
 
ACTIVITY OF ATYPICAL PROTEIN KINASE C:  

FROM REGULATION TO SUBSTRATE LOCALIZATION 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

by 
 

CHIHARU FUJII GRAYBILL 
 
 
 
 
 
 
 
 
 
 
 
 

 
A DISSERTATION 

 
Presented to the Department of Chemistry and Biochemistry 

and the Graduate School of the University of Oregon 
in partial fulfillment of the requirements 

for the degree of 
Doctor of Philosophy  

 
December 2013 



 

 

ii

DISSERTATION APPROVAL PAGE 
 
Student: Chiharu Fujii Graybill 
 
Title: Activity of Atypical Protein Kinase C: From Regulation to Substrate Localization 
 
This dissertation has been accepted and approved in partial fulfillment of the 
requirements for the Doctor of Philosophy degree in the Department of Chemistry and 
Biochemistry by: 
 
Tom Stevens Chairperson 
Ken Prehoda Advisor 
Vickie DeRose Core Member 
Brad Nolen Core Member 
Karen Guillemin Institutional Representative 
 
and 
 
Kimberly Andrews Espy Vice President for Research and Innovation; 
 Dean of the Graduate School  
 
Original approval signatures are on file with the University of Oregon Graduate School. 
 
Degree awarded December 2013 



 

 

iii  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2013 Chiharu Fujii Graybill  
  



 

 

iv

DISSERTATION ABSTRACT 
 
Chiharu Fujii Graybill 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
December 2013 
 
Title: Activity of Atypical Protein Kinase C: From Regulation to Substrate Localization 
 
 
 The phosphorylation activity of protein kinases is involved in virtually all 

biological processes of living organisms. As uncontrolled kinase cascades cause 

devastating defects such as cancer, cells employ complex regulatory networks to 

precisely control their activity. Atypical Protein Kinase C (aPKC) is a well-conserved 

protein kinase that plays a central role in the establishment of the Par complex-mediated 

cell polarity. The goal of my research is to understand how aPKC activity is regulated 

and how aPKC phosphorylates its substrates. The first part of my study focused on the 

mechanism by which intra- and intermolecular interactions regulate aPKC activity. aPKC 

contains a pseudosubstrate domain that acts as an internal inhibitor. Despite the presence 

of the cis-acting inhibitor, another Par complex member, Par-6, is thought to repress 

aPKC activity. To examine the precise mechanism by which the pseudosubstrate domain 

and Par-6 regulate aPKC activity, I reconstituted the system in vitro and performed a 

detailed kinetic analysis. We confirmed that the pseudosubstrate domain is responsible 

for the autoinhibition. Surprisingly, rather than acting as an inhibitor, Par-6 activates 

aPKC by displacing the pseudosubstrate from the kinase domain. Par-6 activation of 

aPKC is consistent with our observation that the Par-6/aPKC complex, but not aPKC 

alone, releases its substrate from the cell membrane in Drosophila S2 cells. The data 
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support a model in which aPKC activity is coupled to localization via Par-6. In the 

second part, I investigated how the phosphorylation activity of aPKC is coupled to 

cortical displacement of fate determinants, which often contain multiple phospho-

accepting residues. Using Lgl as a model substrate in S2 localization assays, I examined 

the role of multiple phosphorylations and found that multi-site phosphorylation is 

required for cortical release. Also, I examined how aPKC phosphorylates Lgl in an in 

vitro kinase assay and found that aPKC cooperatively phosphorylates Lgl in an ordered 

manner. These results provide new insights into how multiple phosphorylation and 

phosphorylation rates could regulate localization behaviors of fate determinants at the 

cortex.  

 This dissertation contains previously published coauthored materials as well as 

unpublished materials. 
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CHAPTER I 

 

INTRODUCTION 

 

PHOSPHORYLATION BY PROTEIN KINASES AS A KEY REGULATORY 

ELEMENT IN SIGNAL TRANSDUCTION 

 The explosion of scientific interest in protein kinase-mediated signal transduction 

dates back to the 1950’s when phosphorylase kinase was originally discovered (1,2). At 

that time, it was known that phosphorylase, a metabolic enzyme, existed in an active 

form and an inactive form (3). In a search for the molecular mechanism responsible for 

converting phosphorylase from the inactive state to the active state, Krebs, Graves, and 

Fischer discovered that phosphorylase kinase b was responsible for the catalysis of 

phosphoryl-transfer reactions (4). It was later shown that phosphorylase kinase b itself 

was subject to phosphorylation to regulate its activity (5). These two breakthroughs 

introduced the idea that phosphorylation by protein kinases is a key regulatory element. 

Since then, a myriad of protein kinases have been identified and phosphorylation has 

been firmly established to be the most widespread form of post-translational 

modification. 

 The significance of phosphorylation as a signal is represented by the fact that 

~2% of the human genome is dedicated to encode protein kinases, corresponding to more 

than 500 protein kinases. It has been estimated that about 30 % of all cellular proteins 

undergo phosphorylation at least once (2,6,7). It is not surprising that protein kinases are 

involved in every fundamental physiological process, ranging from metabolism, cell 
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division, differentiation, motility, trafficking, immunity, learning, memory, and more. 

Furthermore, protein kinases have been the focus of intense research efforts because 

malfunctioned and unregulated kinases have been linked to devastating diseases such as 

cancer. To develop therapeutics, scientists around the globe have been working to 

decipher the molecular mechanisms of the complex phosphorylation-mediated signaling 

networks. This extensive endeavor ranges from atomic level structural studies to more 

systemic cataloging like Kinome, which is a project to identify physiological kinase-

substrate pairs in human genome and map the phosphorylation-based signaling networks 

(8). Though the scientific community has uncovered many of the mysteries, there are 

more questions to be answered to understand the entirety of kinase signaling.  

 In this study, I intend to discuss the molecular mechanisms by which atypical 

Protein Kinase C (aPKC) is regulated via both intra- and intermolecular interactions. 

Also, I will discuss how substrate specificity and preference leading to differences in 

aPKC activity. I hope that my research results would provide insights to general 

understanding of kinase regulation.  

 

THE DAWN OF ATYPICAL PROTEIN KINASE C  

 In 1977, Nishizuka and colleagues published the first paper detailing the 

properties of the partially purified protein kinase from bovine cerebellum (9-11). In this 

paper, they showed that their enzyme phosphorylated histone and protamine in the 

presence of Mg2+, and that their kinase seemed to be converted from a proenzyme to a 

highly active enzyme by limited proteolysis. In the following years, Nishizuka and his 

colleagues investigated the protease responsible for activating proteolysis and found that 
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the activator was, in fact, not a protein, but membrane-associate phospholipids (12). 

Interestingly, the purified phospholipids were not capable of activation unless an 

unusually high concentration of Ca2+ was present, which led to another discovery that 

diacylglycerol (DAG) was the main activator of PKC. Furthermore, they identified that 

PKC was the long-sought target of phorbol esters that function as potent tumor-

promoting analogs of DAG (13). Several PKC isoforms were identified, and each 

described in detail (11,14-20). The findings provided the information that the isoforms 

were expressed in specific tissues and cells, and that cell signaling pathways involve the 

cell membrane, temporal and spatial regulation of the target proteins via multiple 

pathways, precise controls for activity of signaling molecules, and redundancy of the 

signaling systems. These early studies established the PKC family as a model for signal 

transduction (11,21).  

 It was not until the beginning of the 1990’s that PKCζ and PKCλ/ι were first 

cloned and the subfamily of atypical protein kinase C emerged (22,23). They were 

originally discovered based on amino acid sequences similar to the other PKC family 

members, but aPKCs deeply puzzled the researchers because Ca2+, DAG, and phorbol 

esters all failed to activate aPKC activity (24). It has been suggested that aPKCs are 

activated by other lipid cofactors such as phosphatitylinositols (PIs) (25), phosphatidic 

acid (26), phosphatidylinositol- (3,4,5)-triphosphate (27), phosphatidylserine (24), and 

ceraminde (27,28), but the exact activation mechanisms remain largely unknown for 

aPKCs. Nevertheless, there is a large body of evidence suggesting that aPKCs play a 

crucial role in cell growth and survival (22,23). Intense research efforts have been put 

forth develop therapeutic agents for aPKCs, as aberrant aPKC expression is associated 
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with poor prognosis in certain cancers (29), further emphasizing the importance of 

aPKCs.  

 

aPKC AS A MEMBER OF THE PAR COMPLEX INVOLVED IN 

ESTABLISHING CELL POLARITY 

 Cell polarity is a dynamic process for living cells to create molecular distinction 

within the cell. In the event of polarization, a cell is required to establish physical 

segregation of proteins, lipids, and even organelles to the two opposing sides of the cells. 

These differentiated cellular poles play a vital role in the development of tissue structures 

and the maintenance of tissue homeostasis because the molecular polarity can define cell 

orientations, functions, and cell fates. For example, in epithelial cells, the apical domain 

faces the external environments to function as a barrier while the basolateral domain is 

attached to the underlying basal membrane through adhesion molecules to extracellular 

matrix (Fig. 1A). This apical-basolateral polarity contributes to the tissue shape and the 

direction of the transport. It has been suggested that a loss of the cell polarity in epithelial 

cells results in the tissue disorganization. When combined with the loss of cell-cell 

adhesion, unregulated polarity causes EMT and is associated with metastasis (30). 

Another type of cell polarity is observed in mammalian primary-cultured astrocytes (Fig. 

1B). When a confluent monolayer of primary rat astrocytes are wounded by scratching, 

cells initiate reorganization of the microtubule organizing center, microtubule 

cytoskeleton, and the Golgi to establish cell polarity at the leading edge. This polarity 

axis allows the cells to direct cell protrusion and migration perpendicular to the scratch 

(31,32). In the case of Caenorhabditis elegans, just after the fertilization a zygote 
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undergoes cytoplasmic reorganization to establish anterior-posterior polarity, which cues 

the cell to divide asymmetrically and produce daughter cells with different behaviors and 

fates (33) (Fig. 1C). This process is called asymmetric cell division (ACD). Similar to C. 

elegans, in Drosophila neuroblasts, they set up molecular polarity during mitosis and 

utilize it to generate two different daughter cells with distinct fates; one remains as a 

neuroblast while the other becomes a ganglion mother cell (GMC), which further divides 

into neurons or glia cells (Fig. 1D). If ACD fails to progress properly, neuroblast would 

either be depleted or over-proliferate at the cost of neurons depending on the polarity 

defects in the fly brains. Thus, theses examples show that the establishment and 

maintenance of cell polarity have important implications to development and tissue 

homeostasis of metazoan cells. Then, how is cell polarity established? 

 The hint for the cellular function of aPKC emerged when it was identified as a 

core component involved in cell polarity. The six par genes and PKC-3 (orthologue of 

aPKC) were first identified in C. elegans during a screen to find mutants that failed to 

establish anterior-posterior axis in the zygote. Normally, when C. elegans zygotes 

undergo the first mitosis, aPKC localizes to the anterior side of the zygote and excludes 

posterior components, such as Par-1 and Par-2, from the anterior side. However, C. 

elegans embryos lacking any of the Par complex membersconsisting of Par-3, PKC-3 

(C. elegans aPKC), and Par-6failed to induce asymmetric contraction of the myosin II 

meshwork (34-36). In Drosophila neuroblasts, the null mutant of aPKC results in not 

only mislocalized Par-6, but also uniformly cortical localization of basal determinant 

Miranda. Similarly, aPKC fails to localize at the apical cortex when Par-6 is absent from 

neuroblasts (37). aPKC also phosphorylates Bazooka (Par-3 homologue) and controls its 
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Figure 1. The different contexts of cell polarity and the localization of aPKC.  

 
A. Mammalian epithelial cells with apicobasal polarity, which allows them to 

function as cellular barrier. aPKC is localized to the apical membrane. 
B. Mammalian astrocytes establish polarity with respect to the direction of 

movement. aPKC is localized at the leading edge. 
C. aPKC is localized at the anterior of C.elegans zygotes which divides 

asymmetrically along the anterior-posterior polarity axis. 
D. Drosophila neuroblasts divide asymmetrically based on apical-basal polarity axis. 

aPKC is localized at the apical cortex. The figure is modified from [31].  
 
  

function as the mutation of phosphorylation site impairs the Par-complex function 

(38,39). However, Bazooka shows slightly different localization from aPKC in 

Drosophila. In apkc null neuroblasts, Bazooka is still able to localize at the apical cortex, 

which suggests that it is upstream of aPKC (37). In mammalian epithelial cells, the Par 

complex is coupled to junction formations. Upon cell-cell contact, the Par complex is 

recruited to the spot-like adherens junctions (AJs) (40), which mature and differentiate 

into belt-like AJs and tight junctions (TJs). These junctional structures are located at the 

apex of the cells. The Par-complex plays an essential role in epithelial polarity, as 
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overexpression of a dominant-negative aPKC or Par-3 prevent the transition of AJs from 

spot-like to belt-like forms (31,40). The overwhelming evidence suggests that the Par-

aPKC system is evolutionarily conserved proteins in function and plays an essential role 

in many different types of metazoan cell polarity. Also, these data suggest that 

localization of the Par complex is codependent and that the Par complex establishes 

polarity by somehow excluding proteins from an aPKC-containing domain. 

 A more mechanistic understanding of aPKC comes from the findings that 

expression of aPKC kinase-inactive mutant disrupts the assembly of TJs in mammalian 

and Drosophila epithelial cells (40,41). Also, it has been shown that aPKC directly 

interacts with Par-6 to form a stable dimer, and immunoprecipitation-coupled kinase 

assays show that the interaction with Par-6 represses aPKC activity (42). Furthermore, 

some of the differentiation factors that are excluded from aPKC-containing side of the 

membrane are aPKC substrates. Consistent with the kinase-dead mutant phenotypes, non-

phosphorylatable mutant of Mira and Lgl in neuroblasts fail to be excluded from the 

apical cortex of the cell and remain uniformly cortical (43,44). Similarly, a non-

phosphorylatable Numb mutant colocalizes with aPKC in SOP cells while wild type 

protein does not colocalize with aPKC (45). Taken together, it is clear that 

phosphorylation of several differentiation factors by aPKC is indispensible for the 

establishment of polarity, and aPKC activity is regulated by Par-6. However, little is 

known about the mechanism by which aPKC’s catalytic activity is regulated.  
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STRUCTURAL DIVERGENCE OF ATYPICAL SUBCLASS RESPONSIBLE 

FOR THE DIFFERENCE IN ACTIVATION MECHANISMS 

 The activation mechanism of aPKC is not well understood, partially due to the 

fact that its domain structure differs from the other PKC family members. All PKC 

isoforms contain regulatory domains located in the N-terminus and highly conserved 

catalytic domains in the C-terminus. These isoforms are divided into three classes based 

on the regulatory domains: classical or conventional PKC (cPKC), novel PKC (nPKC), 

and atypical PKC (aPKC) (Fig. 2). Here, I discuss each domain of aPKC in detail to 

clarify the basis of the activation mechanism differences compared to the members of 

PKC family.  

 

PB1 domain 

 Modular domains often facilitate specific protein-protein interactions and play 

important roles in cellular functions. PB1 domains are dimerization domains present in 

scaffold proteins, conserved among amoebas, fungi, plants, and animals (46). They are 

about 80 amino acid long and form a ubiquitin-like compact globular fold, consisting of 

six-stranded β-sheets and two α-helices. Previous structural studies show that the PB1-

PB1 interaction involves specific electrostatic contacts between a cluster of acidic amino 

acids of type I PB1 and the few basic residues including, invariant Lys of type II PB1 

(46-48). A PB1 domain resides in the N-terminus of the aPKC regulatory domain, and is 

classified as type I/II because both the acidic cluster and the conserved Lys residue are 

present. It has been shown that the acidic patch of aPKC PB1 interacts with the basic 
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Figure 2. The domain structures of PKCs.  

