic GTPase activity

rendering the small GTPases constitutively active [69].

The effector domain of small GTPases is required for downstream signaling. For

example, a predominant binding partner for the effector domain ofCdc42 and Rac is the

Cdc42/Rae interacting binding (CRIB) motifpresent in downstream effectors, such as the

p21-activated kinase (PAK) family ofprotein kinases, Wiskott Aldrich Syndrome protein

(WASP), activated Cdc42HS-assoicated kinase (ACK) and MLKs [68]. However, Cdc42

can associate with other signaling proteins through regions other than CRIB motifs. In

addition, Rho GTPases contain an unique Rho insert domain that can interact with

downstream effectors as well as with its guanine nucleotide dissociation inhibitors

(GDIs) [72].
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Small GTPases contain CAAX (C is the cysteine residue, A represents aliphatic

residues, and Xcan be any amino acid residue) motifs at their extreme COOH terminus.

Prenylation is a posttranslational lipidation process whereby a famesyl or geranylgeranyl

isoprenoid is covalently attached to the COOH-terminal cysteine residues in the CAAX

motifofa target protein through the action of a prenyl transferase [73]. When X ofthe

CAAXmotif is a leucine or a methionine residue, a geranylgeranyl moiety will be added

to the small GTPase. Prenylation allows the association ofthe small GTPase with

cellular membranes. After prenylation, small GTPases are proteolytically processed by a

carboxypeptidase that removes the -AAX residues. Finally the terminal carboxylate is

methylated by a carboxymethyl transferase [76]. The prenylation step occurs in the

cytosol [76], whereas the proteolysis and carboxymethylation steps occur at the surface

ofthe endoplasmic reticulum [77].

However, prenylation does not stably anchor a protein into the lipid biolayer.

This requires a second membrane-targeting signal in the so-called hypervariable region

immediately upstream of the CAAXmotif [78]. The second component ofmembrane

localization signals typically contains either a site for reversible palrnitoylation, as found

in H-Ras and N-Ras [79] or a series ofbasic residues, as found in K-Ras [78]. In the case

ofthe well-studied Ras family, the CAAXmodification may provide initial weak

association of the Ras protein with the plasma membrane and allowing H-Ras and N-Ras

access to the palrnitoylation machinery, whereas the positively charged polybasic

sequences in K-Ras can interact electrostatically with the head groups of anionic

phospholipids in the plasma membrane. The combination of the CAAXmotif and a
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pahnitoylation site or polybasic sequences in the hypervariable region is sufficient for

plasma membrane targeting [80].

Interestingly, a Cdc42 variant, in which the cysteine in the CAAXmotif is mutated

to serine, can rescue the lethal phenotype induced by constitutively active Cdc42 in yeast

[74]. The disruption ofprenylation ofthe small GTPase Ras prevents its membrane

targeting, keeping it inactive and cytosolic.

5.]. Functions of Rho GTPases

Cellular functions of various Rho GTPases are multiple and complex. Constitutively

activated mutants ofRho were found to induce the assembly of contractile actin and

myosin filaments (stress fibers) when introduced into fibroblasts. Activated Rae was

shown to promote the formation of lamellipodia, while Cdc42 induces the formation of

finger-like membrane filopodia [69, 70]. Rac is required for the correct assembly of

extracellular laminin and therefore influences the orientation of the apical-basal axis.

Cdc42 and Rac positively regulate neurite outgrowth by promoting membrane protrusion

whereas Rho inhibits neurite extension by promoting membrane retraction. In addition to

their effects on cellular morphology, Rho family members also have been implicated in

apoptosis, cell motility, cell cycle progression, and phagocytosis [81].

5.2. Regulators of Rho GTPases

Three classes of regulatory proteins control the active versus the inactive states of

Rho GTPases: guanine nucleotide exchange factors (GEFs) which act as a positive

regulator ofRho GTPase fimction by promoting the active GTP-bound form of
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RhoGTPase; GTPase-activating proteins (GAPS) which enhance the intrinsic GTP

hydrolysis and lead to the inactive GDP-bound Rho GTPase; guanine nucleotide

dissociation inhibitors (GDIs) which sequester the inactive GDP-bound Rho GTPase and

regulate intracellular distribution.

5.2.1. Guanine Nucleotide Exchange Factors

Since small GTPases control many aspects of cellular processes, it is not

surprising that they are themselves highly regulated. GEFs facilitate the exchange of

GDP for GTP to promote the activated form of small GTPases. The first mammalian

GEF, Dbl, was isolated as an oncogene in an NIH 3T3 focus formation assay [82]. Dbl,

which contains a conserved DH (Dbl homology) domain, can catalyze nucleotide

exchange on human Cdc42 [83]. The DH domain was subsequently shown to be

necessary for GEF activity [84]. Two conserved helices ofthe DH domains participate in

the formation of the GTPase interaction pocket where the GDP-bound form of small

GTPase binds to the GEF. The association with the GEF destabilizes the GDP-GTPase

complex while stabilizing a nucleotide-free reaction intermediate. The ten-fold higher

intracellular concentration ofGTP versus that of GDP, therefore, facilitates the GTP-

bound, active form of the GTPase.

Many GEFs are autoinhibited through intramolecular interactions. It is assumed

that activation of full length GEFs is achieved through the relief of autoinhibition by

phosphorylation or by binding to other proteins. One ofthe best-understood examples is

Vav. Vav possesses a calponin homology (CH) domain and an acidic region, followed

by the DH-PH module, a zinc finger domain, a proline-rich region and an SH2 domain

flanked by two SH3 domains. Truncation ofthe first 66 amino acid of Vav renders it
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constitutively active. The three conserved tyrosine residues, Tyrl42, Tyr160, and

Tyr174, in the acidic region are critical for phosphorylation-dependent activation ofVav.

Structural analysis reveals that the N-terminal region ofVav interacts directly with the

GTPase-interaction pOcket of the DH domain and block substrate access.

Phosphorylation of Tyr174 relieves the inhibition and allowing access to small GTPases

(Reviewed in [85]).

Almost all GEFS also possess a pleckstrin homology (PH) domain that is located

immediately downstream ofthe DH domain. The PH domains may target GEFs to their

appropriate subcellular locations through phospholipids binding that may spatially

control GEF activity [86].

Aside from the DH-PH modules, the distinct domains including SH2 and SH3

domains that are present in each Dbl family ofGEFS suggest that they participate in the

complicated signaling networks via interaction with other proteins.

5.2.2. GTPase Activating Protein

One common feature ofthe small GTPases is that they have low intrinsic GTPase

activity. However, GAPS can stimulate GTP hydrolysis on Rho GTPases to down

regulate the activities of the small GTPases. RhoGAPs contain a conserved RhoGAP

domain that is distinct from the GAP domains ofother GAPS, such as RaS GAP. The

RhoGAP domain is sufficient for binding to the GTP-bound form ofRho GTPase to

augment GTP hydrolysis and, hence, inactivate the Rho GTPases.

GAPS directly participate in the hydrolysis ofGTP by inserting a highly

conserved arginine residue to the active site ofRho GTPases, which comprises the switch

I, II, and p-loop regions (reviewed in [87, 88]). The residue Gln 61 of the Rho GTPase
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positions the water molecule for catalysis. The interaction between arginine residue of

GAPS and Gln 61 of the GTPase reduces the energy barrier and accelerates GTP

hydrolysis. Interestingly, the switch 11 region is in close proximity with the CAAXmotif,

suggesting that the nucleotide status of the GTPase may also influence its membrane

association.

5.2.3. Guanine Nucleotide Dissociation Inhibitors

A number of studies have indicated that Rho GTPase activation is accompanied

by its intracellular translocation. One means to regulate a Rho GTPase may be to control

its association with the membrane compartments. GDIS have been demonstrated to

sequester the posttranslationally modified GDP-bound Rho GTPase via binding to the

prenylated COOH-terminus preventing the interaction with membranes ofthe Rho

GTPase [89]. Therefore, the Rho GTPase-GDI complex constitutes a cytosolic

population of inactive GDP-bound Rho GTPase. The membrane association and

activation ofRho GTPases require dissociation from their corresponding GDIS (reviewed

in [90]).
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GTPases. GAPS stimulate GTP hydrolysis ofRho GTPases. GDIS sequester the GDP-

bound Rho GTPases in the cytosol.
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6. Objective of Thesis

Protein kinases regulate a variety of cellular processes, ranging from cellular

motility to gene expression. Thus, the mechanisms that control the activities ofprotein

kinases are critical to the firnction and survival of cells.

The serine/threonine kinase MLK3, in addition to its catalytic domain, contains

several domains that have the potential for regulating the activities and signaling of

MLK3. Previous work has explored the functions ofthe SH3 domain, zipper region, and

the CRIB motif. However, relatively little is know about the subcellular localization of

MLK3. This thesis describes the work that explores the regulation ofMLK3 by

subcellular targeting.

Chapter I briefly describes our understanding ofprotein kinase regulation. A

brief synopsis ofMAPK pathways focuses on the JNK signaling pathway and its

regulation by scaffold proteins. The current state ofknowledge regarding the various

MLK members and their biological functions is described. The final portion ofthe

literature review summarizes the functions of the Rho family of small GTPases and the

mechanisms that regulate their activities.

Chapter 11 presents the investigation of the effects ofCdc42 on MLK3’S

subcellular localization and addresses the role of Cdc42-mediated plasma membrane

targeting ofMLK3 in the activation ofMLK3 and its downstream activation ofJNK.
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II. Prenylated, GTP-bound Cdc42 Targets Mixed Lineage

Kinase 3 to the Plasma Membrane to Potentiate JNK

Signaling

1. Abstract

MLK3 functions as a MAPKKK to activate the JNK pathway. In addition to an

SH3 domain and zipper region, MLK3 contains a centrally located Cdc42/Rae interactive

binding (CRIB) motif through which activated Cdc42 can bind. Coexpression of

constitutively active Cdc42 with MLK3 potentiates INK activation and alters the in viva

phosphorylation pattern ofMLK3. However, GTP—bound Cdc42 did not activate MLK3

in vitro using purified recombinant proteins, suggesting a role for the cellular

environment. In this study, using biochemical fractionation experiments, coupled with

confocal microscopy, we demonstrated that MLK3 alone localizes to the

perinuclear/Golgi region. Upon coexpression with prenylated active Cdc42, MLK3 is

localized to the plasma membrane. A prenylation-defective mutant of activated Cdc42,

Cdc42vanzC1888K/R4Q, fails to target MLK3 to the plasma membrane and fails to

potentiate JNK activation. These studies suggest that prenylation-dependent Cdc42-

induced translocation ofMLK3 to the plasma membrane is required for full activation of

MLK3 and for its downstream activation ofJNK.
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2. Introduction

The activation ofprotein kinases and the specification of their signaling pathways

is a highly orchestrated process that is accomplished through dynamic and reversible

events including phosphorylation, molecular interactions with proteins or other effector

molecules, and subcellular targeting. Many protein kinases have multiple in viva

substrates and Signaling pathways. Spatiotemporal localization of protein kinases

provides a mechanism by which substrate and signaling specificity can be achieved.

The mixed lineage kinases are a family of serine/threonine protein kinases that

activate mitogen-activated protein kinase (MAPK) pathways [1]. The mammalian mixed

lineage kinase 3 (MLK3) functions as a mitogen-activated protein kinase (MAPK) kinase

kinase (MKKK) to activate the c-Jun N-terminal kinase (JNK) pathway through

phosphorylation ofMKK4/7 [2, 3]. MLK3 and family members are implicated in JNK

activation leading to neuronal apoptosis in response to trophic factor deprivation [4-6].

TNF-a and cerarnide have also been identified as agonists ofMLK3 and MLK3-induced

INK signaling leading to apoptosis [7] in Iurkat T lymphocytes. In addition to their roles

in apoptosis, MLKs impact development. For instance, the Drosophila MLK, called

Slipper, is critical for the JNK-dependent process of dorsal closure in the fly embryo [8].

Furthermore, MLK3 reportedly activates the p38 pathway through phosphorylation of

MKK3/6 [3]; this activity may be dependent upon the scaffold I1132 [9, 10]. In addition

to MKKS, IKKa and IKKB have been reported as substrates ofMLK3 in the activation of

the NF-KB pathway in response to T cell receptor costimulation [11].

Cdc42 and Rac are Rho family GTPases that regulate diverse cellular processes

including actin cytoskeleton remodeling, vesicular transport, endocytosis, cell cycle
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progression, cellular transformation, motility, and cell polarity (reviewed by [12-21]).