The regulatory domain of the cPKC class, which includes PKCα, βI, βII, and γ, consists 
of a pseudosubstrate motif in the N-terminus (a short stretch of amino acids that 
resembles the substrate binding motif except the phosphate-accepting Ser/Thr residue is 
replaced to Ala), twin C1 domains (tandem 50 residue long domains, C1A and C1B, 
containing 6 Cys and 2 His residues that coordinate 2 Zn2+ ions. They are responsible for 
DAG/phorbol esters sensitivity), and a C2 domain (Ca2+-dependent, membrane-
targeting). The nPKC class includes PKCδ, ε, θ, and η, and contains a novel C2 domain 
in the N-terminus (C2 domain in nPKC differ from cPKC because it lacks the Ca2+-
coordinating acidic residues. For this reason, nPKC isoforms are unresponsive to Ca2+), a 
pseudosubstrate motif, and a pair of C1 domains. Finally, the regulatory domain of the 
aPKC class contains a PB1 domain (a dimerization domain to interact with other PB1-
containing proteins), a pseudosubstrate motif, and a C1 domain (unlike the other PKCs, 
aPKCs only have one copy of C1 domain. Also, it has only one Zn2+ ion and lacks crucial 
basic residues for the interaction with DAG/phorbol esters). The figure is modified from 
[41].  
 
residues in PB1 of Par-6, as yeast two-hybrid data and localization study in MDCK cells  

show that the mutations of either a critical acidic reside in aPKC PB1 or the conserved 

Lys in Par-6 PB1 disrupted the interaction (49). Furthermore, the X-ray crystallography 

data show that the two PB1 domains interact with each other via the charged regions in a 

front-to-back manner (50) (Fig. 3). The interaction with Par-6 is important for the 

localization of aPKC in polarized cells as loss of Par-6 is shown to correlated with 

mislocalized aPKC (37); however, it is not known how this interaction leads to 

polarization as opposed to the membrane localization of aPKC.  
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Figure 3. The crystal structure of PB1-PB1 dimer between PKCι/λ (blue) and Par-6α 
(yellow).  
 
The complementary electrostatic charges allow the two domains to interact. The acidic 
residues of aPKC PB1 (red) and the basic residues of Par-6 (blue) are shown at the 
binding interface. PDB 1WMH 
 
Pseudosubstrate motif 

 The presence of a cis-acting autoinhibitory motif is a common regulatory feature 

of protein kinases. Generally, a pseudosubstrate motif is a short stretch of amino acid that 

acts as a competitive inhibitor of the kinase activity since it resembles the substrate 

recognition sequence except that the phospho-accepting Ser/Thr residue is substituted to 

Ala and blocks the substrate binding (51). It was originally shown that the addition of 

synthesized PKC peptide that resembled the substrate phosphorylation site in trans 

reduced the catalytic activity of PKC in a dose-dependent manner. Kinetic analyses 

showed that the peptide inhibited PKC in a competitive manner, suggesting that it acted 

as a substrate antagonist by directly occupying the substrate-binding site in the catalytic 
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domain (52). Consistent with these data, while the PKC pseudosubstrate is protected from 

proteolysis when it is in an inactive state, it is highly sensitive to proteolysis upon 

activation (53). Extensive biochemical studies have indicated that binding to the 

activating lipid cofactors at the membrane supplies the energy necessary to release the 

PKC pseudosubstrate motif (54). However, since the lipid cofactors that activate PKCs 

do not activate aPKC, it is unclear whether aPKC pseudosubstrate motif autoinhibits the 

catalytic activity and is released in the same mechanism observed in PKCs.  

 

C1 domain 

 In cPKC and nPKC, a pair of C1 domains, C1A and C1B, serves as membrane-

targeting modules that bind DAG and phorbol esters for activation (55-59). They are 

characterized by the presence of six Cys and two His motif that coordinate two Zn2+ ions 

(each Zn2+ ion is coordinated by three Cys and one His). In contrast, there is only one C1 

domain in aPKC. Although there are six Cys and two His residues similar to the other 

PKCs, aPKC C1 domain only contains one Zn2+. Also, it is insensitive to both DAG and 

phorbol esters. The unresponsiveness to the lipid activators is attributed to a cluster of 

basic residues present in the domain (KRFNRRAFC). When four Arg residues are 

substituted to corresponding (uncharged) residues from PKCδ C1B domain, aPKCζ 

recovers the sensitivity to phorbol esters. Similarly, substitution of the residues from 

PKCδ C1B at the same position to Arg abolishes the sensitivity to phorbol esters (60).   

 Even though aPKC C1 domain does not interact with the known lipid activator, it 

may still function as membrane translocation module (unpublished data from Prehoda 

lab). Overexpression of aPKC C1 domain alone in Drosophila neuroblast results in 
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cortical localization (unpublished data). Additionally, the bacterially purified aPKC C1 

domain interacts with certain phospholipids in vitro. Many questions remain as to the 

function of aPKC C1 domain, and it is of particular interest how aPKC localization via 

C1 domain is coupled to activation of its catalytic activity.  

 

Catalytic domain  

 In general, catalytic domains of eukaryotic Ser/Thr protein kinases including 

aPKC are very well conserved and have similar tertiary structures (Fig. 4A). They are 

composed of an amino-terminal small subdomain (N-lobe) and a carboxyl-terminal large 

subdomain (C-lobe). The bilobal fold of protein kinases enables dynamic movement to 

assume different conformations and allows kinases to regulate their catalytic activity in 

response to cellular signals. There are several key features within the catalytic domain 

that regulate the coordinated movements for optimal phosphotransfer. 

 
1. ATP binding site  

 One of the most conserved motifs within catalytic domains among the different 

kinases is a glycine-rich loop (consensus sequence of the loop is GXGXXG), which 

provides necessary flexibility for anchoring ATP. The loop is also important for 

excluding water to avoid unwanted hydrolysis of an ATP molecule. However, the third 

glycine of aPKC is replaced with alanine (61). This unique loop structure is reflected by 

the interaction between ATP and the “invariant lysine” the most conserved and best 

characterized residue in protein kinases. The invariant lysine directly interacts with α-and 
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Figure 4. The structural features of aPKC catalytic domain.  

 
A. The overall structure of human PKCι (PDB: 1ZRZ) showing the bilobal 

architecture with the activation loop and the turn motif.  
B. ATP binding pocket and the substrate binding site. In a deep cleft between the 

two lobes is a binding site for one ATP molecule, and substrates bind across the 
front end of the ATP-binding pocket close to the γ-phosphate. In this figure, 
AMPPCP occupies the ATP binding site and Par-3 peptide substrate is bound at 
the substrate binding site (PDB: 4DC2). 

C. Both activation loop with the phosphorylated T403 (cyan, PDB: 1ZRZ) and non-
phosphorylated T403 (magenta, PDB: 4DC2) assume the active conformation. 
Phosphorylated T403 interacts with R368, K392, T401, and Y420 to order the 
loop. Non-phosphorylated T403 only interacts with Y420.  

D. Phosphorylated T555 in the turn motif coordinates the N-lobe in a stable active 
form.  
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β-phosphates to anchor and orient the ATP molecule. Also, it forms a salt bridge with the  

carboxyl group of one of the glycine residues in the loop and stabilizes the three- 

dimensional structure of the catalytic domain (6,7). Typically, when this Lys residue is 

mutated to other amino acids including chemically similar Arg results in inactivation. In 

contrast, substitution of Lys to Arg in aPKC exhibits normal catalytic activity (61). These 

data indicates that the ATP-binding pocket of aPKC may differ from other kinases, 

including other PKC family members. 

 

2. The activation loop   

 Many kinases require one or more phosphorylation event on the activation 

segment, which is defined as a stretch of 25-30 residues between two conserved 

tripeptide motifs (DFG and APE) within the C-lobe. The activation segment consists of 

the Mg2+ binding loop, the activation loop, and P+1 loop. The segment could adopt a 

variety of conformations when it is not phosphorylated and kinases are in inactive states. 

Once phosphorylated and active, however, the loop undergoes a dramatic conformational 

change to correctly align the residues involved in catalysis and provides a platform for 

the substrates (Fig. 4B) (7,62,63). The crystal structures of cyclic AMP-dependent 

protein kinase (PKA) (64), a cell cycle-dependent protein kinase (Cdk2) (65), and 

mitogen-activated protein kinase (66) have showed that the phosphorylated residue in the 

activation segment interacts with a pocket of positively charged patches on the surface of 

the kinase domain. These data reveal a common mechanism by which phosphorylation of 

the activation segment regulates the conformation of the substrate binding site.  
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  In the case of aPKC, the requirement for the negative charge on the activation 

loop has been controversial (Fig. 4C). The crystal structure of human aPKCι has shown 

that the loop was phosphorylated and the catalytic domain was in an active form (67,68). 

Other studies have shown that aPKC and other PKC family members require a negative 

charge at the activation loop and that 3-phosphotidylinositide-dependent kinase -1 (PDK-

1) is responsible for the phosphorylation (69-72). Either mutation of the phospho-

accepting residue or deletion of PDK-1 results in reduced aPKC catalytic activity (70). 

However, another crystal structure of human PKCι with a physiologically relevant 

peptide substrate from Par-3 shows that the kinase domain can assume the same active 

conformation in the absence of the activating phosphorylation at the activation segment 

(73). The discrepancy may originate from that the kinase domain used for the crystal 

structure was a mutant whose invariant lysine was mutated to arginine, which is reported 

to be enzymatically active as mentioned above. It is of interest whether phosphorylation 

of the activation segment is required for aPKC or if the invariant lysine mutant does not 

require the negative charge on the loop to coordinate the substrate platform. It is also 

interesting to examine if the excess amount of peptide substrate present in the 

crystallization condition could order the substrate binding platform in the absence of the 

phosphate group on the activation segment. 

 

3. Turn motif and hydrophobic motif 

 For PKC family members, the phosphorylation of the activation segment triggers 

phosphorylation of two additional sites (51,74). This series of phosphorylation events is 

called maturation, for the lack of this process leads to inactive kinases. One of the 
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phosphorylation occurs at the turn motif, which is a motif located in a proline-rich 

domain of the kinase domain and positioned at the apex of the N-lobe in the three 

dimensional structure (Fig. 4D). The inactive kinase expressed in cultured mammalian 

cells lacks the phosphate group at the turn motif (75). The selective dephosphorylation of 

the turn motif from classic PKCβII results in inactivation of the kinase activity (76). 

However, the turn motif is not phosphorylated unless the activation loop is 

phosphorylated by PDK-1. Biochemical evidence shows that the negative charge at the 

turn motif locks the kinase in the catalytically competent conformation (51). It is unclear 

whether the turn motif plays a role in aPKCs. Considering the similarity of the primary 

sequence between the other PKC family members and aPKCs, it is likely that the turn 

motif phosphorylation plays an important role in the maturation of aPKC catalytic 

domain. Also, all the crystal structures of PKCι which are in the active conformation 

show the presence of a phosphate group at this position (67,68,73). Further investigation 

is required to clarify if aPKC follows the trend of the other PKCs.  

 The second phosphorylation site is at the hydrophobic motif, which is C-terminal 

of the turn motif. It has been shown that this site is autophosphorylated in PKC isozymes 

with the exception to PKCδ (77), which an upstream kinase is shown to phosphorylate at 

this position. It has been suggested that the negative charge at the hydrophobic motif may 

not be critical to the catalytic activity of the enzymes because mutation of the phospho-

accepting serine to alanine still generates activatable PKCα and PKCβII (51). In the case 

of aPKC, the phospho-accepting residue is substituted to a phospho-mimetic glutamic 

acid (68). Balendran and colleagues showed that the hydrophobic motif of aPKC serves 

as the docking site for PDK-1 because mutation in the motif significantly reduced the 
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ability of aPKC to interact with PDK-1 (78). However, the mutation of the acidic residue 

did not affect the interaction. Thus, more investigation is needed to decipher the exact 

role of the phospho-mimetic residue in the aPKC hydrophobic motif.  

4. PDZ ligand 

 The C-terminal tails are the most variable part of the otherwise well-conserved 

PKC family members. Recent studies indicate that this region is a critical determinant for 

isoform -pecific targeting and cellular functions (55). In the case of PKCε and PKCδ, the 

tail regions play important roles in determining the isoform-specific localization and 

biological functions (79). Also, they are critical for the catalytic competence of PKCε, for 

deletion of the tail residues reduces the phosphorylation activity in a length-dependent 

manner (80). Similarly, truncation of the last 10 residues from PKCα leads to 

acatalytically inactive kinase, due to the lack of activation loop phosphorylation (81). 

Interestingly, modeling studies for both PKCε and PKCα showed that the tail regions 

intramolecularly interacted with the N-lobe. The interaction influenced the structure of 

the ATP binding site and ultimately their enzymatic activity (55). These data suggest that 

the very distal portion of the PKC kinase domain significantly impact the catalytic 

competence.  

 Additionally, PKCα and aPKC contain a PDZ domain consensus binding motif 

(PDZ ligand) at the C-terminal tail and have been reported to interact with PDZ domain-

containing proteins. For example, PDZ ligand of PKCα interacts with PICK1, which 

serves as a scaffold to localize the kinase by associating with itself and other PDZ 

domain-containing proteins at the membrane (82). Also, PDZ domain of Discs Large 

Homologue 1 (DLG1) interacts with PKCα via PDZ ligand to regulate the cell migration 
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(83). In C. elegans embryos, a PDZ-PDZ ligand-mediated interaction between Par-6 and 

aPKC has been shown to be dispensable for the localization of Par-6 because mutations 

that abolish the interaction did not affect Par-6 functionality (84). It is unclear whether 

PDZ ligand of aPKC plays regulatory roles with Par-6. However, the kinetic analyses of 

the complex between Par-6 and an aPKC PDZ ligand-deleted mutant show reduced 

activity (unpublished data). Also, PDZ ligand deletion mutant localizes in the cytoplasm 

of neuroblasts (unpublished data). Our data suggest that aPKC PDZ ligand is involved in 

both regulating the catalytic activity and localization. It is of interest to clarify this 

discrepancy as well as to examine how PDZ ligand-mediated regulation of aPKC would 

tie into the rest of the complex network of aPKC activation mechanism.  

  

BRIDGE TO CHAPTER II 

 As described above, there are many components that could regulate the catalytic 

activity of aPKC. However, it is not well understood how all these elements participate in 

controlling aPKC in a concerted manner. In the following chapter, I discuss how the 

intramolecular interaction within aPKC regulates its catalytic activity. Also, I challenge 

the standing model that Par-6 represses aPKC activity. Previous study indicated that 

aPKC on its own is constitutively active, though it contains autoinhibitory 

pseudosubstrate domain. The inhibitory mechanism of Par-6 is also unclear. To 

understand the complex regulatory network of aPKC, I realized that aPKC must be 

purified, not immunoprecipitaed. Also, I needed a method that directly measured the 

phosphorylation rates using physiologically relevant substrates instead of the traditional 

immunoprecipitation-coupled kinase assay where aPKC, along with other cellular 
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constituents, were immunoprecipitated from cellular lysate and mixed with a generic 

substrate to test the kinase activity. This method inherently presents three issues: 1) other 

proteins that directly and indirectly interact with the target kinase will be present in the 

assay, and 2) the concentration of the kinase will be unknown, and 3) the readout of the 

kinase activity is qualitative not quantitative. In the following chapter, I describe the 

intricate regulatory mechanism of aPKC using both a reconstituted system as well as 

cellular context.  

 Chapter II and III includes previously published and unpublished co-authored 

materials, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

20

CHAPTER II 

 

PARTITIONING-DEFECTIVE PROTEIN (PAR-6) ACTIVATES ATYPICAL 

PROTEIN KINASE C BY PSEUDOSUBSTRATE DISPLACEMENT 

 

This chapter contains previously published co-authored material taken with permission 

from: 

 

Graybill, C., Wee, B., Atwood, S. X., and Prehoda, K. E. (2012) Partitioning-defective 

protein (Par-6) activates atypical Protein Kinase C by pseudosubstrate displacement. 

Journal of Biological Chemistry. 287(25):21003-11. 

 

Author contributions: C.G and K.E.P designed research; C.G., B.W. performed research; 

S.X.A initiated research; C.G. and K.E.P wrote the manuscript.  

 

INTRODUCTION 

 

The Par complex functions to create distinct, polarized cortical domains by 

coupling phosphorylation to cortical release (43,45,85). Through mechanisms that are 

still being elucidated, the Par complex becomes polarized to one cortical domain and 

keeps other, cell-type specific factors, localized to an opposite cortical domain (86-88). 

The activity of aPKC is a key output of the Par complex as the association of substrates 

with the cortex can be modulated by phosphorylation (43,45,85). For example, in 
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Drosophila neuroblasts the protein Miranda localizes to a cortical domain opposite the 

Par complex and its polarization requires aPKC activity (43). Miranda associates with the 

cortex via its cortical localization domain, but once this domain is phosphorylated by 

aPKC it is released into the cytoplasm leading to their mutually exclusive localization. 

Cortical association of the protein Numb is also modulated by aPKC phosphorylation, 

both in Drosophila and polarized mammalian cells (45), suggesting that coupling of 

aPKC-mediated phosphorylation to cortical displacement may be a general mechanism 

for Par-mediated polarity. 