Rho family GTPases can modulate the catalytic activities and subcellular localization of

protein kinases. For example, the CRIB-containing serine/threonine kinase PAK can be

targeted to the plasma membrane by prenylated activated Rac [22-24].

Cdc42 and Rac are able to associate with cellular membranes by virtue of

posttranslational processing. A soluble prenyltransferase [25] adds a geranylgeranyl

group to the Cys of the COOH-terminal CAAXmotifof the Rho family GTPase. Based

on studies of the posttranslational processing of RaS [26], the prenylated GTPase is then

targeted to cytoplasmic face of endomembranes where, as a substrate for a prenyl-CAAX

protease, the AAXtripeptide is released and the GTPase with a free COOH-terminal

prenylcysteine is generated. Finally the new COOH-terminus is methylated by an

endomembrane-associated prenylcysteine carboxyl methyltransferase. A second Signal

for membrane localization, found in the so-called hypervariable region immediately

upstream of the CAAXmotif, typically contains either palmitoylation sites [27] or a series

ofbasic residues [28] (Fig. 5).

The activities ofMLK3 are regulated, at least in part, by protein-protein

interaction domains. We recently reported that MLK3 is autoinhibited by an interaction

between its SH3 domain and a short sequence that is located between its zipper and CRIB

motif [29]. Zipper-mediated oligomerization is critical for MLK3 activation ofJNK [30,

31] and, in particular, for proper phosphorylation of a downstream substrate [31].

MLK3 harbors a centrally located Cdc42/Rae Interactive Binding (CRIB) motif.

We [32] and others [33] have demonstrated that coexpression with activated variants of

the small Rho family GTPases Cdc42 and Rac potentiates MLK3 activity. The precise
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mechanism by which small GTPases activate MLK3, and presumably other CRIB-

containing MLKs, is yet to be elucidated. A role for phosphorylation is suggested by the

finding that the in viva phosphorylation ofMLK3 is altered by expression with activated

Cdc42 [32] [34]. In addition, coexpression with activated Cdc42 promotes MLK3

oligomerization [30, 35]. MLK3 and activated forms ofCdc42 and Rac associate in

coimmunoprecipitation [32, 33] and yeast two hybrid [36] assays suggesting that the

GTPase directly associates with MLK3 to impact MLK3 activity. However,

recapitulation of the Cdc42-induced activation ofMLK3 in vitro using recombinant

proteins has not been successful [32]. This indicates that GTPase regulation ofMLK3

might require a specific cellular context.

Since posttranslational prenylation allows Cdc42 and other small GTPases to

associate with cellular membranes, we wondered whether Cdc42 might affect

compartmentalization ofMLK3 to impact MLK3 activity and its downstream signaling

pathways. Herein we report that activated Cdc42 targets MLK3 to the plasma membrane

in a prenylation-dependent manner, as supported by both biochemical fiactionation and

confocal microscopy. Furthermore, plasma membrane-enriched fractions are devoid of

MLK3 activity except when activated, prenylation-competent Cdc42 is coexpressed.

Prenylation-defective mutants of activated Cdc42 do not colocalize with MLK3 and fail

to potentiate MLK3-induced INK activation. This work supports a role for Cdc42-

mediated plasma membrane targeting ofMLK3 in the activation ofMLK3 and its

signaling to INK.
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3. Experimental Procedures

3.1. Expression Vectors, Site-Directed Mutagenesis, and Antibodies

The construction of the cytomegalovirus-based expression vectors containing the

cDNA for the wild type MLK3 (pRKS-mlk3) has been described elsewhere [37]. The

expression plasmid construct encoding the NHz-terminal Flag epitope-tagged

constitutively active Cdc42 (pRK5-N-F1ag.cdc42y""2) was kindly provided by Avi

Ashkenazi (Genentech, Inc.). The plasmids encoding the enhanced yellow fluorescent

protein (EYFP) fused to subcellular targeting sequences for the Golgi apparatus (pEYFP-

golgi) and for the plasma membrane, pEYFP-Mem, were from Clontech. A plasmid

encoding green fluorescent protein (GFP) fused to a targeting sequence for the

endoplasmic reticulum (ER), pEF-myc/ER/GFP was from Invitrogen.

Variants of Cdc42valllz containing point mutations were constructed using the

Quick Change site-directed mutagenesis method (Stratagene) using Pfx polymerase

(Invitrogen) and 15 cycles of amplification. To generate pRKS-NFlag.cdc42V“”2 C1883,

5’-GATGTTCATAGCAGCACAGATCTGCGGCTCTTCTTCG-3’ and its reverse

complement were used as primers and pRK5-NF1ag.cdc42V""2 was used as the template.

To substitute Lys 183, Lys 184, Arg 186, Arg 187 ofCdc42 with neutral Gln residues,

pRK5-NFIag.cdc42V“"2 C188S, was used as a template in two successive rounds of

mutagenesis using the following primers and their reverse complements:

5’-CCAGAACCGAAGAAGAGCCAGAGGTCTGTGCTGCTATGAAC-3’ for the first

round; and 5’-

GCCTCCAGAACCGCAGCAGCAGAGCCAGCAGTCTGTGCTATGAACGCT-3’ for
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the second round. The presence of the desired mutations was confirmed by DNA

sequencing (MSU DNA Sequencing Facility).

3.2. Cell Lines and Transfections

Human embryonic kidney (HEK) 293 cells were cultured and transfected using the

calcium phosphate method as previously described [32]. HeLa cells were cultured in low

glucose Dulbecco’s modified Eagle’s media containing 8% fetal bovine serum, 2 mM

glutamine, and 100 U/ml penicillin/streptomycin (Invitrogen). For microscopy

experiments, HeLa cells were cultured on glass cover Slips in 6-well plates and

transfected with 2 pg ofplasmid using the calcium phosphate method as previously

described [32]. Transiently transfected HEK 293 cells were lysed 18 h posttransfection

and immunoprecipitation and/or Western blot analysis of MLK3, Flag-tagged Cdc42, or

INK was carried out as previously described [32].

3.3. Subcellular Fractionation

Crude plasma membrane-enriched fractions oftransiently transfected HEK 293 cells

were generated according to Stokoe et a]. with minor modifications [38]. Cells were

washed twice with ice-cold phosphate-buffered saline (PBS) and disrupted in hypotonic

buffer (10 mM Tris (pH 7.5) containing 35 mM NaF, 5 mM MgC12, 1 mM EGTA, 1 mM

Na.PP,, 1 mM sodium orthovanadate, 100 uM B-glycerophosphate, 2 mM

phenylrnethylsulfonyl fluoride, and 0.15 U/ml aprotinin). The cells were homogenized

with 60 strokes in a Dounce homogenizer. Unbroken cells and nuclei were removed by

centrifugation at 500 x g for 5 min at 4°C. Centrifugation of the supernatant at 4°C at
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16,900 x g yielded a plasma membrane-enriched pellet (Pl6.9) fraction and a soluble

($16.9) fraction. The P169 fraction was resuspended in lysis buffer (50 mM HEPES (pH

7.5) containing 150 mM NaCl, 1.5 mM MgC12, 2 mM EGTA, 1% Triton X-100, 10%

glycerol, 1 mM Na,PP,, 10 mM NaF, 100 M B-glycerophosphate, 1 mM sodium

orthovanadate, 2 mM phenylmethylsulfonyl fluoride, and 0.15 U/ml aprotinin). The

differences in the contents of the hypotonic buffer and lysis buffer were corrected to

ensure identical buffer components in all fractions. Protein concentrations in each

fraction were determined using Bradford assays according to the manufacturer’s

instructions (Biorad). Equal amounts of total protein from the 816.9 and the solubilized

P16.9 fraction were resolved by SDS- polyacrylarnide gel electrophoresis (SDS-PAGE),

and Western blotting for MLK3 and Flag-Cdc42 was performed as described previously

[32].

The fractionation procedure described above was further refined by subjecting the

$16.9 fraction to centrifugation at 210,000 x g for 1.5 h at 4°C to generate an

endomembrane-enriched pellet (P210) fraction and a soluble (8210) fraction. Pellet

fractions were resuspended in lysis buffer and the buffer contents of all subcellular

fractions were corrected as above. Equal amounts of total protein fi'om the 8210, P210,

and P169 fi'actions were separated by SDS-PAGE and MLK3 and Flag-tagged Cdc42

were detected by Western blotting as previously described [32].

3.4. Antibodies, Immunoprecipitations, Western Blotting

Transiently transfected HEK 293 cells were lysed 18 h posttransfection and

immunoprecipitation and/or Western blot analysis ofMLK3, Flag-tagged Cdc42, or JNK
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was carried out as previously described [32]. Rabbit polyclonal antiserum against lactate

dehydrogenase (LDH) from pig muscle was a gift from Dr. John Wilson (Michigan State

University); the mouse monoclonal antibody M3A5 against the Golgi coatarner protein [3-

COP was from Sigma; a rabbit polyclonal antibody directed against the protein ERp72

was fi'om StressGen Biotechnologies Corp.; and rabbit polyclonal antibody against the

transmembrane Na+/K+ ATPase was a gift fiom Dr. Julia Busik (Michigan State

University).

3.5. Immune Complex Kinase Assay

A radioactive immune complex assay for INK activity was performed and analyzed

as previously described [32]. Reactions were carried out for 15 min at room temperature

using 8 pg of GST-c-Jun as the substrate in a total reaction volume of20 p1.

The activity of biochemically fractionated MLK3 was determined by an immune

complex kinase assay of the solubilized Pl6.9 fractions. The relative amounts ofMLK3

in the P169 fractions from cells expressing MLK3 alone or MLK3 and Cdc42"allz were

determined by densitometry (NIH image) and adjusted to ensure equal amounts of

immunoprecipated MLK3 from the P169 fractions. Solubilized portions of the P169

fractions were incubated with 20 pl of Protein A-agarose beads pre-bound with MLK3

antibody for 90 min at 4°C. The MLK3 kinase assay was carried out as described

previously [31] using 10 pg ofpurified GST-MKK4 as substrate in a total reaction

volume of 20 p1 containing 50 pM ATP. The extent ofGST-MKK4 phosphorylation was

determined by Western blotting with an anti-phospho-MKK4 antibody (New England

Biolabs).
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3.6. Immunofluorescence and Confocal Microscopy

HeLa cells for immunofluorescence microscopy were plated onto 6-well plates

containing cover slips (1 x 105 cells per well) and transiently transfected by the calcium

phosphate method as previously described [32]. Eighteen hours posttransfection, the

cells were rinsed twice in PBS, fixed in 2% formaldehyde (Polyscience, Inc.) for 30 min

at room temperature, followed by washing three times with 10 mM glycine in PBS and

three times with PBS. The cells were permeablized with PBS containing 0.1% Triton X-

100 for 10 min at 37°C and blocked in PBS containing 5% Bovine Serum Albumin

(BSA) for 10 min at 37°C. After incubation with the primary antibody (15 ng/ml of the

MLK3 rabbit polyclonal antibody or 8 11ng M2 Flag monoclonal antibody, in PBS

containing 5% BSA) for 1h at 37°C, cells were washed three times with PBS and

incubated for 1 h at 37 °C with the appropriate FluoroLinkTMCy3 TM-labeled secondary

antibody (Amersharn Pharmarcia) or Alexa 488-conjugated secondary antibody

(Molecular Probes). Finally, the cells were washed four times with PBS prior to

mounting onto glass slides. The fluorescently labeled cells were examined with a Noran

Odyssey confocal laser scanning microscope. For analysis ofthe FluoroLink Cy3-

labeled cells, an argon laser with an excitation at 514 nm was used. Cells labeled with

Alexa 488, EYFP, and EGFP were examined at 488 nm. For dual color labeling, the

emission Signals from each fluorescent probes were collected separately and merged.