That activity of aPKC must be maintained within a certain range. In humans, 

inappropriate aPKC activity is associated with epithelial tumors (89,90). Ectopic aPKC 

activity in neuroblasts leads to massive overproliferation and concomitant loss of 

differentiated cells (91). In current models, aPKC activity is controlled by a complex set 

of protein-protein “scaffolding” interactions (87,92). In particular, Par-6 is thought to 

repress aPKC (42,85,93), suggesting that aPKC may have a high level of constitutive 

activity. Par-6 repression of aPKC is thought to be important in Drosophila sensory organ 

precursor (SOP) cells where aPKC activity is highly dynamic during mitosis (85). Early 

during SOP division, aPKC is held in an inactive complex along with Par-6 and the tumor 

suppressor Lethal giant larvae (Lgl). Activation is proposed to occur by phosphorylation 

of the Par-6 PB1 domain by the mitotic kinase Aurora A. As the PB1 domain is the 

interaction site with aPKC (48,50,94), Par-6 dissociates from aPKC allowing Lgl to be 

phosphorylated and released from the complex. Finally, the Par complex member Baz 

becomes engaged and aPKC becomes fully activated. The mechanism by which aPKC 
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activity is maintained within appropriate levels by dynamic scaffolding interactions has 

been unclear. 

 Although protein-protein interactions are thought to regulate aPKC, the precise 

mechanisms that control catalytic activity have been unclear. All PKC isoforms contain 

NH2-terminal domains that are potentially important for controlling the activity of the 

COOH-terminal kinase domain (74). These domains include the aPKC-specific PB1 that 

binds Par-6 (50), and the C1 domain that binds lipid cofactors such as diacylglycerol in 

other PKC family members (95,96), but whose function in aPKCs is unknown (60). 

PKCs also contain a short pseudosubstrate motif that resembles a true substrate but lacks 

a phosphorylatable residue, making it capable of acting as a competitive inhibitor. In 

other PKC isoforms the pseudosubstrate autoinhibits catalytic activity, but its role in 

regulating aPKC is unclear. In this work, we explore the interplay between internal aPKC 

regulatory elements and the protein-protein interactions that are thought to control aPKC 

activity during cell polarization.  

 

MATERIALS AND METHODS 

 

Purification of aPKCs and aPKC/Par-6 complex 

 HEK293 F cells were transfected with pCMV His6-aPKC constructs for expression 

of individual aPKC variants or co-transfected with pCMV His6-Par-6 and pCMV aPKC 

(no his tag) for expression of the aPKC/Par-6 complex using the 293fectin transfection 

reagent (Life Technology). The cells were incubated at 37 °C for 72 hours followed by 

sonication and centrifugation at 15,000 rpm for 30 min. at 4 °C. Ammonium sulfate was 
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added to the supernatant to a final concentration of 45% (w/v) and incubated at 4 °C for 

30 min. The resulting precipitate was collected by centrifugation at 15,000 rpm for 30 

min. at 4 °C and resuspended with Ni2+ lysis buffer (50 mM NaH3PO4, 300 mM NaCl, 10 

mM Imidazole, adjusted to pH 8.0 with NaOH). The resuspended precipitate were 

incubated with Ni2+ NTA resins for 45 min at 4 °C. The resins were washed with the lysis 

buffer. The proteins were eluted using Ni2+ elution buffer (50 mM NaH3PO4, 300 mM 

NaCl, 250 mM Imidazole, adjusted to pH8.0 with NaOH). The eluted proteins were 

dialyzed at 4 °C for 4 hours. For the complex with Par-6, the proteins were further 

purified with a size exclusion column (S200 10/30; GE Health). The concentration of 

aPKC was determined by comparing its reactivity with an anti-aPKC antibody (Santa 

Cruz Biotech) with that of a standard of known concentration (bacterially expressed 

aPKC kinase domain purified and quantified using a Bradford dye binding assay) on a 

western blot.  

 

Expression and purification of Lgl and Baz 

 Full-length and residues 647-673 of Drosophila Lgl isoform A and Baz residues 

905-1221 of isoform A (constituting the aPKC binding region) were cloned into pMAL-

C2 vector (New England BioLabs Inc.), in which a TEV protease recognition site was 

added following the MBP coding sequence. The residues S656 and S660 in Lgl 647-673 

were mutated to alanines. The constructs were transformed into BL21 E. coli cells. The 

expressions were induced by 0.4 mM IPTG at 18 °C overnight. The bacterial lysates were 

incubated with amylose resins (New England BioLabs Inc.). The resins were washed with 

MBP lysis buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT). 
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The MBP-fusion proteins were eluted with MBP elution buffer (20 mM Tris�HCl pH 

7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 5 mM Maltose) and dialyzed at 4 °C  

overnight in 20mM Tris�HCl pH7.5, 50mM NaCl. The affinity purified proteins were 

further purified by ion exchange.  

 

Affinity chromatography “pulldown” binding assays 

 GST pulldowns were as previously described (97). Briefly, Drosophila aPKC 120-

141 was cloned into pGEX-4T1 (GE Healthcare Life Sciences) which was transformed 

into E. coli strain BL21. Protein expression was induced by 0.4 mM IPTG at 18 °C 

overnight. The bacterial lysate was incubated with GST agarose (Sigma-Aldrich) at 4 °C 

for 15 min. The GST resins were washed with 1x GST pulldown buffer (20 mM HEPES, 

100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.5 % Triton X-100) for 3 times. For the 

experiment in Figure 1E, 30 µg of His-aPKC A134D was added along with 10, 20, 40, 

80, or 100 µM MBP-Lgl 647-673 S656A S660A peptide and incubated at room 

temperature for 20 min in a reaction volume of 100 µL. The supernatant was removed 

and added to amylose resin (New England Biolabs). Both resins were washed with 1x 

GST pulldown buffer 3 times. 30 µL of 6x SDS loading buffer was added to each sample 

followed by separation on SDS-PAGE and transfer to nitrocellulose. The membrane was 

probed for aPKC with rabbit anti-aPKCzeta (1:2000) (Santa Cruz). The membrane was 

further incubated with goat anti-rabbit peroxidase-conjugated secondary antibody and 

visualized with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). 
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In vitro kinase activity assay 

 aPKC kinase activity was measured as previously described (98). Briefly, the 

purified aPKC variants and aPKC/Par-6 complex were diluted to concentrations at which 

the incorporation of radiolabeled phosphate from [γ
-32P]ATP into MBP-Lgl peptide was 

linear with respect to time and the enzyme concentrations. The diluted enzymes were 

preincubated in the assay buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM 

MgCl2) with a wide range of MBP-Lgl peptide concentrations at 30 °C for 5 min. The 

reactions were initiated by adding 1mM ATP spiked with [γ-32P]ATP (~1.0 x 105/nmol 

ATP). The reactions were incubated at 30 °C for 10 min. The reaction mixtures were 

blotted on Grade P81 phosphopaper (Whatman). The reactions were quenched by 

immediately submerging the blotted P81 paper in 75 mM H3PO4. 5mL of scintillation 

fluid were added to measure the radioactive decays by liquid scintillation counter. For 

phosphorylation of Lgl full-length, the reactions were quenched by mixing with 6x SDS 

loading buffer. The quenched samples were analyzed by 12.5 % SDS-PAGE and 

phosphorimager. The intensities were analyzed by ImageQuant.  

 

Arg-C proteinase sensitivity assay 

 Arg-C proteolysis was described previously (99). 30 µg of aPKC variants or 

aPKC/Par-6 complex were incubated with 1 µg of endoproteinase Arg-C proteinase 

(Sigma-Aldrich) at 37 °C for 120 min. Aliquots were removed at 0 and 120 min into 

equal volume of 6x SDS loading buffer. As negative control, aPKC variants were 

incubated at the same conditions without Arg-C proteinase. The samples were separated 

by 8% SDS-PAGE and transferred to nitrocellulose membrane. Western blots were 



 

 

26

performed to probe for aPKC proteolysis as described above.  

 

S2 Lgl cortical localization assay 

 Immunofluorescence was as previously described (100). Briefly, For S2 cell 

expression, aPKC was expressed using transient transfection with a modified pMT vector 

containing the Drosophila tubulin promoter in place of the metallothionen promoter. 

Myc:Par-6 and HA:Lgl coding sequences were cloned into the regular pMT vector using 

5’-BglII and 3’-XhoI sites. Drosophila Schneider (S2) cells were maintained in 

Schneider's Medium with 10% FBS at room temperature. ~2x106 cells were seeded per 

well in a 6-well plate and transfected with 0.5 µg of each construct using Effectene 

transfection reagent according to the manufacturer's protocol. After cells were incubated 

overnight and induced with 0.5 mM CuSO4 for 24h, 200µL of cells were seeded on 12 

mm diameter glass coverslips in a 24-well plate and allowed to adhere for 1h. Cells were 

fixed for 20 minutes with 4% formaldehyde in PBS followed by 3 rinses of wash buffer 

(0.1% saponin in PBS) and two rinses of block buffer (0.1% saponin and 1% BSA in 

PBS). Coverslips were incubated overnight at 4oC with the following primary antibodies: 

rabbit anti-aPKC (1:1000; Santa Cruz Biotechnology), mouse anti-HA (1:1000; 

Covance), rat anti-Par6 (1:1000; in house). Coverslips were then rinsed 3x with blocking 

buffer, incubated at room temperature for 2h with species-specific secondary antibodies 

(1:200; Jackson Immunoresearch), rinsed 3x in washing buffer, and mounted in 

Vectashield Hardset Mounting Medium (Vector Laboratories). Images were acquired on 

a confocal microscope (Radiance; Biorad laboratories) using an oil-immersion 60x 

1.4NA objective, processed with ImageJ, and assembled in Adobe Illustrator. 
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Phosphorylation-coupled MBP pulldown assay 

 100 µg of the purified MBP-Lgl full-length and MBP-Lgl 647-673 S656A S660A 

peptide were incubated with amylose resins (New England BioLabs Inc.) for 20 min at 

room temperature. The resins were washed with 1x MBP pulldown buffer (20 mM 

HEPES, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.5 % Tween 20) for 3 times and 

once with kinase assay buffer (50 mM Tris�HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2). 

30 µg of aPKC wt/Par-6 complex was added to the washed resins with or without 0.5 

mM ATP to allow phosphorylation. The reaction mixtures were incubated at 30 °C for 1 

hour. The reaction volume was 500 µL. The resins were washed with 1x MBP pulldown 

buffer for 3 times. 6x SDS loading buffer was added to each sample. The samples were 

separated by 12.5% SDS-PAGE and binding was analyzed by western blots probing for 

aPKC as described above. 

 

RESULTS 

 

aPKC is autoinhibited by its pseudosubstrate 

 We first identified internal elements within aPKC that regulate its kinase activity 

(aPKC domain structure is shown in Fig. 5A). In current models for aPKC regulation, 

Par-6 represses kinase activity (42,85,87,93), suggesting that aPKC might be 

constitutively active. This model originates from experiments using immunoprecipitated 

aPKC and/or bacterially expressed Par-6 (42,93), in some cases with a non-specific 

substrate. To rigorously test aPKC regulation, we used high level expression in HEK293 

cells followed by a three step purification scheme (see methods). This method led to 
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variable degrees of purity of the final products, depending on the aPKC variant (a 

schematic of aPKC variants used in this study are shown in Fig. 1B; Supplemental Fig. 

S1A). Additionally, there was little difference in the degree of activation loop 

phosphorylation among the variants, with the exception that the K293W ATP-binding 

pocket mutant (101) showed severely reduced modification (Supplemental Fig. S1B). We 

measured the activity of these preparations in in vitro kinase assays using a peptide from 

Lethal giant larvae (Lgl), a known substrate (44,102,103). Lgl contains three 

phosphorylatable serines but we mutated two of them to alanine so that only a single site 

is available for phosphorylation to simplify the analysis (Fig. 5C). We measured initial 

rates of catalysis by following the transfer of a radiolabeled-phosphorous from ATP to 

the Lgl peptide over a range of substrate concentrations (i.e. a Michealis-Menten 

analysis). 

 We first compared the activities of full length aPKC to that of its isolated kinase 

domain. We observed significant levels of activity for the kinase domain but full-length 

aPKC’s activity was approximately equal to background activity, as assessed by 

measuring the activity of the ATP binding pocket mutant K293W (Fig. 5D), which 

results in an inactive kinase (101). The low activity of full length aPKC precluded 

measurement of accurate KM and kcat values for this protein but analysis of initial rates of 

the kinase domain yielded values of 4 µM and 1.8 s-1, respectively. These values are 

similar to those from other catalytic domains from the AGC family of kinases (104,105). 

The dramatic difference between the activity of full-length aPKC and its isolated kinase 

domain suggests that aPKC is autoinhibited and does not require other elements for 

regulation.  



 

 

29

 To identify domain(s) that inhibit aPKC’s activity, we measured the rates of 

substrate phosphorylation by variants that lacked individual domains within the NH2-

terminal regulatory region. Like other PKC family members, aPKC contains a 

pseudosubstrate motif that can act as an internal competitive inhibitor. A peptide 

containing the pseudosubstrate sequence competes with binding of true substrates (Fig. 

5E) suggesting that the pseudosubstrate can interact with the kinase domain active site. 

This conclusion is further supported by phosphorylation of the pseudosubstrate when the 

alanine residue that would sit in the active site is mutated to a serine residue (Fig. 5F). 

Consistent with these observations, deletion of pseudosubstrate domain dramatically 

increased aPKC activity indicating that it is required for aPKC autoinhibition (Fig. 5G). 

To further characterize the pseudosubstrate’s role in autoinhibition, we made versions of 

aPKC with point mutations in residues thought to be critical for its interaction with the 

kinase domain. Mutation of the key alanine residue to a phosphomimetic aspartic acid 

increases kinase activity presumably by causing “substrate release”. Additional mutation 

of basic residues near the phosphorylated residue that are important for kinase domain 

interaction also increase aPKC activity (Fig. 5G). Thus, the pseudosubstrate is a critical 

element of aPKC autoinhibition. 

 We also tested the role of other aPKC domains in regulating catalytic activity. In 

contrast to the pseudosubstrate, the PB1 domain, which mediates interaction with Par-6, 

does not directly regulate aPKC activity as its deletion had no detectable effect on 

catalytic activity (Fig. 6A). The aPKC sequence also contains a C1 domain directly 

COOH-terminal to the pseudosubstrate. In other PKC isoforms, the C1 binds 

diacylglycerol but C1 function in aPKC is unknown. We found that deletion of C1 
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increased aPKC activity to a level similar to pseudosubstrate mutants (Fig. 6A) 

demonstrating it plays a critical role in synergizing with the pseudosubstrate to maintain 

the autoinhibited state. 

 

Figure 5 (next page). aPKC is autoinhibited by its pseudosubstrate motif.  
 

A. aPKC domain structure. An alignment of the the pseudosubstrate motifs from flies 
(Dm), humans (Hs), and fish (Dr) is shown with the alanine that is in the position 
of the phosphorylatable residue in a typical substrate starred.  

B. Lgl domain structure. LCR, low complexity region. The three residues 
phosphorylated by aPKC are shown, as is the peptide that was used for the 
majority of the kinase activity assays showing the phosphorylation sites that were 
removed by mutation to alanine.  

C. aPKC constructs used in this study.  
D. Comparison of full-length aPKC catalytic activity to that of the isolated kinase 

domain. The initial rate of phosphorylation (µmol/minute) of a Maltose binding 
protein fusion of the Lgl peptide (MBP-Lgl peptide; see panel B) is shown for 
three aPKC variants: the isolated kinase domain, full-length, and K293W which 
disrupts the ATP binding site of the kinase domain. 

E. The pseudosubstrate interacts with aPKC and the Lgl peptide competes with their 
interaction. Addition of MBP-Lgl peptide reduces the amount of aPKC retained 
on glutathione agarose beads adsorbed with a GST fusion of the aPKC 
pseudosubstrate (top western). The supernatant was adsorbed onto amylose resin 
(bottom western) to confirm that the MBP-Lgl fusion formed a complex with 
aPKC. The A134D aPKC pseudosubstrate variant (see panel B) was used for the 
pull-down so that the internal pseudosubstrate did not compete with the pull-
down.  

F.   The pseudosubstrate containing an alanine to serine mutation is readily 
phosphorylated by aPKC. Comparison of the initial phosphorylation rate of a GST 
fusion of the pseudosubstrate containing mutation A134S (starred residue in panel 
A) to MBP-Lgl peptide. The “AADAA” aPKC pseudosubstrate variant (see panel 
B) was used for the kinetic assay. 

G. Perturbation of the pseudosubstrate activates aPKC. ∆PS, aPKC that lacks the 
pseudosubstrate; A134D, aPKC containing an aspartic acid in place of the starred 
alanine in panel A; AADAA, aPKC that contains A134D along with mutations in 
adjacent basic residues that interact with the kinase domain. The activity of full-
length aPKC is shown for comparison. 
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 To further dissect the role of the pseudosubstrate in regulating aPKC, we took 

advantage of a protease sensitivity assay in which pseudosubstrate cleavage by Arg-C is 

inhibited by its interaction with the kinase domain (99). The aPKC sequence contains two 

arginine dipeptides that are located in its pseudosubstrate and could potentially be 

cleaved by Arg-C (Fig. 5A). However, we observed no cleavage of full length wild-type 

aPKC with Arg-C over the course of 120 minutes (Fig. 6B), consistent with its low 

catalytic activity. In contrast, the version of aPKC with an aspartic acid mutation in 

pseudosubstrate domain (A134D), which we found to be highly active in the kinase 

assay, is Arg-C sensitive. Mutation of the pseudosubstrate basic residues to alanine in the 

context of the activating A134D mutation (AADAA) abolished protease sensitivity, 

confirming that the pseudosubstrate is the cleavage site. Interestingly, we found that 

removal of the C1 domain increases Arg-C sensitivity of the pseudosubstrate indicating 

that the C1 functions to regulate aPKC activity by assisting pseudosubstrate interaction 

with the kinase domain. Thus, deletion of the C1 likely causes a dramatic change in the 

conformation of aPKC. Taken together, these results indicate that pseudosubstrate 

protease sensitivity is correlated with catalytic activity, further supporting a model in 

which aPKC is autoinhibited by the synergistic activity of C1 and pseudosubstrate. 

 While our data indicates that aPKC is autoinhibited in vitro, we sought to 

determine if it is also autoinhibited in a cellular context. The aPKC substrate Lgl 

localizes to the cortex of cultured Drosophila S2 cells but phosphorylation by aPKC 

causes its displacement into the cytoplasm. When aPKC is expressed with Lgl, a 

significant fraction remains co-localized at the cortex, consistent with aPKC 

autoinhibition (Figs. 6C,D). When autoinhibition is disruputed, such as when the 
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pseudosubstrate is mutated (leading to high activity in vitro), Lgl is efficiently displaced 

from the cortex. Thus, both in vitro and in a cellular context, aPKC is autoinhibited. 

 

Figure 6. The C1 and pseudosubstrate synergistically repress aPKC activity.  
 

A. Deletion of the PB1 domain has no effect on aPKC catalytic activity whereas loss 
of the C1 activates aPKC. The activity of the isolated kinase domain and full-
length aPKC, both intact and lacking the pseudosubstrate, are shown for 
comparison.  

B. Mutations that activate aPKC are sensitive to the Arg-C protease. Arg-C protease 
cleaves at the arginine dipeptides that are located solely in the aPKC 
pseudosubstrate. Wild-type aPKC is insensitive to Arg-C, presumably because the 
pseudosubstrate is bound to the kinase domain. The A134D aPKC is Arg-C 
sensitive, consistent with its increased activity. The AADAA mutation removes 
the protease cleavage site, confirming that cleavage does not occur at other sites 
under the conditions used. Deletion of the C1 exposes the pseudosubstrate 
indicating that the C1 functions, at least in part, to displace the pseudosubstrate.  

C. Lgl cortical localization assay for aPKC activity. Lgl localizes to the cortex of 
cultured S2 cells (first column) even when co-expressed with aPKC (aPKC WT) 
or a kinase dead mutant (aPKC K293W), but becomes displaced into the 
cytoplasm with expressed with an aPKC pseudosubstrate mutant (aPKC 
RRDRR). Arrowheads indicate cortical Lgl signal.  

D.  Quantification of Lgl localization in S2 cells. The percentage of cells with 
cortical or cytoplasmic Lgl is shown when expressed by itself or with the aPKC 
variants shown in panel C. For each condition, 50 cells were examined. 



 

 

34

Par-6 activates aPKC 

 Our observation that aPKC is autoinhibited is inconsistent with the current model in 

which Par-6 inhibits aPKC activity. The lack of detectable kinase activity for full-length 

aPKC under our assay conditions suggests that further inhibition is unlikely to be 

physiologically relevant. Thus, we decided to revisit the role of Par-6 in aPKC 

regulation. Previous studies used bacterially expressed Par-6 to investigate its effect on 

aPKC activity. However, we noticed that bacterially prepared Par-6 is highly 

aggregated (Fig. 7A), presumably because of its PB1 domain as the CRIB-PDZ 

fragment is soluble and monomeric. Thus, previously observed aPKC repression may 

have been due to non-specific effects of the aggregated protein. To overcome this 

problem, we co-expressed Par-6 with aPKC in HEK293 cells and purified them together 

as a complex. When prepared in this manner, Par-6 and aPKC form a discrete complex 

as assessed by gel filtration chromatography (Fig. 7B), and with high purity as shown 

by SDS-PAGE (Fig. 7C).  

To determine the effect of Par-6 on aPKC activity, we first compared the activity 

of the co-purified aPKC/Par-6 complex to that of aPKC alone. Par-6 and aPKC interact 

via their PB1 domains (50), and Par-6 also contains semi-CRIB and PDZ domains (106) 

(Fig. 8A).  Rather than lowering the activity of aPKC, we found that Par-6/aPKC activity 

is significantly higher than aPKC alone, comparable to the activity of the aPKC 

pseudosubstrate mutants (Fig. 8B). This effect is due, in part, to the Par-6 PB1 domain as 

this domain alone is sufficient to activate aPKC (Fig. 8C). The PB1 does not activate to 

the same level as full-length Par-6, however, indicating that the CRIB-PDZ domain does 

participate in aPKC activation. Thus, we conclude that Par-6 activates aPKC through 
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PB1-PB1 interactions, and possibly additional interactions elsewhere among the two 

proteins.

 

Figure 7. Purification of the Par-6/aPKC complex.  
 

A. Bacterially expressed Par-6 is highly aggregated. Gel filtration chromatogram of 
purified bacterially expressed Par-6. Marks represent elution volume of standard 
proteins (F, ferritin–440 kDa; C, conalbumin–75 kDa; CA, carbonic anhydrase–
29 kDa; R, RNAse A–13.7 kDa).  

B. Par-6/aPKC form a discrete complex. Gel filtration chromatogram of Par-6/aPKC 
purified from HEK293 cells. Marks represent elution volume of standard proteins 
as in panel A.  

C. Purity of the Par-6/aPKC complex as assessed by gel electrophoresis and 
coomassie brilliant blue staining.  

 
How does Par-6 activate aPKC? To determine if activation occurs through the 

pseudosubstrate, we measured the activity of Par-6 in complex with aPKC containing 

activating pseudosubstrate mutants (Fig. 8D). We observed that this complex has activity 

similar to the Par-6 complex with wild-type aPKC suggesting that Par-6 acts through the 

pseudosubstrate to increase aPKC activity. We verified the effect on the pseudosubstrate 

by assessing the Arg-C sensitivity of the Par-6/aPKC complex (Fig. 8E). As opposed to 

aPKC alone, the pseudosubstrate in the Par-6/aPKC complex is readily digested by Arg-

C. The pseudosubstrate is also accessible to Arg-C in the Par-6 PB1 complex with aPKC, 

but to a lesser degree, consistent with the lower activity of this complex. We conclude 

that Par-6 activates aPKC by displacing the pseudosubstrate from the kinase domain. 
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We also tested whether Par-6 activates aPKC in a cellular context using the Lgl 

cortical localization assay in S2 cells (Figs. 8F,G). While aPKC alone is unable to 

displace Lgl into the cortex, co-expression of Par-6 or just its PB1 domain led to 

cytoplasmic Lgl, consistent with our in vitro observations. Thus, measurements in vitro 

and in cells indicate that Par-6 activates aPKC catalytic activity rather than repressing it.  

 

Figure 8 (next page). Par-6 activates, and Baz represses aPKC. 
 

A. Par-6 domain structure and interactions.  
B. Par-6 increases the catalytic activity of aPKC. The activity of full-length aPKC is 

shown for comparison.  
C. The Par-6 PB1 domain is sufficient for aPKC activation. The activities of full-

length aPKC and Par-6 activated aPKC are shown for comparison.  
D. Mutation of the pseudosubstrate does not increase aPKC activity when bound to 

Par-6. A mutation that inactivates the pseudosubtrate (“AADAA”), thereby 
activating aPKC (see Fig. 1G), has no effect in the Par-6/aPKC complex. The 
activities of full-length aPKC and Par-6 activated aPKC are shown for 
comparison.  

E. The aPKC pseudosubstrate is protease sensitive when aPKC is bound to full-
length Par-6 or its PB1 domain (see Fig. 1G for comparison to wild-type aPKC). 

F. Co-expression of Par-6 or its PB1 domain with aPKC causes cortical 
displacement of Lgl in S2 cells. Lgl (red signal) associates with the S2 cell cortex 
but phosphorylation by aPKC (green) causes displacement into the cytoplasm. 
Although aPKC itself has no effect on Lgl localization (Fig. 2C), co-expression 
with Par-6 (blue) leads to cytoplasmic Lgl.  

G. Quantification of the Lgl localization data shown in panel F for 50 cells. H, 
Bazooka (Baz) inhibits aPKC phosphorylation of the Lgl peptide. Addition of the 
Baz aPKC Binding Region (ABR) causes a decrease in the extent of Lgl that is 
phosphorylated by aPKC. 
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In addition to Par-6, the “Par complex” also includes Baz. As Baz is an aPKC 

substrate, it may compete with phosphorylation of other substrates like Lgl, although Baz 

has been proposed to activate aPKC (85). To determine if Baz influences aPKC activity, 
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we examined the effect of the Baz aPKC binding region (ABR; Baz residues 905-1221) 

on Lgl phosphorylation by Par-6/aPKC (Fig. 8H). Addition of Baz dramatically 

decreased the extent of Lgl peptide phosphorylation.  

 

Lgl is efficiently phosphorylated and released from the Par-6/aPKC complex 

 In Drosophila SOP cells, Lgl is thought to remain in a complex with aPKC until 

Aurora A activity phosphorylates Par-6, activating the complex (85). A key prediction of 

this model is that Lgl is a stable member of a ternary complex with Par-6 and aPKC, even 

though Lgl is an aPKC substrate. Our work above used a small peptide from Lgl that is 

phosphorylated by the complex and it is possible that full-length Lgl represses aPKC 

activity and remains associated with Par-6/aPKC. We examined if Par-6/aPKC 

phosphorylated full-length Lgl in vitro and observed significant phosphorylation, 

although somewhat less than with the Lgl peptide (Fig. 9A). We also tested whether Lgl 

is a stable part of the Par complex using a Maltose Binding Protein (MBP) fused Lgl 

adsorbed onto amylose resin. This protein efficiently pulls down Par-6/aPKC in the 

absence of ATP, but addition of ATP abolished the interaction (Fig. 9B). The result of 

this interaction assay indicates that MBP-Lgl is released from Par-6/aPKC once it is 

phosphorylated, as expected for an enzyme’s substrate, suggesting that Lgl transiently 

associates with the Par complex.   
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Figure 9. Lgl is a transient component of the Par complex.  
 

A. Full-length Lgl is phosphorylated by the Par-6/aPKC complex. Comparison of the 
relative phosphorylation of Lgl full-length and the Lgl peptide (see Fig. 1A).   

B. Phosphorylated Lgl is released from the complex. Although MBP-Lgl efficiently 
pulls down aPKC in the absence of ATP, the addition of ATP causes release of 
the enzyme, such that it is no longer pulled-down.  

C. Model for autoinhibited aPKC. The C1 and pseudosubstrate synergistically 
repress the aPKC catalytic domain. D, Model for Par-6 activated aPKC. The 
interaction of the Par-6 PB1 with aPKC causes release of the pseudosubstrate 
from the aPKC catalytic domain. 

 

 

DISCUSSION 

 

 Although aPKC activity is required for many cell polarities, excess activity can lead 

to tissue disorganization and overproliferation. Thus, a central question in cell polarity is 

how aPKC catalytic activity is kept in an appropriate range during dynamic processes 

such as asymmetric cell division. In the current study, we investigated the interplay 

between elements within aPKC and protein-protein interactions with Par-6 in regulating 

catalytic activity. We used both an in vitro reconstitution strategy along with a cultured 

cell cortical displacement assay to measure aPKC activity under a wide variety of 

contexts. Our observations indicate that aPKC is strongly autoinhibited and that 

interaction with Par-6 causes activation. 
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Dual domain autoinhibition of the aPKC kinase domain 

 We observed that aPKC is strongly autoinhibited. Although the full-length protein 

has detectable activity, it is significantly less active than the isolated kinase domain. For 

example, at 10 µM of substrate, the kinase domain is approximately 50-fold more active 

than full length aPKC. We focused on three NH2-terminal domains as candidates for 

autoinhibition. The PB1 domain that binds the Par complex member Par-6 by PB1 

heterodimerization is not required for autoinhibition. Surprisingly, however, aPKC 

autoinhibition is brought about by collaboration of the two other domains, the kinase 

interacting pseudosubstrate and the C1 domain. The aPKC pseudosubstrate efficiently 

interacts with the kinase domain and is readily phosphorylated when the decoy alanine is 

replaced with a phosphorylatable residue. Activation of aPKC by mutation of key kinase-

interacting residues leads to exposure of the pseudosubstrate, as detected by protease 

sensitivity. Pseudosubstrate exposure and kinase activation also occur when the C1 

domain is deleted indicating that it plays a previously unappreciated role in regulating 

kinase activity through the pseudosubstrate. In a recent structure of canonical PKC (107), 

the C1 domain makes contacts with the kinase domain suggesting that it could make 

contacts that provide additional stabilization of the pseudosubstrate interaction. 

 

Allosteric activation of aPKC by Par-6 

 Although the aPKC PB1 domain isn’t required for autoinhibition, its interaction 

with the Par-6 PB1 leads to activation. Par-6 activation of aPKC doesn’t lead to full 

activity, as the kinase domain alone is still significantly more active. However, the ability 

of Par-6/aPKC to displace Lgl from the cortex of S2 cells suggests that this level of 
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activity may be sufficient for physiological function. Par-6 activation appears to occur 

through an allosteric mechanism in which the key inhibitory pseudosubstrate interaction 

is displaced. How might Par-6 binding influence pseudosubstrate interaction with the 

kinase domain? Based on the close proximity of the PB1 and pseudosubstrate in the 

aPKC sequence, we propose a steric model in which PB1-PB1 interaction is incompatible 

with aPKC autoinhibition (Figs. 9C,D). In this model the pseudosubstrate occupies the 

kinase active site and is assisted by C1 interactions with the kinase domain. Recent work 

on the mammalian form of aPKC also implicates the C1 in regulation (108), although to a 

greater extent than described here. In canonical PKCs the C1 domain couples 

diacylglycerol binding to activation by binding to the kinase N-lobe (106,107). In aPKC, 

activation instead occurs by binding to the PB1 domain which lies on the opposite side of 

the pseudosubstrate (Fig. 5A).  

 

Par-6 couples aPKC localization and activation 

 How is aPKC regulated during complex polarization processes such as asymmetric 

cell division? Current models include Par-6 repression of aPKC as a core component but 

our results suggest that these models should be reexamined. How might aPKC 

autoinhibition and activation by Par-6 regulate polarity? In Drosophila neuroblasts and 

SOP cells, aPKC is cytoplasmic early in the cell cycle but becomes polarized to the 

cortex by metaphase. Localization of aPKC occurs by interactions with Par-6, suggesting 

that this early, unlocalized pool of aPKC may not be bound to Par-6 and therefore, 

autoinhibited. By metaphase, Par-6 becomes polarized to the cortex where it can recruit 

and activate aPKC. The coupling of aPKC localization to its activation would ensure that 



 

 

42

substrate phosphorylation only occurs at the correct place and time. 

 How do other Par complex regulatory components influence activity? The 

substrates Lgl and Baz have been proposed to regulate aPKC–Lgl by inhibiting and Baz 

by activating catalytic activity. We have found that Lgl behaves as a typical kinase 

substrate, only transiently associating with the enzyme. Baz also acts as a substrate, 

competing for the active site with other substrates such as Lgl. In SOP cells, Lgl is 

localized uniformly to the cortex early in the cell cycle but ultimately becomes polarized 

to a domain opposite to aPKC before being completely displaced into the cytoplasm. This 

dynamic pattern of localization correlates well with low aPKC activity early in the cell 

cycle (due to autoinhibition) followed by polarized activation from interactions with Par-

6. Baz, on the other hand, remains localized in the same cortical domain with Par-6 and 

aPKC (although it localizes to a separate region in epithelia cells). Further work, both in 

vitro and in vivo, is required to understand how the constellation of proteins that interact 

with Par-6 and aPKC regulate catalytic activity and cellular function.  