Control experiments using only one of the two fluorescent probes were performed. The

antibody concentrations and laser intensity were adjusted to ensure that there was no

significant signal bleedthrough from either of the two fluorescent probes.
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4. Results

4.1. Activated Cdc42 Targets MLK3 to a Plasma Membrane-enriched Fraction

Previous studies have demonstrated that activated Cdc42 potentiates MLK3

activity. To assess whether Cdc42 impacts the subcellular distribution ofMLK3,

biochemical fractionation experiments were performed using HEK 293 cells that were

transiently transfected with expression vectors for MLK3 and constitutively active

variants of the GTPase Cdc42vanz. The relative distribution ofMLK3 between a soluble

(816.9) and a plasma membrane-enriched (P1 6.9) fraction was assessed by Western

blotting. Data from a representative experiment are Shown in Fig. 6A. Based on five

independent experiments, MLK3 when expressed alone is distributed approximately

equally between the 816.9 and P169 fractions, but when coexpressed with activated

Cdc42, MLK3 is found almost exclusively in the P169 fraction. To determine whether

the Cdc42-induced transfer ofMLK3 to the P169 fraction depends upon prenylation of

the small GTPase, the site of prenylation, Cys‘88 in the CAAX motif, of Cdc42val'2 was

mutated to Ser (Fig.5). The analogous mutation in yeast prevents prenylation and rescues

2W” [39]. Coexpression ofthe lethal phenotype induced by constitutively active Cdc4

MLK3 with the prenylation-defective activated GTPase, Cdc42va'12Cl8SS, yielded a

fractionation pattern identical to that ofMLK3 alone (Fig. 2A). The activated Cdc42 is

found in both fractions, analogous to what has been reported by Stokoe et al. [38] for the

fractionation of overexpressed Rasva'” in COS cells. The prenylation-defective mutant

of Cdc42‘lam is found primarily in the $16.9 fraction, but a small amount is present in the

P169 fraction. It is likely that the polybasic sequence in the hypervariable region (Fig. 5)

affords some residual membrane binding in the absence ofprenylation.
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Coexpression with Cdc42vallz has been demonstrated to alter the in viva

phosphorylation pattern ofMLK3 [32, 34]. In these experiments, when MLK3 has been

coexpressed with activated Cdc42 the electrophoretic mobility ofMLK3 is retarded,

consistent with Cdc42-induced phosphorylation ofMLK3. However, after coexpression

with a prenylation-defective mutant of Cdc42v“”2 the electrophoretic mobility ofMLK3

is not altered (Fig. 6B). Taken altogether, these data suggest that activated Cdc42 alters

MLK3 subcellular localization and phosphorylation in a prenylation-dependent fashion.

4.2. Activated Cdc42 Targets MLK3 from an Endomembrane-enriched Fraction to

a Plasma Membrane-enriched Fraction

To more precisely define the subcellular distribution ofMLK3, the biochemical

fractionation method was expanded to include an additional centrifugation of the $16.9

fractions at 210,000 x g to yield soluble (8210) fractions and pellet (P210) fractions. The

efficacy ofthe fractionation procedure was verified by Western blotting analysis of

fractions using antibodies directed against proteins that localize to specific subcellular

organelles. A representative Western blot is shown in Fig. 7A. The cytosolic marker

protein, LDH, is detected only in the 8210 fraction. The transmembrane Na+/K+ ATPase

is found exclusively in the P169 fraction. A Golgi vesicle-associated coatamer protein,

B-COP, was detected only in the P210 fraction, whereas the ER marker, ERp72 was

detected in both the P210 and P169 fractions. Thus plasma membrane-associated

proteins are present in the P169 fractions; Golgi-associated proteins are in the P210

fractions; and cytosolic proteins are in the 8210 fractions. However, ER-associated

proteins are found in both the P169 and 816.9 fi'actions. The fractionation pattern of the
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marker proteins was not influenced by transfection ofMLK3 or Cdc42 variants (data not

shown).

This improved biochemical fractionation procedure was utilized to examine the

effect ofCdc42 variants on MLK3 localization. Since a small portion of the prenylation-

defective variant Cdc42va”2 C1888 was present in the plasma membrane-enriched

fraction (Fig. 6A), the four basic residues in the hypervariable region that have been

implicated in contributing to membrane binding [28] were mutated to neutral Gln

residues to generate Cdc42va'lzCl88S K/R4Q. Representative data from seven

independent experiments are shown in Fig. 7B. Consistent with our earlier experiments,

coo42V‘“l2 is found in the P169 and the $210 fractions; however Cdc42v°"2C1888,

K/R4Q is found only in the $210 fraction. These data indicate that, as intended,

Cdc42va'12Cl8SS, K/R4Q is unable to target to the plasma membrane.

When expressed alone, MLK3 is distributed approximately equally between the

P210 and P169 fractions. However, when coexpressed with Cdc42v“”2, very little

MLK3 partitions with the P210 fraction; instead, essentially all of the MLK3 is found in

the plasma membrane-enriched P16.9 fiaction. Coexpression ofMLK3 with the

Cdc42vanzC1888, K/R4Q yielded a fractionation pattern similar to that ofMLK3

expressed alone. These data confirm that prenylation of activated Cdc42 is required for

the observed changes in MLK3’S subcellular distribution.

Under all transfection conditions, MLK3 appears to be absent from the cytosolic

(8210) fractions. However, since equal amounts of proteins were loaded in each lane, the

percentage of total cytosolic ($210) protein loaded is about four times less than the

percentage of total endomembrane (P210) and of total plasma membrane (Pl6.9)



proteins. Based on analysis of Western blots by densitometry, coupled with

determination ofprotein concentrations, we estimate that less than 15% ofMLK3 in the

postnuclear fraction resides in the cytosolic fraction, regardless ofwhether the small

GTPase has been expressed.

4.3. Prenylated Cdc42Vllllz Directs Active MLK3 to a Plasma Membrane-enriched

Fraction

Activated, prenylated Cdc42vam alters MLK3’S subcellular distribution in HEK

293 cells. To assess whether Cdc42 targeting affects the catalytic activity ofplasma

membrane-associated MLK3, in vitro kinase assays ofMLK3 present in the P169

fractions were performed. The P169 fractions were solublized in Triton X-100-

containing buffer and equal amounts of immunoprecipitated MLK3 were subjected to an

in vitro kinase assay using unlabeled ATP and recombinant GST-MKK4 as substrates.

Phosphorylation at Thr'258 of the activation segment ofMKK4 was monitored using a

phospho-specific antibody against MKK4. Data from three independent experiments

show that MLK3 activity is present in the plasma membrane-enriched fractions only

when active, prenylated Cdc42‘lallz had been coexpressed (Fig. 7C). When MLK3 is

expressed alone or with the prenylation-defective Cdc42vaI'2C1888K/R4Q, there is

negligible MLK3 activity in the P169 fraction.