 

BRIDGE TO CHAPTER III 

 In this chapter, I have demonstrated how intra- and intermolecular interactions 

work synergistically to regulate aPKC activity and localization. In a polarized cell, aPKC 

activity outputs as exclusion of aPKC substrates from the cortex. How does 

phosphorylation result in displacement of substrate molecules? One of the observations is 

that Mira, Lgl, and Numb all contain multiple phosphorylation sites. However, it is 

unclear if multi-site phosphorylation is involved in the regulation of displacement 

mechanisms. Also, little is know about how aPKC phosphorylates its substrates at 
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multiple locations. In the following chapter, I describe how multi-site phosphorylation 

plays a vital role in substrate release from the membrane using Lgl as a model substrate 

in cultured Drosophila S2 cells. Finally, I investigate how aPKC preferentially 

phosphorylates Lgl at three serine residues using detailed kinetic assays.  
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CHAPTER III 

 

ORDERED MULTI-SITE PHOSPHORYLATION OF LETHAL GIANT LARVAE 

BY ATYPICAL PROTEIN KINASE C 

 

This chapter contains unpublished material prepared for submission to Journal of 

Biological Chemistry.  

 

Author contributions: K. E. Prehoda and I designed research; I performed experiments; 

K. E. Prehoda and I wrote the manuscript.  

 

INTRODUCTION 

 

 Many cells organize their cortical regions into large, molecularly discrete 

domains. The resulting cell polarity is essential for a broad array of processes, including 

cytokinesis, movement, and asymmetric division (86,87). The atypical Protein Kinase C 

(aPKC), part of the Par polarity complex, has emerged as a key organizer of the cell 

cortex (31,37,109). In Par-mediated polarity, upstream components specify the location 

and activity of aPKC. Once at the cortex, aPKC phosphorylates substrates, displacing 

them into the cytoplasm, thereby ensuring that they only occupy cortical regions opposite 

aPKC (37,91,110). Because a key aspect of Par polarity is phosphorylation coupled 

cortical displacement, we have investigated the detailed kinetics of aPKC substrate 

phosphorylation and the requirements for release from the cortex. 
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 The Par complex directs polarity in diverse systems using a mechanism that relies 

on aPKC-mediated phosphorylation. Besides aPKC, the Par complex consists of Par-3 

(Bazooka in flies) and Par-6. These proteins, along with a large number of upstream 

regulators, control aPKC localization and kinase activity in cells ranging from epithelia to 

neural stem cells. When not bound to Par-6, aPKC exists in an autoinhibited form with an 

internal pseudosubstrate motif bound to its kinase domain (111). Recruitment to the 

cortex by Par-3 and Par-6 activates aPKC such that it can efficiently phosphorylate target 

proteins, such as the tumor suppressor Lethal giant larvae (Lgl) and the fate determinants 

Numb and Miranda. Once phosphorylated, these substrates become cytoplasmic, 

effectively displacing them from cortical regions containing aPKC. In the absence of 

aPKC catalytic activity, these substrates become depolarized with severe physiological 

consequences (43-45).  

 As substrate phosphorylation by aPKC appears to be a central element of polarity, 

we have investigated the detailed kinetics of the process. Many aPKC substrates contain 

numerous phosphorylation sites (e.g. 3 sites for Lgl (44), 5 sites for Mira (43), and 5 sites 

for Numb (45)) and non-phosphorylatable mutants are not polarized by aPKC. These 

studies suggest that multi-site phosphorylation is an important component of aPKC 

phosphorylation, although this hypothesis has not been tested. Is phosphorylation at all 

sites required for cortical displacement? Are the kinetic parameters for aPKC 

phosphorylation the same at each site? Is there synergy between phosphorylation at each 

site?  

 Here, we investigated the role of the multiple phosphorylation using Lgl as a 

model aPKC substrate. First, we tested the number of phosphorylation sites needed for 
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cortical displacement of Lgl using cultured Drosophila S2 cells. We find that Lgl requires 

at least two, possibly three, phosphorylations for membrane displacement. Also, we 

examined how aPKC phosphorylates Lgl at three Ser residues using in vitro kinase 

assays. We find that the three Ser sites are not kinetically equivalent, for aPKC shows a 

clear preference among them. Furthermore, we utilized phospho-mimetic mutants to test 

whether or not multi-phosphorylation is dependent. We find that it is dependent but the 

effects depend on the position of the phospho-mimetic mutation(s). We conclude that 

phosphorylation of Lgl at multiple sites by aPKC plays a vital role in regulation of Lgl 

localization. Our results may be extended to the other aPKC substrates and differentiation 

factors to understand the mechanism of polarization. Our findings could also provide new 

insight to the substrate recognition and preference of aPKC.  

 

MATERIALS AND METHODS 

 

S2 Lgl cortical localization assay 

 Immunofluorescence was as previously described (100). Briefly, For S2 cell 

expression, aPKC was expressed using transient transfection with a modified pMT vector 

containing the Drosophila tubulin promoter in place of the metallothionen promoter. 

mCherry:Lgl coding sequences were cloned into the regular pMT vector using 5’-BglII 

and 3’-XhoI sites. Drosophila Schneider (S2) cells were maintained in Schneider's 

Medium with 10% FBS at room temperature. ~2x106 cells were seeded per well in a 6-

well plate and transfected with 0.5 µg of each construct using Effectene transfection 

reagent according to the manufacturer's protocol. After cells were incubated overnight 
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and induced with 0.5 mM CuSO4 for 24h, 200µL of cells were seeded on 12 mm 

diameter glass coverslips in a 24-well plate and allowed to adhere for 1h. Cells were 

fixed for 20 minutes with 4% formaldehyde in PBS followed by 3 rinses of wash buffer 

(0.1% saponin in PBS) and two rinses of block buffer (0.1% saponin and 1% BSA in 

PBS). Coverslips were incubated overnight at 4oC with rabbit anti-aPKC  antibody 

(1:1000; Santa Cruz Biotechnology). Coverslips were then rinsed 3x with blocking 

buffer, incubated at room temperature for 2h with species-specific secondary antibodies 

(1:200; Jackson Immunoresearch), rinsed 3x in washing buffer, and mounted in 

Vectashield Hardset Mounting Medium (Vector Laboratories). Images were acquired on 

a confocal microscope (Radiance; Biorad laboratories) using an oil-immersion 60x 

1.4NA objective, processed with ImageJ, and assembled in Adobe Illustrator. 

 

Purification of aPKC 259-606 (Kinase Domain) 

 HEK293 F cells (1X106 cells/mL) were transfected with pCMV His6-aPKC 259-

606 and pCMV dPDK-1 (without any tag) using the 293fectin transfection reagent (Life 

Technology). The cells were incubated at 37 °C for 48 hours. To harvest, the cells  were 

resuspended with Ni2+ lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM 

MgCl, 10 mM β-ME, 10 mM Imidazole, adjusted to pH 7.5 with NaOH). Then, the cells 

were lysed open using syringes and 21-gauge needles and the whole cell lysate was 

centrifugation at 15,000 rpm for 30 min. at 4 °C.  The supernatant was incubated with 

Ni2+ NTA resins for 45 min at 4 °C. The resins were washed with the lysis buffer. The 

proteins were eluted using Ni2+ elution buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 

1 mM MgCl, 10 mM B-ME, 250 mM Imidazole, adjusted to pH 7.5 with NaOH). The 
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eluted proteins were dialyzed at 4 °C for 4 hours. The concentration of aPKC was 

determined by comparing its reactivity with an anti-aPKC antibody (Santa Cruz Biotech) 

with that of a standard of known concentration (bacterially expressed aPKC kinase 

domain purified and quantified using a Bradford dye binding assay) on a western blot.  

 

Expression and purification of Lgl peptides 

 The esidues 647-673 of Drosophila Lgl isoform A were cloned into pMAL-C2 

vector (New England BioLabs Inc.), in which a TEV protease recognition site was added 

following the MBP coding sequence. The residues S656, S660, and S660 in Lgl 647-673 

were mutated to alanines or aspartic acids. The constructs were transformed into BL21 E. 

coli cells. The expressions were induced by 0.4 mM IPTG at 18 °C overnight. The 

bacterial lysates were incubated with amylose resins (New England BioLabs Inc.). The 

resins were washed with MBP lysis buffer (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 

mM EDTA, 1 mM DTT). The MBP-fusion proteins were eluted with MBP elution buffer 

(20 mM Tris�HCl pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 5 mM Maltose) and 

dialyzed at 4 °C  overnight in 20mM Tris�HCl pH7.5, 50mM NaCl, 1 mM DTT.  

 

In vitro kinase activity assay 

 aPKC kinase activity was measured as previously described (98). Briefly, the 

purified aPKC kinase domain was diluted to concentrations at which the incorporation of 

radiolabeled phosphate from [γ-32P]ATP into MBP-Lgl peptides were linear with respect 

to time and the enzyme concentrations. The diluted enzymes were preincubated in the 

assay buffer (50 mM Tris�HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2) with a wide range 
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of MBP-Lgl peptide concentrations at 30 °C for 5 min. The reactions were initiated by 

adding 1mM ATP spiked with [γ-32P]ATP (~1.0 x 106/nmol ATP). The reactions were 

incubated at 30 °C for 10 min. The reaction mixtures were blotted on Grade P81 

phosphopaper (Whatman). The reactions were quenched by immediately submerging the 

blotted P81 paper in 75 mM H3PO4. 5mL of scintillation fluid were added to measure the 

radioactive decays by liquid scintillation counter. 

 

Kinetic modeling 

 Copasi was used to model the phosphorylation reaction of wild type Lgl. To 

investigate if phosphorylations are cooperative, we used measured KM and Vmax values of 

SAA, ASA, and AAS for the first phosphorylation, SDA, SAD, ASD, DSA, ADS, and 

DAS for the second phosphorylation, and SDD, DSD, and DDS for the third 

phosphorylation. The phosphorylations were plotted over time.  

 

Separation of single-, double-, and triple-phosphorylated Lgl peptides 

 A reaction containing 15 µM MBP-Lgl  647-673, aPKC kinase domain, 1 mM 

ATP in the reaction buffer described above was set up and incubated at 30 °C for 90 min. 

Small aliquots of the reaction mixture were quenched with SDS-PAGE loading buffer 

periodically during the incubation. The quenched samples were run on Mn2+- Phos-tag 

SDS-PAGE (Wako USA). The phosphorylated Lgl was detected on western blot using 

mouse anti-MBP (1:1000; Santa Cruz Biotechnology) and bovine anti-mouse HRP 

(1:2000; Santa Cruz Biotechnology).   
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RESULTS 

 

Lgl cortical displacement requires phosphorylation at multiple serines  

 aPKC phosphorylates Lgl at three serine residues in vitro, and non-

phosphorylatable Lgl fails to be released from the plasma membrane when expressed in 

neuroblasts. Non-phosphorylatable Lgl also causes the fate determinant Miranda to 

become depolarized (44). These data indicate that phosphorylation plays a crucial role in 

Lgl localization and function. However, the role of Lgl’s multiple phosphorylation sites is 

unknown. 

To determine the role of individual Lgl phosphorylation events in its localization, 

we mutated the phosphorylatable serine residues to alanine in all possible combinations 

(Fig. 10A). The resulting proteins were tested for their localization in cultured 

Drosophila S2 cells, which have been utilized previously to investigate the membrane 

localization of aPKC substrates including Lgl. Wild type Lgl localizes at the plasma 

membrane when expressed alone, and in the cytoplasm when co-expressed with active 

aPKC. When there is only one Ser residue available for aPKC to phosphorylate, Lgl 

remained at the cortex regardless of the position of the phosphosite (fig. 10B). The 

comparison of cytoplasmic/cortical intensity ratios showed that the mutants are not 

significantly different from Lgl alone (p < 0.01) (Fig. 10C), suggesting that a single 

phosphorylation is not sufficient to release Lgl from the membrane.   

 While one phosphorylation does not lead to a detectable effect on Lgl’s 

localization, Lgl mostly localized in the cytoplasm when two of the three serine residues 

were available for aPKC to phosphorylate (fig. 10B). However, the degree of cytoplasmic 
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localization was still distinguishable from phosphorylated wild type Lgl as the 

cortical/cytoplasmic ratio for the two phosphorylation site Lgls are statistically different 

from both Lgl alone and Lgl with aPKC (Fig. 10C). Our data showed the general trend of 

increased cytoplasmic localization and reduced cortical/cytoplasmic intensity ratio, as the 

number of the available phosphorylation sites increased. These data suggest that Lgl 

needs to be phosphorylated at all three phosphorylation sites to be completely displaced 

from the membrane.  

Figure 10 (next page). Lgl requires multiple phosphorylation for cortical displacement.  
 

A. Lgl domain structure and aPKC phosphosite positions. Localization assays used 
full length Lgl whereas the kinetic assays were performed with maltose-binding 
protein-fused Lgl residues 647-673.The localization of mCherry-Lgl mutants in 
cultured Drsophila S2 cells. The localization assays show the more 
phosphorylatable, the more cytoplasmic Lgl localizes.  

B. The localization of mCherry-Lgl wild-type and aPKC phosphosite mutants in 
cultured Drsophila S2 cells.  

C. Quantification of Lgl cortical localization (n = 50 for each condition). ANOVA 
statistical analysis reveals that cortical recruitment of wild-type Lgl is 
indistinguishable from singly-phosphorylated Lgl (SAA, ASA, and AAS), and 
Lgl variants with two phosphorylatable sites (ASS, SAS, and SSA) are 
distinguishable from wild-type. 
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aPKC preferentially phosphorylates Lgl at Ser656 and Ser664 

 The localization assays demonstrated the necessity of multiple phosphorylation 

for Lgl displacement. Thus, intrinsic kinetic differences between the three sites could be 

very important for Lgl localization and function. However, it was unclear whether aPKC 

would preferentially phosphorylate the serine residues or if each of the three sites are 

equivalent. Compared to the consensus sequence (Fig. 11A), the amino acid sequence 

alignment surrounding the phosphorylation sites for each Lgl peptide shows that all 

peptides satisfy the requirement at P-5, P-2, and P+1 positions while they all fail to match 

at P-4 and P+2 positions. Also, there are more variations at N-terminal residues away 

from each phosphorylation sites. Therefore, comparison of each of the Lgl subsite 

sequences with the consensus sequence suggests that aPKC could have different kinetic 

parameters for each of the three sites. 

 

Figure 11 (next page). Non-equivalent phosphorylation of the three Lgl phosphosites by 
aPKC.  
 

A. . Amino acid sequence alignment of Lgl phosphorylation sites. The phopho-
accepting serines (P0) are labeled with red asterisks. The optimal consensus 
sequence is shown at the bottom (112). Note that multiple residues are accepted in 
some positions.  

B. Kinetic analyses of each singly-phosphorylated Lgl peptide, showing differences 
in KM and kcat.  

C. The possible pathways to phosphorylate all three phosphosites. Phosphorylated 
residues are highlighted with red. If the phosphorylation events are independent, 
based on the results from b, preferential phosphorylation occurs in the order of 
Ser664 → Ser656 → Ser660. 
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To determine whether the three serine residues are equivalent or not, we 

generated singly-phoshorylatable Lgl peptides and performed the kinase assays. Using 

Michaelis-Menten analyses, we determined the catalytic efficiency (kcat/KM) for 

phosphorylation at each subsite. As Fig. 11B shows, KM values for each serine were 7.8 

µM, 11.4 µM, and 3.8 µM and kcat values were 3.18 sec-1, 1.48 sec-1, and 4.29 sec-1 for 

SAA, ASA, and ASA, respectively. The catalytic efficiency values were 0.407 µM -1 sec-

1, 0.130 µM -1 sec-1, and 1.141 µM -1 sec-1, respectively. There are six possible pathways 

to phosphorylate all three Lgl serine residues (Fig. 11C) and, if the sites were 

independent, our data indicate a preferential order of Ser664 > Ser656 > Ser660.  

 

aPKC phosphorylation of Lgl is cooperative 

 As each serine residue in Lgl is only separated by three residues, it is likely that 

phosphorylation events interact with one another and phosphorylation at one site could 

influence the kinetic parameters of others (i.e. cooperativity). To investigate whether Lgl 

phosphorylation by aPKC is cooperative, we utilized phospho-mimetic mutants of Lgl 

peptides and tested them in kinase activity assays.  