It is plausible that the mutations intended to eliminate the plasma membrane

targeting of Cdc42 might also have somehow disrupted the inherent ability of the Cdc42

variants to complex with, and thus activate, MLK3. To rule out this possibility,

cotransfected HEK 293 cells were lysed in Triton X-lOO-containing buffer in order to
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disrupt subcellular organelles, and coimmunoprecipitation experiments were performed.

The prenylation-defective Cdc4 variants retain the ability to associate with MLK3

vaz are not(Fig. 8), indicating that the prenyl group and the polybasic residues ofCdc4

required for binding of the activated GTPase by MLK3. Taken together, these data

support the hypothesis that functional prenylation is required for Cdc42-mediated

targeting of activated MLK3 to the plasma membrane.

4.4. Colocalization of MLK3 and Markers for the Golgi Apparatus

To confirm the data obtained by biochemical fractionation, confocal microscopy

experiments were performed using enhanced yellow fluorescent protein (EYFP) tagged

with targeting sequences to specific subcellular organelles. HeLa cells were

cotransfected with plasmids encoding MLK3 and an EYFP-tagged Golgi marker that

carries the Golgi targeting sequence of the integral Golgi protein, B-galactosyltransferase.

A perinuclear staining pattern characteristic of the Golgi apparatus was observed using an

MLK3 antibody. Fluorescence from the EYFP-tagged Golgi marker overlays with the

MLK3 staining, although the MLK3 staining extends beyond that of the Golgi marker in

vesicular-like structures that stain with the Golgi-selective lipid, BODIPY-ceramide (data

not shown) (Fig. 9A).

4.5. Prenylated, Activated Cdc42 Targets MLK3 to the Plasma Membrane

To determine whether Cdc42vallz can target MLK3 to the plasma membrane,

HeLa cells were triply transfected with vectors encoding MLK3, Cdc42vallz and an

EYFP-tagged plasma membrane marker. The Cdc42vallz vector was provided in excess

46



Val12

to ensure that all cells expressing MLK3 and the EYFP marker also expressed Cdc42

When expressed alone, MLK3 displays a perinuclear/Golgi localization. However, upon

coexpression with Cdc42va'n, the localization ofMLK3 overlaps with that of the EYFP-

plasma membrane marker (Fig. 9B). These data suggest that activated Cdc42 and MLK3

colocalize at the plasma membrane.

To evaluate the extent of colocalization ofMLK3 and Cdc42 variants, HeLa cells

were cotransfected with an MLK3 expression vector and an excess of the Cdc42 variant

expression vectors. Indeed the images of cells stained for prenylation-competent

activated Cdc42val'2 and MLK3 yield overlapping fluorescence at the cell periphery

consistent with plasma membrane localization (Fig. 10A). The staining pattern ofMLK3

and the membrane targeting-defective variant ofCdc42 do not coincide (Fig. 10B).

Instead, MLK3 retains its perinuclear staining and the Cdc42va”2C1888K/R4Q variant

shows diffuse cytosolic staining. These data indicate that expression ofprenylated,

activated Cdc42 targets MLK3 to the plasma membrane.

4.6. Functional Targeting to the Plasma Membrane is Required for Potentiation of

MLK3-induced Activation ofJNK by Cdc42

Subcellular localization may be one means of controlling either substrate selection

or access to effector proteins. One of the best-described functions ofMLK3 is as a

MAPKKK that activates the JNK pathway. We [31, 32] and others [33] have previously

shown that activated Cdc42 potentiates MLK3-induced JNK activation. The activity of

endogenous INK from total cellular lysates ofHEK 293 cells transiently expressing

MLK3 alone or MLK3 and Cdc42 variants was determined. INK was
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immunoprecipitated, and in vitro kinase assays were performed using GST-c-Iun as an

exogenous substrate. Based on three independent experiments, INK activity is increased

approximately 3-fold in cells that coexpress MLK3 with prenylation-competent

Cdc42va"2 compared with those that express MLK3 alone (Fig. 11). However, the

prenylation-defective Cdc42vamC1888 K/R4Q has no effect on MLK3-induced INK

activation. These data indicate that membrane targeting ofMLK3 is critical for the

Cdc42-dependent increase in INK activation.
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H-Ras GpGnggKCVLs

K-Ras KKKKSKTKCVIM

Racl PVKKRKRKCLLL

RhoA. RRGKKKSGCLVL

Cdc42 PPEKKSRRC’TVLL

Cdc42 C1888 ll Ils

Cdc42 C1883, K/R4Q QQ QQS

Fig. 5. Alignment of the COOH-termini of small GTPases and Cdc42V'm

mutants. The twelve COOH-terminal amino acids of H-Ras, K-Ras, Racl, RhoA

and Cdc42 are aligned. The CAAX (cysteine-aliphatic-aliphatic-any amino acid)

motif is italicized. Basic residues are shown in bold and the palmitoylation site is

underlined. The mutations in the engineered Cdc42vallz variants are shown with the

lysine to glutarnine and/or cysteine to serine changes indicated by bold letters.
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Fig. 6. Effect of Cdc42 expression on the subcellular distribution and

electrophoretic mobility of MLK3. HEK 293 cells were transiently transfected with

expression vectors containing cDNAs indicated above each figure. A minus sign

indicates that a control empty vector was transfected. A, biochemical fractionation of

MLK3. Cells expressing MLK3 in the presence and absence of Cdc42valllz variants

were disrupted by Dounce homogenization in hypotonic buffer. The postnuclear

fractions were centrifuged at 16,900 x g to yield soluble (816.9) fractions and pellet

(Pl6.9) fractions. Equal amounts of total protein were loaded in each lane. Western

blots using used to determine the distributions ofMLK3 and Flag-Cdc42, using the

MLK3 or Flag antibody, are shown in the tap and lower panels, respectively. The data

shown is representative of three independent experiments. B, electrophoretic mobility of

MLK3. Western blots ofMLK3 and Flag-Cdc42 from cellular lysates are shown in the

tap and bottom panels, respectively. These experiments were performed by Dr. Barbara

Back.
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Fig. 7. Subcellular distribution and catalytic activity of MLK3 upon coexpression

with Cdc42“Illz variants. A, presence of subcellular marker proteins in biochemical

fractions. The biochemical fractionations were performed as described previously

except that an additional centrifugation of the $16.9 fraction at 210,000 x g was

performed to yield soluble (8210) fractions and pellet (P210) fractions. Western blots

were performed using antibodies directed against marker proteins for specific

subcellular compartments. LDH denotes lactate dehydrogenase. ER stands for

endoplasmic reticulum. B-COP denotes coatrner protein complex. B, biochemical

fractionation ofMLK3. HEK 293 cells were transfected with the indicated expression

vectors. The distributions ofMLK3 and Cdc42 were assessed by Western blotting

with an MLK3 antibody and Flag antibody, respectively, as described previously. C,

in vitro kinase assay ofMLK3 immunoprecipitated from the P169 fractions using

GST-MKK4 as a substrate. MKK4 phosphorylation was assessed using an antibody

that recognizes phosphorylated 'I‘hr258 of MKK4. The data shown is representative of

VallZ

three independent experiments. The Cdc42 variants were constructed by Dr.