 First, we tested how phosphorylation of a serine residue affects phosphorylation 

of directly neighboring sites (Fig. 12A). The values of KM for SDA, DSA, ASD, and 

ADS were 14.4 µM, 5.9 µM, 7.9 µM, and 6.2 µM and kcat were 3.31 sec-1, 1.82 sec-1, 0.69 

sec-1, and 4.82 sec-1, respectively. The catalytic efficiencies were 0.23 µM -1 sec-1, 0.31 

µM -1 sec-1, 0.09 µM -1 sec-1, and 0.77 µM -1 sec-1, respectively. Compared to SAA, SDA 

showed 50 % reduction in the catalytic efficiency. The reduction was attributed by KM 

increase. Both DSA and ASD showed decrease in KM values relative to ASA. However, 
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the replacement of Ser656 to an Asp residue increased kcat and the catalytic efficiency 

while the replacement at Ser664 decreased both values. Finally, ADS showed an increase 

in KM value, reducing phosphorylation rate compared to AAS. These data indicate that 

prior phosphorylations on the direct neighboring sites reduce the phosphorylation rates of 

Ser656 and Ser664. In contrast, the presence of the Asp residue at the adjacent site had 

favorable effect for Ser660, which may indicate that the negative charges may be needed 

for its efficient phosphorylation.  

 We next examined how a phosphate group influences the non-directly 

neighboring site using SAD and DAS peptides (Fig. 12B). Initial rate analyses showed 

that KM values were 27.37 µM and 3.73 µM and the values for kcat were 4.41 sec-1 and 

3.38 sec-1, respectively. The catalytic efficiencies were 0.16 µM -1 sec-1 and 0.91 µM -1 

sec-1. The effect of the Asp residue at P+8 was more pronounced than at P+4 for Ser656, 

for KM value SDA was 2 times higher than SAA and the effect on kcat was minimal while 

KM value of SAD was 3 times higher and kcat was 40 % higher than SAA. For DAS, on 

the other hand, the effect was more subtle, in which kcat was reduced from AAS by 20 % 

and almost no change in KM. Combined together, the data show that phosphomimetic  

 

Figure 12 (next page). Phosphorylation events are cooperative.  
 

A-C.  Phosphorylation rates of individual Lgl sites are affected by the 
phosphorylation state of neighboring sites (as assessed by phosphomimetic 
residues). Panel (a) shows the effect of modification at directly neighboring sites, 
while panel (b) shows the effect of more distant modifications. Finally, (c) 
demonstrates the effect of modification at both of the other sites. The data show -
the phosphorylation rates are cooperative but the affects differ depending on the 
positions of the phospho-accepting residue and modified site(s). Based on the 
results from a-c, phosphorylation primarily occurs in the order of Ser664 → Ser660 
→ Ser656. 
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residue at P+8 influenced kcat, but it changed KM at P+4. These data indicate that 

proximal phosphorylation at P-8 or P+8 reduces catalytic efficiency.  

 We next examined how a phosphate group influences the non-directly 

neighboring site using SAD and DAS peptides (Fig. 12B). Initial rate analyses showed 

that KM values were 27.37 µM and 3.73 µM and the values for kcat were 4.41 sec-1 and 

3.38 sec-1, respectively. The catalytic efficiencies were 0.16 µM -1 sec-1 and 0.91 µM -1 

sec-1. The effect of the Asp residue at P+8 was more pronounced than at P+4 for Ser656, 

for KM value SDA was 2 times higher than SAA and the effect on kcat was minimal while 

KM value of SAD was 3 times higher and kcat was 40 % higher than SAA. For DAS, on 

the other hand, the effect was more subtle, in which kcat was reduced from AAS by 20 % 

and almost no change in KM. Combined together, the data show that phosphomimetic 

residue at P+8 influenced kcat, but it changed KM at P+4. These data indicate that 

proximal phosphorylation at P-8 or P+8 reduces catalytic efficiency.  

 Finally, we examined how two phosphate groups affect the phosphorylation of the 

remaining Ser residues using SDD, DSD, and DDS Lgl peptides (Fig. 12C). The values 

of KM were 26.37 µM, 2.47 µM, and 6.40 µM and kcat were 2.04 sec-1, 0.54 sec-1, and 

2.54 sec-1, respectively. The catalytic efficiencies were 0.08 µM -1 sec-1, 0.22 µM -1 sec-1, 

and 0.40 µM -1 sec-1, respectively. These data show that the presence of two Asp residues 

decrease the phosphorylation rates of Ser656 and Ser664 while they increase that of Ser660. 

These results indicate that Ser660 is more likely to be phosphorylated after Ser656 and 

Ser664 are phosphorylated.  

 All the kinetic parameters measured showed that the replacement of Ser660 to Asp 

residues resulted in increased KM values for Ser656 and Ser664. On the other hand, the 
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presence of phosphomimetic residue(s) were beneficial to Ser660. Taken together, the 

primary order of phosphorylation is likely to be Ser664 -> Ser660 -> Ser656 while the 

secondary pathway may be Ser656 -> Ser664 -> Ser660.    

 

Ordered phosphorylations of aPKC 

 Considering how similar the sequences of the three Lgl phosphorylation subsites 

are, it was surprising how aPKC presented clear preferences among them. We reasoned 

that the residues which all three subsites failed to satisfy the consensus sequence 

requirement may not contribute much in the activity differences observed, and that the 

preferential phosphorylation of Ser664 originated from the differences in the residues 

surrounding Ser664 and Ser660.  

 To investigate the basis for the subsites preference within Lgl, we examined series 

of mutations in the context of Lgl ASA (Fig. 13A). First, we noticed that ASA peptide 

had a Glu residue at P+3 position while SAA and AAS peptides had a Lys at the same 

position. The values of KM and kcat for ASA E663K mutant were 12.39 µM and 1.68 µM -

1 sec-1, respectively, indicating that the replacement of Glu to Lys at P+3 does not 

increase the rate of ASA phosphorylation. We also tested ASA L661F mutant. Although 

ASA mutant satisfies the hydrophobic residue requirement at P+1 position, both SAA 

and AAS peptides had a Phe residue. The values for KM and kcat for ASA L661F were 

10.66 µM and 2.47 µM -1 sec-1, respectively, suggesting that the substitution of Lue to 

Phe at P+1 position did not affect KM but kcat increased by 66%, compared to ASA. When 

ASA L661F E663K double-mutant was tested, kcat value was 1.70 µM -1 sec-1 and 

comparable to ASA, but KM value was reduced down to 1.88 µM. This was 6 times lower 
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than ASA and 2 times lower than AAS, implying that the those two residues may play 

roles in binding affinity.  

 We followed the concentration of singly, doubly, and triply phosphorylated Lgl to 

determine how well the kinetic parameters from each site could predict bulk 

phosphorylation behavior. Using SDS-PAGE gels containing Mn2+ and Phos-tag, we 

were able to resolve each of the phosphorylated species (Fig. 13B). We then quantified 

the degree of phosphorylation and compared to a simulation of wild type Lgl 

phosphorylation (Fig. 13C). 

 

DISCUSSION  

 

 Phosphorylation coupled release of aPKC substrates from the plasma membrane 

is a central element of Par-mediated polarization. The mechanism by which substrates are 

released from cortex has been unclear, however. In the case of the tumor suppressor Lgl, 

phosphorylation by aPKC is crucial for not only asymmetric cell division but also 

epithelial cell polarity and cell migration (103). In the present work, we have found that  

Figure 13 (next page). Ordered phosphorylations of aPKC 

 
A. Critical recognition positions that determine the KM for aPKC phosphorylation. 

Mutation of L661F and E663K together converted KM of ASA peptide to that of 
AAS peptide. Phosphorylation of Lgl peptide with three serines. 15 mM of wild 
type Lgl peptide was phosphorylated for 90 min in the presence of aPKC kinase 
domain and 1 mM ATP. The phosphorylated Lgl was separated on Mn2+ Phos-
tag SDS-PAGE.  

B. Time course of wild-type Lgl phosphorylation as determined by phospho-
resolving gel electrophoresis. 

C. Modeling of Lgl phosphorylation by aPKC. The degree of phosphorylation was 
quantified using the data from panel (B) and overlaid with a simulation of wild 
type Lgl phosphorylation (solid lines) using the data measured in the previous 
sections.  
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aPKC phosphorylation of Lgl at each of its three phosphosites is required for full 

displacement from the cortex in a cultured S2 cell model system. Because multi-site 

phosphorylation is essential for cortical release, and therefore polarization, we 

investigated the kinetics at each site, and how phosphorylation at one site influences 

others. A mathematical model for Lgl phosphorylation based on the empirical parameters 

we measured is in good agreement with the overall rates of Lgl phosphorylation that we 

observed.  

 

Multi-site phosphorylation is coupled to cortical release of Lgl 

 We first addressed the relationship between the number of phosphorylations and 

cortical localization of Lgl by expressing various Lgl constructs in cultured Drosophila 

S2 cells. We observed a general trend of increasing cytoplasmic Lgl with increasing 

phosphorylation states, indicating an additive effect of multi-site phosphorylation on 

membrane interaction. Similar behavior has been observed with another aPKC substrate, 

myristoylated-alanine rich C-kinase substrate (MARCKS). Phosphorylation of three 

serine residues in MARCKS reduces its electrostatic attraction for the membrane, 

resulting in translocation of MARCKS into the cytoplasm (113-115). Multi-site 

phosphorylation of aPKC substrates could be a general mechanism for altering the 

electrostatic charges of the substrates to regulate their membrane interactions in cell. It is 

of interest to determine whether multi-site phosphorylation exhibits the same effects on 

other aPKC substrates such as Miranda and Numb. 
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Phosphorylation order as regulatory element for cortical displacement 

 We examined whether phosphorylation of each serine residues were equivalent 

and found that aPKC preferentially phosphorylates Lgl in the order of Ser664 > Ser656 > 

Ser660, indicating that the phosphosites are not equivalent. We also tested if phosphosites 

interact with one another and found that the effects of phosphorylation (using 

phosphomimetic residues as a proxy) depend on their position relative to the target serine. 

For example, the presence of Asp at Ser656 increases KM of adjacent sites. On the other 

hand, the phosphmimetic residue(s) decreased KM for Ser660. Our data indicate the 

primary pathway for Lgl phosphorylation is Ser664 → Ser660 → Ser656 while the 

secondary pathway is Ser656 → Ser664 → Ser660. The addition of phosphate groups on 

substrates in an ordered manner may serve as another layer of regulation in cortical 

displacement, as differences in kinetic parameters could contribute to how well fate 

determinants interact with the plasma membrane (i.e. the association and dissociation 

rates). Kinetic analyses of other aPKC substrates, combined with localization assays, will 

be useful for more generalized understanding of the relationship between the number of 

phosphorylation and cortical release behaviors.   

 

Flexibility in aPKC substrate recognition sequence 

 Substrate recognition is an important aspect of substrate binding and specificity.  

Though the three serine residues and the surrounding amino acid sequences are similar to 

one another, aPKC showed a clear preference among them, suggesting that the subtle 

difference in sequence could have a large impact on kinetic parameters and substrate 

preference. Lgl phosphorylation sites showed some deviation from the known consensus 
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amino acid sequence of aPKC substrates (73,104,112). All Lgl peptides satisfied the 

requirement at P-5, P-2, and P+1 positions while they all failed to match at P-4 and P+2 

positions. Our data demonstrate that the mutation of Leu to Phe at the P+1 position 

slightly increased Vmax, suggesting that the larger hydrophobic residue interacts more 

favorably with the kinase interaction surface. In contrast, mutation of Glu to Lys at the 

P+3 site, thought to be critical for recognition, did not influence the phosphorylation rate 

at Ser660. Taken together, our study suggests that the collective properties of the phospho-

accepting residue regions plays a key role in preferential binding and efficient catalysis. 

This could explain the range of amino acid requirements seen in a single recognition site. 

Our study emphasizes the complexity of substrate specificity and the flexibility of 

aPKC’s substrate recognition mechanism.  

 

BRIDGE TO CHAPTER IV 

 The data presented in Chapter III demonstrated how Lgl phosphorylation at 

multiple serine residues plays a crucial role in cortical displacement. The kinetic analyses 

show that aPKC preferentially phosphorylates Lgl although the amino acid sequences 

surrounding the phospho-accepting serine are quite similar. Also, the phosphomimetic 

mutants indicate that phosphorylation events are cooperative. These findings could 

provide new insights to the role of phosphorylation in cortical release of aPKC substrates. 

In the next chapter, I summarize my thesis research and discuss some of the interesting 

questions that await the answers.  
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CHAPTER IV 

 

CONCLUSIONS AND FUTURE CONSIDERATIONS 

 

CONCLUSIONS  

 Complex signaling networks are employed in cells to temporally and spatially 

regulate the catalytic activity of protein kinases, as dysfunctional kinase cascades often 

lead to devastating diseases such as cancers. aPKC is a well-conserved regulator of cell 

polarity in metazoan systems. Unregulated phosphorylation activity of aPKC causes 

defects in development and tissue homeostasis, suggesting that aPKC plays crucial roles 

in the grand scheme of cell polarization. Despite its physiological significance, little is 

known about the regulatory mechanism of aPKC.  

 In Chapter II, I described both intra- and intermolecular regulation of aPKC 

activity. Previously, it was thought that aPKC was constitutively active though it 

contained a pseudosubstrate domain, whose function was reported to inhibit kinase 

activities in other kinases. To challenge the existing model, I developed a reconstituted 

system and more stringent kinetic method. With the new methods, I was able to 

determine that full length aPKC’s catalytic activity was autoinhibited by the cis-acting 

pseudosubstrate domain. Consistent with the kinetic data, Arg-C proteinase sensitivity 

assay also showed that full length aPKC was in an inactive conformation. Additionally, 

as S2 localization assay showed that the pseudosubstrate mutant, but not full length 

aPKC, displaced Lgl from the cortex. The above findings led me to reinvestigate the role 

of Par-6, another component of the Par complex. It was previously shown that Par-6 
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repressed aPKC activity, but it seemed unnecessary to repress already inactive aPKC. To 

our surprise, the kinetic analyses and the Arg-C proteinase assays showed that Par-6 

activated aPKC by displacing pseudosubstrate domain. Consistent with activation, Lgl 

was released from the membrane when both aPKC and Par-6 were co-expressed. Taken 

together, our data suggest a dual role of Par-6 in aPKC polarization and aPKC activity.  

In other words, aPKC activity is coupled to localization via Par-6.  

 In Chapter III, I discussed how the activity of aPKC translates to the localization 

patterns of its substrates. I realized that fate determinants such as Lgl, Mira, and Numb 

contained multiple aPKC phosphorylation sites. However, it has never been directly 

tested if multi-site phosphorylations are necessary for their localization behaviors. Using 

Lgl as a model substrate in S2 localization assay, I found that Lgl localized at the cortex 

in the absence of aPKC. As the number of phosphorylations of Lgl increased, the 

cytoplasmic localization of Lgl increased. As the singly phosphorylatable Lgl was not 

statistically different from non-phosphorylated Lgl, our data suggest that multiple 

phosphorylation is required for displacement of Lgl from the membrane. We also 

performed kinetic analyses to examine how aPKC phosphorylated three serine residues in 

Lgl. Despite similarities among the residues surrounding the phospho-accepting serine 

residues, aPKC exhibited clear preferences among them. Finally, I tested whether the 

presence of negative charge(s) on the neighboring site(s) affect the preceding 

phosphorylation events. The results of phosphomimetic mutant Lgls showed that the 

phosphorylation is cooperative although the effects depended on the position of the 

phospho-accepting serine residue relative to the acidic residue(s). These findings imply a 
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possible general mechanism of cortical displacement where rates of substrate 

phosphorylation could regulate how long it would associate with the membrane.  

 My thesis research depicts how both cis- and trans-acting regulatory elements 

regulate aPKC activity and localization. My research also shows how aPKC activity is 

coupled to substrate localizations. These findings provide deeper understanding of how 

the Par complex mediates the establishment of cellular polarization.  

 

FUTURE CONSIDERATIONS 

 The data presented in Chapter II show that Par-6 PB1 was sufficient to partially 

displace pseudosubstrate domain and activate aPKC activity. However, the kinetic data 

suggest that the C-terminal part of Par-6 (CRIB-PDZ) also participate in the regulation of 

aPKC, as Par-6 PB1cannot fully recover the activity level of aPKC/Par-6 wild type 

complex. To examine the involvement of Par-6 CRIB-PDZ in aPKC regulation, we first 

tested the direct interaction between the two proteins using GST pull down assays using 

bacterially expressed GST-fused Par-6 CRIB-PDZ. The binding assay showed that wild 

type aPKC interacted with both full length Par-6 wt and Par-6 CRIB-PDZ, though CRIB-

PDZ binding was weaker than wt (Fig. 14A). Because aPKC contains PDZ ligand at the 

very distal end of the catalytic domain, it is likely that they interact each other in PDZ-

PDZ ligand mediated manner. Next, we tested the kinetic effect of this interaction in the 

kinase assay. To do so, we first investigated the activity of aPKC mutant lacking PDZ 

ligand (aPKC ∆PDZL) was comparable to aPKC wild type. Then, we purified aPKC 

∆PDZL in complex with ful length Par-6. The mutant complex showed higher activity 

than wild type aPKC alone, but it was only partially activated, suggesting that 
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PDZ/CRIB-PDZ interaction regulates aPKC activity (Fig. 14B). We also purified aPKC 

∆PDZL/Par-6 PB1 complex and tested in the kinase assay. Interestingly, the activity of 

this complex was equivalent to full length aPKC, suggesting that displacement of 

pseudosubstrate domain by Par-6 PB1 requires the interaction between PDZ-PDZ ligand. 