Barbara Bock. The experiment in Fig. 3C was performed by Dr. Barbara Bock.
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Fig. 8 Ability of Cdc42 variants to associate with MLK3. Flag-

VallZ

Cdc42 variants were immunoprecipitated from total cellular lysates

using the Flag antibody and associated MLK3 was detected by

immunoblotting with an MLK3 antibody. This experiment was performed

by Dr. Barbara Bock.
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ValIZ

Fig. 9. Effect of Cdc42 on subcellular localization of MLK3. Transfected HeLa

cells were analyzed by confocal microscopy. Cells expressing MLK3 and the fluorescence-

tagged subcellular marker were stained for MLK3 and images were merged. Scale bar

represents 10 pm. A, MLK3 and Golgi marker localization. HeLa cells were transfected

with expression vectors encoding MLK3 and an enhanced yellow fluorescence protein

(EYFP)-tagged Golgi marker and stained for MLK3 using an MLK3 antibody and a

secondary antibody conjugated with FluoroLink Cy3. B, MLK3 and plasma membrane

marker localization. HeLa cells were triply transfected with vectors expressing MLK3,

VallZ

Cdc42 and EYFP-tagged plasma membrane marker. Excess Cdc42 vector was used.
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MLK3 Cdc42 Variant Merge

 
Fig. 10. Effect of prenylation competence of activated Cdc42 on subcellular

localization of MLK3. HeLa cells were cotransfected with vectors expressing MLK3,

VallZ VallZ

and Flag-Cdc42 or Flag-Cdc42 C188S, K/R4Q. MLK3 was detected using an

MLK3 antibody followed by Alexa 488-conjugated secondary antibody. Flag-Cdc42 was

detected using Flag antibody followed by a FluoroLink Cy3-conjugated secondary

Val12

. B,antibody. Scale bar represents 10 pm. A, localization ofMLK3 and Cdc42

localization ofMLK3 upon coexpression with the prenylation-defective variant, Cdc42

Val12C1 888, K/R4Q.
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Fig. 11. Effect of com“12 variants on MLK3-induced JNK activation. HEK 293

cells were cotransfected with expression vectors for MLK3 and for Cdc42 val” or Cdc42

valllzC1888, K/R4Q. Endogenous JNK was immunoprecipitated from total cellular

Vanz variant and subjectedlysates expressing MLK3 alone or with the indicated Cdc42

to an in vitro kinase assay using GST-c-Jun as a substrate. A, an autoradiogram Showing

GST-c-Jun phosphorylation. An immunoblot for JNK from the same

immunoprecipitated samples, and immunoblots for MLK3 and Flag-Cdc42 are shown

below the autoradiogram. B, The means i SE. for fold increase in GST-c-Jun

phosphorylation of three independent experiments are Shown. Only experiments with

equal expression levels ofMLK3 were included. GST-c-Jun phosphorylation was

measured by phosphorimaging.
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5. Discussion

The detailed mechanism by which small Rho family GTPases, like Cdc42, can

activate MLK3 is not understood. The research described in this Chapter was designed to

investigate whether Cdc42 might modulate MLK3’s subcellular localization and

signaling pathways.

MLK3 expressed alone is largely absent fiom the cytosol, as judged by both

biochemical fractionation experiments and by confocal microscopy. Instead MLK3

staining is perinuclear and overlays partially with a GFP-tagged Golgi integral membrane

protein [i-galactosyl transferase. Electron microscopy studies have demonstrated that the

MLK family member, dual leucine zipper kinase (DLK), localizes to the cytoplasmic face

ofthe trans Golgi apparatus ofNII-13T3 cells [40]. Indeed, MLK3 lacks an internal Golgi

targeting sequence, suggesting that MLK3 may associate with the cytoplasmic face ofthe

Golgi apparatus.

It has recently been reported that, during the G2/M phase of the cell cycle,

endogenous MLK3 localizes to centrosomes and is active, but fails to induce INK

activation [41]. As reviewed by Rios and Bomens [42], the Golgi apparatus surrounds

the centrosome ofnon-polarized mammalian cells where it maintains an intimate

relationship with microtubules. Distinct Golgi and centrosomal targeting motifs have

been identified on the protein kinase A-anchoring protein 350 (AKAP 350) [43],

providing precedence for the idea that MLK3 may be able to associate, depending on the

cellular context, with these distinct, yet interrelated, perinuclear structures.

Wildtype Cdc42 is found at the Golgi [44], whereas the constitutively active

Cdc42 mutant, Cdc42va'”, localizes to the plasma membrane [45]. To generate a
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cytosolic form of Cdc42va'12, Cys 188 of the CAAXmotif (Fig. 5) was mutated to a Ser.

Biochemical fractionation experiments revealed a small portion of the unprenylated

Cdc42vam C1888 in the plasma membrane-enriched fraction (Fig. 6A), which may be

attributed to its polybasic region upstream of the CAAX motif. Substitution of the basic

residues near the CAAX motif results in decreased membrane association of yeast

Cdc42vallz [46]. Therefore, to completely abolish membrane association of Cdc42v“"2, in

addition to the Cys to Ser mutation, the four basic residues near the CRIB motifwere

substituted with neutral glutamine residues. Two of these four basic residues have been

Shown to be critical for the binding ofprenylated Cdc42 to y-COP, a Golgi coatamer

complex protein [47]. Indeed the Cdc42va'12 mutant lacking the prenylation Site and

basic residues is restricted to the cytosol, as demonstrated by both confocal microscopy

(Fig. 103) and biochemical fractionation (Fig. 7B). The finding that MLK3 retains

perinuclear/Golgi-like staining in the presence ofthe cytosol-restricted, activated Cdc42

variant suggests that targeting ofMLK3 to the Golgi/perinuclear region is independent of

Cdc42 and that there should exist a distinct targeting sequence within MLK3 that directs

it to the Golgi/perinuclear region.