The exact mechanism remains to be tested.  

 In the literature, it has been reported that a Rho family GTPase Cdc42 is an 

upstream of aPKC that apically localizes in neuroblasts when bound to GTP (94,116). It 

is also shown to interact with Par-6 via CRIB-PDZ when it is in GTP bound form (117). 

This interaction rescues aPKC activity from Par-6 repression in vitro though the recovery 

was marginal (93). Now that we think Par-6 is an activator of aPKC, the role of Cdc42 is 

unclear. One possibility is that Cdc42 may be another component that couples the 

localization to the activity of aPKC as Cdc42 localizes at the apical cortex prior to Par-6. 

It is also possible that Cdc42 further activates aPKC activity in the context of aPKC/Par-

6, as the activity of the complex is about 50 % of aPKC kinase domain alone. 

 In Chapter III, I used Lgl as a model substrate to examine how multiple 

phosphorylation plays a role in its localization and how aPKC preferentially 

phosphorylates those sites. It is possible that the addition of the multiple phosphates may 

attenuate the interaction with the plasma membrane as the electrostatic charges of 

substrate change (113,114). To examine if this is a general mechanism that other aPKC 

substrate utilizes, this hypothesis needs to be tested with other proteins such as Mira and 

Numb. It would be also beneficial to compare if the phosphorylation rate differences 

among the substrates correlates to how long they remain bound to the membrane. It 

would be of interest to see if one could manipulate the cellular localization of an  
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Figure 14. Par-6 CRIB-PDZ participates in regulation of aPKC activity.  

A. GST pulldown assay to test the direct interaction between aPKC wt and Par-6 
130-255 (CRIB-PDZ). Bacterially expressed GST-fusion Par-6 and GST-Par-6 
CRIB-PDZ were immobilized onto glutathione-agarose. Then, aPKC wt was 
allowed to interact with GST-fusion proteins. The interaction was examined by a 
western blot probing against aPKC with rabbit anti-aPKC antibody.  

B. The effects of aPKC PDZ ligand on its aPKC catalytic activity. Deletion of PDZ 
ligand from aPKC (aPKC ∆PDZL) did not affect the enzyme activity and the 
mutant showed the similar activity level with full length aPKC alone. aPKC 
∆PDZL in complex with Par-6 wt exhibits partial activation compared to full 
length alone. But it was less than that of aPKC/Par-6 PB1 complex. aPKC 
∆PDZL/ Par-6 PB1 complex show activity level comparative to aPKC wt.  
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artificially engineered substrate whose number of phospho-accepting serines and 

phosphorylation rates are modulated.  

 

CONCLUDING REMARKS 

 As our understanding of signal transduction increases, it is clear that multiple 

layers of complex regulatory mechanisms precisely control localization and activity of 

protein kinases. My research shows that aPKC is no exception to this general 

phenomenon. Here, I have described the intricate but elegant intra- and intermolecular 

mechanisms responsible for the regulation aPKC. Additionally, I have also depicted that 

aPKC phosphorylation activity outputs as displacement of its substrate from the plasma 

membrane. These results demonstrate a seemingly simple strategy of cells where activity 

and localizations of the enzyme as well as its substrates are coupled one another. These 

regulatory mechanisms may be general methods that protein kinases utilize in cell 

signaling. 

 

 

 

 

 

 

 

 

 



 

 

71

APPENDIX 

 

SUPPLEMENTAL MATERIALS FOR CHAPTER II 

 

Abbreviations used in this chapter:  
 
GST  Glutathione-S-transferase 
MBP  Maltose-binding protein 
 
 

Supplemental figure 1. Characterization of aPKC proteins used in this study. 
 

A. Purity as assessed by SDS-PAGE and coomassie brilliant blue staining. The band 
corresponding to wild type aPKC (as identified by reactivity with the anti-aPKC 
antibody) is marked with an arrowhead. 

B. Activation loop phosphorylation. Upper panel shows western signal using an 
antibody specific to aPKC containing a phosphorylated activation loop. The lower 
panel shows signal for total aPKC. 

 



 

 

72

 

 
 



 

 

73

REFERENCES CITED 

 

1. Tarrant, M. K., and Cole, P. A. (2009) The chemical biology of protein 
phosphorylation. Annu Rev Biochem 78, 797-825 

2. Taylor, S. S., and Ghosh, G. (2006) Protein kinases: Catalysis and regulation. 
Curr Opin Struc Biol 16, 665-667 

3. Krebs, E. G., and Fischer, E. H. (1955) Phosphorylase activity of skeletal muscle 
extracts. J Biol Chem 216, 113-120 

4. Fischer, E. H., and Krebs, E. G. (1955) Conversion of phosphorylase b to 
phosphorylase a in muscle extracts. J Biol Chem 216, 121-132 

5. Hayes, J. S., and Mayer, S. E. (1981) Regulation of guinea pig heart 
phosphorylase kinase by cAMP, protein kinase, and calcium. Am J Physiol 240, 
E340-349 

6. Ubersax, J. A., and Ferrell, J. E., Jr. (2007) Mechanisms of specificity in protein 
phosphorylation. Nat Rev Mol Cell Biol 8, 530-541 

7. Huse, M., and Kuriyan, J. (2002) The conformational plasticity of protein kinases. 
Cell 109, 275-282 

8. Johnson, S. A., and Hunter, T. (2005) Kinomics: methods for deciphering the 
kinome. Nat Methods 2, 17-25 

9. Inoue, M., Kishimoto, A., Takai, Y., and Nishizuka, Y. (1977) Studies on a cyclic 
nucleotide-independent protein kinase and its proenzyme in mammalian tissues. 
II. Proenzyme and its activation by calcium-dependent protease from rat brain. J 
Biol Chem 252, 7610-7616 

10. Nishizuka, Y. (2003) Discovery and prospect of protein kinase C research: 
epilogue. J Biochem 133, 155-158 

11. Ohno, S., and Nishizuka, Y. (2002) Protein kinase C isotypes and their specific 
functions: prologue. J Biochem 132, 509-511 



 

 

74

12. Takai, Y., Kishimoto, A., Kikkawa, U., Mori, T., and Nishizuka, Y. (1979) 
Unsaturated diacylglycerol as a possible messenger for the activation of calcium-
activated, phospholipid-dependent protein kinase system. Biochem Biophys Res 
Commun 91, 1218-1224 

13. Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, U., and Nishizuka, Y. 
(1982) Direct activation of calcium-activated, phospholipid-dependent protein 
kinase by tumor-promoting phorbol esters. J Biol Chem 257, 7847-7851 

14. Nakashima, S. (2002) Protein kinase C alpha (PKC alpha): regulation and 
biological function. J Biochem 132, 669-675 

15. Kawakami, T., Kawakami, Y., and Kitaura, J. (2002) Protein kinase C beta (PKC 
beta): normal functions and diseases. J Biochem 132, 677-682 

16. Saito, N., and Shirai, Y. (2002) Protein kinase C gamma (PKC gamma): function 
of neuron specific isotype. J Biochem 132, 683-687 

17. Kikkawa, U., Matsuzaki, H., and Yamamoto, T. (2002) Protein kinase C delta 
(PKC delta): activation mechanisms and functions. J Biochem 132, 831-839 

18. Kashiwagi, M., Ohba, M., Chida, K., and Kuroki, T. (2002) Protein kinase C eta 
(PKC eta): its involvement in keratinocyte differentiation. J Biochem 132, 853-
857 

19. Akita, Y. (2002) Protein kinase C-epsilon (PKC-epsilon): its unique structure and 
function. J Biochem 132, 847-852 

20. Altman, A., and Villalba, M. (2002) Protein kinase C-theta (PKC theta): a key 
enzyme in T cell life and death. J Biochem 132, 841-846 

21. Roffey, J., Rosse, C., Linch, M., Hibbert, A., McDonald, N. Q., and Parker, P. J. 
(2009) Protein kinase C intervention: the state of play. Curr Opin Cell Biol 21, 
268-279 

22. Suzuki, A., Akimoto, K., and Ohno, S. (2003) Protein kinase C lambda/iota 
(PKClambda/iota): a PKC isotype essential for the development of multicellular 
organisms. J Biochem 133, 9-16 



 

 

75

23. Hirai, T., and Chida, K. (2003) Protein kinase Czeta (PKCzeta): activation 
mechanisms and cellular functions. J Biochem 133, 1-7 

24. Nakanishi, H., and Exton, J. H. (1992) Purification and characterization of the 
zeta isoform of protein kinase C from bovine kidney. J Biol Chem 267, 16347-
16354 

25. Nakanishi, H., Brewer, K. A., and Exton, J. H. (1993) Activation of the zeta 
isozyme of protein kinase C by phosphatidylinositol 3,4,5-trisphosphate. J Biol 
Chem 268, 13-16 

26. Limatola, C., Schaap, D., Moolenaar, W. H., and van Blitterswijk, W. J. (1994) 
Phosphatidic acid activation of protein kinase C-zeta overexpressed in COS cells: 
comparison with other protein kinase C isotypes and other acidic lipids. Biochem 
J 304 ( Pt 3), 1001-1008 

27. Muller, G., Ayoub, M., Storz, P., Rennecke, J., Fabbro, D., and Pfizenmaier, K. 
(1995) PKC zeta is a molecular switch in signal transduction of TNF-alpha, 
bifunctionally regulated by ceramide and arachidonic acid. Embo J 14, 1961-1969 

28. Wang, G., Silva, J., Krishnamurthy, K., Tran, E., Condie, B. G., and Bieberich, E. 
(2005) Direct binding to ceramide activates protein kinase Czeta before the 
formation of a pro-apoptotic complex with PAR-4 in differentiating stem cells. J 
Biol Chem 280, 26415-26424 

29. Fields, A. P., and Regala, R. P. (2007) Protein kinase C iota: human oncogene, 
prognostic marker and therapeutic target. Pharmacol Res 55, 487-497 

30. Ellenbroek, S. I., Iden, S., and Collard, J. G. (2012) Cell polarity proteins and 
cancer. Semin Cancer Biol 22, 208-215 

31. Suzuki, A., and Ohno, S. (2006) The PAR-aPKC system: lessons in polarity. J 
Cell Sci 119, 979-987 

32. Etienne-Manneville, S., and Hall, A. (2001) Integrin-mediated activation of 
Cdc42 controls cell polarity in migrating astrocytes through PKCzeta. Cell 106, 
489-498 



 

 

76

33. Hung, T. J., and Kemphues, K. J. (1999) PAR-6 is a conserved PDZ domain-
containing protein that colocalizes with PAR-3 in Caenorhabditis elegans 
embryos. Development 126, 127-135 

34. Cheeks, R. J., Canman, J. C., Gabriel, W. N., Meyer, N., Strome, S., and 
Goldstein, B. (2004) C. elegans PAR proteins function by mobilizing and 
stabilizing asymmetrically localized protein complexes. Curr Biol 14, 851-862 

35. Munro, E., Nance, J., and Priess, J. R. (2004) Cortical flows powered by 
asymmetrical contraction transport PAR proteins to establish and maintain 
anterior-posterior polarity in the early C. elegans embryo. Dev Cell 7, 413-424 

36. Ohno, S. (2001) Intercellular junctions and cellular polarity: the PAR-aPKC 
complex, a conserved core cassette playing fundamental roles in cell polarity. 
Curr Opin Cell Biol 13, 641-648 

37. Rolls, M. M., Albertson, R., Shih, H. P., Lee, C. Y., and Doe, C. Q. (2003) 
Drosophila aPKC regulates cell polarity and cell proliferation in neuroblasts and 
epithelia. J Cell Biol 163, 1089-1098 

38. Harris, T. J., and Peifer, M. (2005) The positioning and segregation of apical cues 
during epithelial polarity establishment in Drosophila. J Cell Biol 170, 813-823 

39. Morais-de-Sa, E., Mirouse, V., and St Johnston, D. (2010) aPKC phosphorylation 
of Bazooka defines the apical/lateral border in Drosophila epithelial cells. Cell 
141, 509-523 

40. Suzuki, A., Ishiyama, C., Hashiba, K., Shimizu, M., Ebnet, K., and Ohno, S. 
(2002) aPKC kinase activity is required for the asymmetric differentiation of the 
premature junctional complex during epithelial cell polarization. J Cell Sci 115, 
3565-3573 

41. Sotillos, S., Diaz-Meco, M. T., Caminero, E., Moscat, J., and Campuzano, S. 
(2004) DaPKC-dependent phosphorylation of Crumbs is required for epithelial 
cell polarity in Drosophila. J Cell Biol 166, 549-557 

42. Yamanaka, T., Horikoshi, Y., Suzuki, A., Sugiyama, Y., Kitamura, K., Maniwa, 
R., Nagai, Y., Yamashita, A., Hirose, T., Ishikawa, H., and Ohno, S. (2001) PAR-
6 regulates aPKC activity in a novel way and mediates cell-cell contact-induced 
formation of the epithelial junctional complex. Genes Cells 6, 721-731 



 

 

77

43. Atwood, S. X., and Prehoda, K. E. (2009) aPKC phosphorylates Miranda to 
polarize fate determinants during neuroblast asymmetric cell division. Curr Biol 
19, 723-729 

44. Betschinger, J., Mechtler, K., and Knoblich, J. A. (2003) The Par complex directs 
asymmetric cell division by phosphorylating the cytoskeletal protein Lgl. Nature 
422, 326-330 

45. Smith, C. A., Lau, K. M., Rahmani, Z., Dho, S. E., Brothers, G., She, Y. M., 
Berry, D. M., Bonneil, E., Thibault, P., Schweisguth, F., Le Borgne, R., and 
McGlade, C. J. (2007) aPKC-mediated phosphorylation regulates asymmetric 
membrane localization of the cell fate determinant Numb. Embo J 26, 468-480 

46. Sumimoto, H., Kamakura, S., and Ito, T. (2007) Structure and function of the PB1 
domain, a protein interaction module conserved in animals, fungi, amoebas, and 
plants. Sci STKE 2007, re6 

47. Moscat, J., Diaz-Meco, M. T., and Wooten, M. W. (2009) Of the atypical PKCs, 
Par-4 and p62: recent understandings of the biology and pathology of a PB1-
dominated complex. Cell Death Differ 16, 1426-1437 

48. Moscat, J., Diaz-Meco, M. T., Albert, A., and Campuzano, S. (2006) Cell 
signaling and function organized by PB1 domain interactions. Mol Cell 23, 631-
640 

49. Noda, Y., Kohjima, M., Izaki, T., Ota, K., Yoshinaga, S., Inagaki, F., Ito, T., and 
Sumimoto, H. (2003) Molecular recognition in dimerization between PB1 
domains. J Biol Chem 278, 43516-43524 

50. Hirano, Y., Yoshinaga, S., Takeya, R., Suzuki, N. N., Horiuchi, M., Kohjima, M., 
Sumimoto, H., and Inagaki, F. (2005) Structure of a cell polarity regulator, a 
complex between atypical PKC and Par6 PB1 domains. J Biol Chem 280, 9653-
9661 

51. Newton, A. C. (2001) Protein kinase C: structural and spatial regulation by 
phosphorylation, cofactors, and macromolecular interactions. Chemical reviews 
101, 2353-2364 

52. House, C., and Kemp, B. E. (1987) Protein kinase C contains a pseudosubstrate 
prototope in its regulatory domain. Science 238, 1726-1728 



 

 

78

53. Orr, J. W., Keranen, L. M., and Newton, A. C. (1992) Reversible exposure of the 
pseudosubstrate domain of protein kinase C by phosphatidylserine and 
diacylglycerol. J Biol Chem 267, 15263-15266 

54. Johnson, J. E., Giorgione, J., and Newton, A. C. (2000) The C1 and C2 domains 
of protein kinase C are independent membrane targeting modules, with specificity 
for phosphatidylserine conferred by the C1 domain. Biochemistry 39, 11360-
11369 

55. Steinberg, S. F. (2008) Structural basis of protein kinase C isoform function. 
Physiological reviews 88, 1341-1378 

56. Hubbard, S. R., Bishop, W. R., Kirschmeier, P., George, S. J., Cramer, S. P., and 
Hendrickson, W. A. (1991) Identification and characterization of zinc binding 
sites in protein kinase C. Science 254, 1776-1779 

57. Giorgione, J., Hysell, M., Harvey, D. F., and Newton, A. C. (2003) Contribution 
of the C1A and C1B domains to the membrane interaction of protein kinase C. 
Biochemistry 42, 11194-11202 

58. Ho, C., Slater, S. J., Stagliano, B., and Stubbs, C. D. (2001) The C1 domain of 
protein kinase C as a lipid bilayer surface sensing module. Biochemistry 40, 
10334-10341 

59. Corbalan-Garcia, S., and Gomez-Fernandez, J. C. (2006) Protein kinase C 
regulatory domains: the art of decoding many different signals in membranes. 
Biochim Biophys Acta 1761, 633-654 

60. Pu, Y., Peach, M. L., Garfield, S. H., Wincovitch, S., Marquez, V. E., and 
Blumberg, P. M. (2006) Effects on ligand interaction and membrane translocation 
of the positively charged arginine residues situated along the C1 domain binding 
cleft in the atypical protein kinase C isoforms. J Biol Chem 281, 33773-33788 

61. Spitaler, M., Villunger, A., Grunicke, H., and Uberall, F. (2000) Unique structural 
and functional properties of the ATP-binding domain of atypical protein kinase C-
iota. J Biol Chem 275, 33289-33296 

62. Nolen, B., Taylor, S., and Ghosh, G. (2004) Regulation of protein kinases; 
controlling activity through activation segment conformation. Mol Cell 15, 661-
675 



 

 

79

63. Orr, J. W., and Newton, A. C. (1994) Requirement for negative charge on 
"activation loop" of protein kinase C. J Biol Chem 269, 27715-27718 

64. Knighton, D. R., Zheng, J. H., Ten Eyck, L. F., Ashford, V. A., Xuong, N. H., 
Taylor, S. S., and Sowadski, J. M. (1991) Crystal structure of the catalytic subunit 
of cyclic adenosine monophosphate-dependent protein kinase. Science 253, 407-
414 

65. De Bondt, H. L., Rosenblatt, J., Jancarik, J., Jones, H. D., Morgan, D. O., and 
Kim, S. H. (1993) Crystal structure of cyclin-dependent kinase 2. Nature 363, 
595-602 

66. Zhang, F., Strand, A., Robbins, D., Cobb, M. H., and Goldsmith, E. J. (1994) 
Atomic structure of the MAP kinase ERK2 at 2.3 A resolution. Nature 367, 704-
711 

67. Messerschmidt, A., Macieira, S., Velarde, M., Badeker, M., Benda, C., Jestel, A., 
Brandstetter, H., Neuefeind, T., and Blaesse, M. (2005) Crystal structure of the 
catalytic domain of human atypical protein kinase C-iota reveals interaction mode 
of phosphorylation site in turn motif. J Mol Biol 352, 918-931 

68. Takimura, T., Kamata, K., Fukasawa, K., Ohsawa, H., Komatani, H., Yoshizumi, 
T., Takahashi, I., Kotani, H., and Iwasawa, Y. (2010) Structures of the PKC-iota 
kinase domain in its ATP-bound and apo forms reveal defined structures of 
residues 533-551 in the C-terminal tail and their roles in ATP binding. Acta 
Crystallogr D Biol Crystallogr 66, 577-583 

69. Dutil, E. M., Toker, A., and Newton, A. C. (1998) Regulation of conventional 
protein kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1). 
Curr Biol 8, 1366-1375 

70. Chou, M. M., Hou, W., Johnson, J., Graham, L. K., Lee, M. H., Chen, C. S., 
Newton, A. C., Schaffhausen, B. S., and Toker, A. (1998) Regulation of protein 
kinase C zeta by PI 3-kinase and PDK-1. Curr Biol 8, 1069-1077 

71. Le Good, J. A., Ziegler, W. H., Parekh, D. B., Alessi, D. R., Cohen, P., and 
Parker, P. J. (1998) Protein kinase C isotypes controlled by phosphoinositide 3-
kinase through the protein kinase PDK1. Science 281, 2042-2045 



 

 

80

72. Cenni, V., Doppler, H., Sonnenburg, E. D., Maraldi, N., Newton, A. C., and 
Toker, A. (2002) Regulation of novel protein kinase C epsilon by 
phosphorylation. Biochem J 363, 537-545 

73. Wang, C., Shang, Y., Yu, J., and Zhang, M. (2012) Substrate recognition 
mechanism of atypical protein kinase Cs revealed by the structure of PKCiota in 
complex with a substrate peptide from Par-3. Structure 20, 791-801 

74. Newton, A. C. (2010) Protein kinase C: poised to signal. American journal of 
physiology. Endocrinology and metabolism 298, E395-402 

75. Behn-Krappa, A., and Newton, A. C. (1999) The hydrophobic phosphorylation 
motif of conventional protein kinase C is regulated by autophosphorylation. Curr 
Biol 9, 728-737 

76. Keranen, L. M., Dutil, E. M., and Newton, A. C. (1995) Protein kinase C is 
regulated in vivo by three functionally distinct phosphorylations. Curr Biol 5, 
1394-1403 

77. Ziegler, W. H., Parekh, D. B., Le Good, J. A., Whelan, R. D., Kelly, J. J., Frech, 
M., Hemmings, B. A., and Parker, P. J. (1999) Rapamycin-sensitive 
phosphorylation of PKC on a carboxy-terminal site by an atypical PKC complex. 
Curr Biol 9, 522-529 

78. Balendran, A., Biondi, R. M., Cheung, P. C., Casamayor, A., Deak, M., and 
Alessi, D. R. (2000) A 3-phosphoinositide-dependent protein kinase-1 (PDK1) 
docking site is required for the phosphorylation of protein kinase Czeta (PKCzeta 
) and PKC-related kinase 2 by PDK1. J Biol Chem 275, 20806-20813 

79. Wang, Q. J., Lu, G., Schlapkohl, W. A., Goerke, A., Larsson, C., Mischak, H., 
Blumberg, P. M., and Mushinski, J. F. (2004) The V5 domain of protein kinase C 
plays a critical role in determining the isoform-specific localization, translocation, 
and biological function of protein kinase C-delta and -epsilon. Mol Cancer Res 2, 
129-140 

80. Zhu, Y., Smith, D., Verma, C., Lim, W. G., Tan, B. J., Armstrong, J. S., Zhou, S., 
Chan, E., Tan, S. L., Zhu, Y. Z., Cheung, N. S., and Duan, W. (2006) The very C-
terminus of protein kinase Cepsilon is critical for the full catalytic competence but 
its hydrophobic motif is dispensable for the interaction with 3-phosphoinositide-
dependent kinase-1. Cell Signal 18, 807-818 



 

 

81

81. Yeong, S. S., Zhu, Y., Smith, D., Verma, C., Lim, W. G., Tan, B. J., Li, Q. T., 
Cheung, N. S., Cai, M., Zhu, Y. Z., Zhou, S. F., Tan, S. L., and Duan, W. (2006) 
The last 10 amino acid residues beyond the hydrophobic motif are critical for the 
catalytic competence and function of protein kinase Calpha. J Biol Chem 281, 
30768-30781 

82. Staudinger, J., Zhou, J., Burgess, R., Elledge, S. J., and Olson, E. N. (1995) 
PICK1: a perinuclear binding protein and substrate for protein kinase C isolated 
by the yeast two-hybrid system. J Cell Biol 128, 263-271 

83. O'Neill, A. K., Gallegos, L. L., Justilien, V., Garcia, E. L., Leitges, M., Fields, A. 
P., Hall, R. A., and Newton, A. C. (2011) Protein kinase Calpha promotes cell 
migration through a PDZ-dependent interaction with its novel substrate discs 
large homolog 1 (DLG1). J Biol Chem 286, 43559-43568 

84. Li, J., Kim, H., Aceto, D. G., Hung, J., Aono, S., and Kemphues, K. J. (2010) 
Binding to PKC-3, but not to PAR-3 or to a conventional PDZ domain ligand, is 
required for PAR-6 function in C. elegans. Dev Biol 340, 88-98 

85. Wirtz-Peitz, F., Nishimura, T., and Knoblich, J. A. (2008) Linking cell cycle to 
asymmetric division: Aurora-A phosphorylates the Par complex to regulate Numb 
localization. Cell 135, 161-173 

86. Prehoda, K. E. (2009) Polarization of Drosophila neuroblasts during asymmetric 
division. Cold Spring Harb Perspect Biol 1, a001388 

87. Knoblich, J. A. (2010) Asymmetric cell division: recent developments and their 
implications for tumour biology. Nat Rev Mol Cell Biol 11, 849-860 

88. Betschinger, J., Eisenhaber, F., and Knoblich, J. A. (2005) Phosphorylation-
induced autoinhibition regulates the cytoskeletal protein Lethal (2) giant larvae. 
Curr Biol 15, 276-282 

89. Eder, A. M., Sui, X., Rosen, D. G., Nolden, L. K., Cheng, K. W., Lahad, J. P., 
Kango-Singh, M., Lu, K. H., Warneke, C. L., Atkinson, E. N., Bedrosian, I., 
Keyomarsi, K., Kuo, W. L., Gray, J. W., Yin, J. C., Liu, J., Halder, G., and Mills, 
G. B. (2005) Atypical PKCiota contributes to poor prognosis through loss of 
apical-basal polarity and cyclin E overexpression in ovarian cancer. Proc Natl 
Acad Sci U S A 102, 12519-12524 



 

 

82

90. Regala, R. P., Weems, C., Jamieson, L., Copland, J. A., Thompson, E. A., and 
Fields, A. P. (2005) Atypical protein kinase Ciota plays a critical role in human 
lung cancer cell growth and tumorigenicity. J Biol Chem 280, 31109-31115 

91. Lee, C. Y., Robinson, K. J., and Doe, C. Q. (2006) Lgl, Pins and aPKC regulate 
neuroblast self-renewal versus differentiation. Nature 439, 594-598 

92. Rosse, C., Linch, M., Kermorgant, S., Cameron, A. J., Boeckeler, K., and Parker, 
P. J. (2010) PKC and the control of localized signal dynamics. Nat Rev Mol Cell 
Biol 11, 103-112 

93. Atwood, S. X., Chabu, C., Penkert, R. R., Doe, C. Q., and Prehoda, K. E. (2007) 
Cdc42 acts downstream of Bazooka to regulate neuroblast polarity through Par-6 
aPKC. J Cell Sci 120, 3200-3206 

94. Lin, D., Edwards, A. S., Fawcett, J. P., Mbamalu, G., Scott, J. D., and Pawson, T. 
(2000) A mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and 
aPKC signalling and cell polarity. Nat Cell Biol 2, 540-547 

95. Giorgione, J. R., Lin, J. H., McCammon, J. A., and Newton, A. C. (2006) 
Increased membrane affinity of the C1 domain of protein kinase Cdelta 
compensates for the lack of involvement of its C2 domain in membrane 
recruitment. J Biol Chem 281, 1660-1669 

96. Colon-Gonzalez, F., and Kazanietz, M. G. (2006) C1 domains exposed: from 
diacylglycerol binding to protein-protein interactions. Biochim Biophys Acta 
1761, 827-837 

97. Qian, Y., and Prehoda, K. E. (2006) Interdomain interactions in the tumor 
suppressor discs large regulate binding to the synaptic protein GukHolder. J Biol 
Chem 281, 35757-35763 

98. Hastie, C. J., McLauchlan, H. J., and Cohen, P. (2006) Assay of protein kinases 
using radiolabeled ATP: a protocol. Nat Protoc 1, 968-971 

99. Dutil, E. M., and Newton, A. C. (2000) Dual role of pseudosubstrate in the 
coordinated regulation of protein kinase C by phosphorylation and diacylglycerol. 
J Biol Chem 275, 10697-10701 



 

 

83

100. Wee, B., Johnston, C. A., Prehoda, K. E., and Doe, C. Q. (2011) Canoe binds 
RanGTP to promote Pins(TPR)/Mud-mediated spindle orientation. J Cell Biol 
195, 369-376 

101. Berra, E., Diaz-Meco, M. T., Dominguez, I., Municio, M. M., Sanz, L., Lozano, 
J., Chapkin, R. S., and Moscat, J. (1993) Protein kinase C zeta isoform is critical 
for mitogenic signal transduction. Cell 74, 555-563 

102. Plant, P. J., Fawcett, J. P., Lin, D. C., Holdorf, A. D., Binns, K., Kulkarni, S., and 
Pawson, T. (2003) A polarity complex of mPar-6 and atypical PKC binds, 
phosphorylates and regulates mammalian Lgl. Nat Cell Biol 5, 301-308 

103. Yamanaka, T., Horikoshi, Y., Sugiyama, Y., Ishiyama, C., Suzuki, A., Hirose, T., 
Iwamatsu, A., Shinohara, A., and Ohno, S. (2003) Mammalian Lgl forms a 
protein complex with PAR-6 and aPKC independently of PAR-3 to regulate 
epithelial cell polarity. Curr Biol 13, 734-743 

104. Nishikawa, K., Toker, A., Johannes, F. J., Songyang, Z., and Cantley, L. C. 
(1997) Determination of the specific substrate sequence motifs of protein kinase 
C isozymes. J Biol Chem 272, 952-960 

105. House, C., Wettenhall, R. E., and Kemp, B. E. (1987) The influence of basic 
residues on the substrate specificity of protein kinase C. J Biol Chem 262, 772-
777 

106. Peterson, F. C., Penkert, R. R., Volkman, B. F., and Prehoda, K. E. (2004) Cdc42 
regulates the Par-6 PDZ domain through an allosteric CRIB-PDZ transition. Mol 
Cell 13, 665-676 

107. Leonard, T. A., Rozycki, B., Saidi, L. F., Hummer, G., and Hurley, J. H. (2011) 
Crystal structure and allosteric activation of protein kinase C betaII. Cell 144, 55-
66 

108. Lopez-Garcia, L. A., Schulze, J. O., Frohner, W., Zhang, H., Suss, E., Weber, N., 
Navratil, J., Amon, S., Hindie, V., Zeuzem, S., Jorgensen, T. J., Alzari, P. M., 
Neimanis, S., Engel, M., and Biondi, R. M. (2011) Allosteric regulation of protein 
kinase PKCzeta by the N-terminal C1 domain and small compounds to the PIF-
pocket. Chem Biol 18, 1463-1473 



 

 

84

109. Goldstein, B., and Macara, I. G. (2007) The PAR proteins: fundamental players in 
animal cell polarization. Dev Cell 13, 609-622 

110. Jan, Y. N., and Jan, L. Y. (2001) Asymmetric cell division in the Drosophila 
nervous system. Nat Rev Neurosci 2, 772-779 

111. Graybill, C., Wee, B., Atwood, S. X., and Prehoda, K. E. (2012) Partitioning-
defective Protein 6 (Par-6) Activates Atypical Protein Kinase C (aPKC) by 
Pseudosubstrate Displacement. J Biol Chem 287, 21003-21011 

112. Kang, J. H., Toita, R., Kim, C. W., and Katayama, Y. (2012) Protein kinase C 
(PKC) isozyme-specific substrates and their design. Biotechnol Adv 30, 1662-
1672 

113. Ohmori, S., Sakai, N., Shirai, Y., Yamamoto, H., Miyamoto, E., Shimizu, N., and 
Saito, N. (2000) Importance of protein kinase C targeting for the phosphorylation 
of its substrate, myristoylated alanine-rich C-kinase substrate. J Biol Chem 275, 
26449-26457 

114. McLaughlin, S., and Murray, D. (2005) Plasma membrane phosphoinositide 
organization by protein electrostatics. Nature 438, 605-611 

115. Herget, T., Oehrlein, S. A., Pappin, D. J., Rozengurt, E., and Parker, P. J. (1995) 
The myristoylated alanine-rich C-kinase substrate (MARCKS) is sequentially 
phosphorylated by conventional, novel and atypical isotypes of protein kinase C. 
Eur J Biochem 233, 448-457 

116. Welchman, D. P., Mathies, L. D., and Ahringer, J. (2007) Similar requirements 
for CDC-42 and the PAR-3/PAR-6/PKC-3 complex in diverse cell types. Dev 
Biol 305, 347-357 

117. Garrard, S. M., Capaldo, C. T., Gao, L., Rosen, M. K., Macara, I. G., and 
Tomchick, D. R. (2003) Structure of Cdc42 in a complex with the GTPase-
binding domain of the cell polarity protein, Par6. Embo J 22, 1125-1133 

 