When coexpressed with prenylation-competent, activated Cdc42, MLK3 is

targeted to the plasma membrane, as judged by biochemical fractionation experiments

(Fig. 6A and Fig. 7B) and by confocal microscopy (Fig. 9B). The mobility ofMLK3 on

SDS-PAGE gels is retarded only when prenylation-competent, activated Cdc42 is

coexpressed (Fig. 63), suggest the Cdc42-induced in viva phosphorylation ofMLK3

depends upon plasma membrane targeting. Furthermore, resolubilization of the plasma

membrane-enriched fractions followed by an in vitro immune complex assay reveals that
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MLK3 in those fractions is active only when activated, prenylation-competent Cdc42 has

been coexpressed (Fig.7C).

The data presented in this Chapter indicate that activated Cdc42 targets MLK3 to

the plasma membrane in a prenylation-dependent manner thus localizing active MLK3.

One of the major functions ascribed to MLK3 is as a MAPKKK for activation of the JNK

pathway. Our finding that the prenylation-defective, activated Cdc42 variant fails to

potentiate MLK3-induced JNK activation supports the idea that plasma membrane

localization ofMLK3 is an important facet ofthe mechanism by which Cdc42 activates

MLK3 induces INK pathway activation.

The process by which prenylated, activated Cdc42 directs MLK3 to the plasma

membrane is unknown. However several lines of evidence implicate a microtubule-

associated transport process. MLK2, which is closely related to MLK3, has been

reported to colocalize with microtubules [48]. A yeast two hybrid screen revealed that

MLK2 and MLK3 can associate with KIF3A, KIF3B, KIF3X, and kinesin-associated

protein 3 (KAP3) [48]. MLK2 interactions with KIF3A and KAP3 were confirmed by

coimmunoprecipitation in transfected cells. KIF3 family members function as plus-end

directed microtubule associated motors for transport ofmembrane-bound organelles

(reviewed in [49]). Association ofKAP3 with KIF3 heterodimers is believed to regulate

cargo binding. Thus, it is conceivable that MLK3 might associate directly with kinesins

and travel along microtubules, either in a protein complex or in association with vesicles,

to the plasma membrane.

IIPs are MAPK scaffolds that bind MLKs as well as their downstream MKKS and

MAPKs [9, 10, 35, 50]. Recent work has shown that JlPs interact directly with kinesin
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light chain (KLC) [51, 52] and act as cargoes for kinesin-mediated transport to neurite

tips [52, 53]. Thus kinesins may function in the transport of the MLK/JNK signaling

complex to the plasma membrane. Additional evidence suggests that JIPS might act as

adaptors between kinesins and selected cargoes [54]. MLK3 may be sequestered at the

perinuclear/Golgi region and activated Cdc42 may induce its relocalization to the plasma

membrane in a kinesin-dependent fashion. It is also conceivable that MLK3 may regulate

kinesin-mediated transport processes.

Activation of Cdc42 is required for its interaction with and activation ofMLK3.

Thus, the spatial and temporal control of Cdc42 activation by guanine nucleotide

exchange factors (GEFS) is likely to be key in the activation and localization ofMLK3.

For instance, faciogenital dysplasia-l (Fgdl) is a Cdc42-specific GEF that localizes to

Golgi membranes [55]. An activated form of the GEF, diffuse B-cell lymphoma

oncogene (Dbl), activates and translocates Wildtype Cdc42 to the plasma membrane [45].

Furtherrnore, a yeast two hybrid screen for Dbl-interacting proteins being carried out by

the Alliance for Cell Signaling has identified the Golgi-associated protein, Golgin,

(Signaling Gateway) as a binding partner of Dbl. It is tempting to speculate that Dbl or

another Golgi-associated GEF might induce MLK3 activation and localization to the

plasma membrane.
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III. Concluding Remarks

The work described in this thesis examined the role of Cdc42 in subcellular

distribution ofMLK3. The hypothesis was formulated based on previous observations

that the comparative two-dimensional in viva phosphorylation map demonstrates that

Cdc42 alters the in viva phosphorylation pattern ofMLK3, which is correlated with an

increase in kinase activity. However, the Cdc42-induced increase in MLK3’s kinase

activity was not reproduced in an in vitro kinase assay using purified recombinant

proteins, suggesting that Cdc42-induced activation ofMLK3 requires a cellular context.

The study presented in Chapter 11 suggests that GTP-bound Cdc42 targets MLK3

to the plasma membrane in a prenylation-dependent manner, as supported by both

biochemical fractionation and confocal microscopy. Furthermore, MLK3 can

phosphorylate its downstream substrate MKK4, only when it is targeted to the plasma

membrane and when coexpressed with prenylation-competent Cdc42. While the

prenylated activated Cdc42 potentiates MLK3-induced JNK activation, the prenylation-

defective mutant of activated Cdc42 fails to do so, supporting the idea that Cdc42 targets

MLK3 to the plasma membrane and mediates its activation and downstream signaling to

JNK.

In the absence of activated Cdc42MLK3 resides in the perinuclear region

indicating that targeting ofMLK3 to the perinuclear region is independent ofCdc42 and

that MLK3 may contain a distinct sequence that directs it to the perinuclear region. The

process by which the prenylated, activated Cdc42 directs MLK3 to the plasma membrane

is unknown, although several evidence point to a microtubule-associated transport
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process. It would be interesting to explore the Cdc42-directed subcellular localization of

MLK3 upon treatement with microtubule-disrupting and/or -stabilizing agents.

Only the GTP-bound form Cdc42 is able to interact with and associate with

MLK3. Thus, the Spatiotemporal control of activated Cdc42 by guanine nucleotide

exchange factors (GEFS) may be critical in the activation and localization ofMLK3. It

would be interesting to determine the effects ofGEFS on the activation and localization

ofMLK3.

In conclusion, accumulating evidence indicates that the regulation ofMLK3 is a

complex and multi-step process. The work presented in this thesis contributes to the

understanding of the molecular mechanisms regulating MLK3 and its biological

firnctions. Understanding the mechanism by which MLK3 is regulated may provide

clues for useful therapeutic intervention in pathological processes, like neurodegenerative

diseases.
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