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ABSTRACT OF THE DISSERTATION 
 
 
 

Deregulation of Protein Kinase C alpha Signaling in Neurodegenerative Disease 
 
 
 

by 
 
 
 

Julia Ann Callender 
 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 

University of California San Diego, 2019 
 
 

Professor Alexandra C. Newton, Chair 
 
 
 
 

The focus of this thesis is to study the mechanisms that control the activity of 

Protein Kinase C α and how deregulation of these mechanisms leads to 

neurodegenerative pathology. Protein kinase C (PKC) is a family of enzymes whose 

members transduce a large variety of cellular signals instigated by the receptor-mediated 

hydrolysis of membrane phospholipids. Conventional protein kinase C (PKC) family 
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members are reversibly activated by binding to the second messengers Ca2+ and 

diacylglycerol, events that break autoinhibitory constraints to allow the enzyme to adopt 

an active, but degradation-sensitive, conformation. Perturbing these autoinhibitory 

constraints, resulting in protein destabilization, is one of many mechanisms by which 

PKC function is lost in cancer. Here we show that PKCα signaling contributes to the 

pathology of Alzheimer’s disease (AD), a neurodegenerative disease that remains 

incurable. We observe changes in electrophysiology in hippocampal brain slices to show 

that PKCα is necessary for Amyloid beta (Aβ)-mediated synaptic depression. We use 

FRET-based PKC activity reporters to show that PKCα is activated as a result of 

exposing primary astrocytes to Aβ and that AD-associated mutations in PKCα increase 

its signaling output in cells. We use a combination of biochemical, in silico, and in vivo 

approaches to conduct an in-depth characterization of one of these variants (PKCα-

M489V), thus establishing the mechanism through which it confers enhanced PKCα 

activity without compromising stability. We also use live cell imaging assays to study in 

more detail the mechanism of PKCα signaling, showing that it is regulated by 

intramolecular interactions between its N-terminal and C-terminal domains. We 

investigate a previously unstudied tyrosine phosphorylation site in the C2 domain of 

PKCα and establish that phosphorylation at this site—as well as tyrosine phosphorylation 

in general—promotes PKCα activity. Taken together, the work presented within this 

thesis serves the ultimate goal of understanding the mechanisms that regulate PKCα 

signaling in order to effectively target PKCα in the treatment of neurodegenerative 

diseases.



 1 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 
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1.1 HISTORY OF PROTEIN KINASE C 

Protein kinase C (PKC) was discovered in the late 1970s by Nishizuka and 

colleagues as the pro-enzyme of a constitutively-active kinase they had purified from 

bovine brain (1, 2). The originally-purified enzyme was termed protein kinase M (PKM), 

as the only cofactor required for activity was Mg2+ (2). Subsequent studies revealed that 

PKM was a proteolytic product of a parent pro-enzyme whose activity was stimulated by 

Ca2+ and the particulate fraction of brain extracts; they named the pro-enzyme protein 

kinase C (PKC) for its activation by the second messenger Ca2+ (3). In a series of classic 

biochemical studies involving adding back components of brain extracts, the “activators” 

of the pro-enzyme were identified as phospholipids, notably phosphatidylserine (3), and a 

“trace impurity” later identified as diacylglycerol (4). The discovery that PKC (whose 

official name was now Ca2+-activated, phospholipid-dependent kinase) was directly 

activated by diacylglycerol provided the long-sought effector for the phospholipid 

hydrolysis that earlier studies by Hokin and Hokin had shown was provoked by 

cholinergic stimulation (5).  

The discovery that catapulted PKC to the forefront of signaling was its 

identification as a receptor for the tumor promoting phorbol esters (6), a finding made 

possible by the synthesis of relatively water soluble phorbol esters, notably phorbol 

dibutyrate (PDBu) by Blumberg and colleagues (7). This diverted studies of PKC from 

the brain to understanding its role in cancer (8). Yet 30+ years of clinical trials for cancer 

using PKC inhibitors not only failed (9), but in some cases worsened patient outcome 

(10). It took analysis of cancer-associated mutations in PKC to reveal that the multiple 
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isozymes in this family generally function to suppress survival signaling (11), so 

therapies for cancer should focus on restoring rather than inhibiting activity. Mounting 

evidence suggests that PKC opposes oncogenic survival signaling by its phosphorylation 

and inactivation of oncogenes such as K-Ras (12, 13), growth factor receptors (14-16) 

and phosphatidylinositol-3 kinase (17-19), among others. The key role of PKC in 

suppressing proliferative and survival pathways poise it to play a role not only in cancer 

via its loss-of-function, but also in degenerative diseases via gain-of-function. The 

investigation of the role played by PKC signaling in neurodegenerative disease has been 

the primary focus of this dissertation work. 

 

1.2 REGULATION OF PKC ACTIVITY 

The PKC family is encoded by nine genes whose protein products are organized 

into three subfamilies based on their cofactor dependence: conventional PKC isozymes 

(α, the alternatively spliced βI and βII, and γ) are activated by diacylglycerol and Ca2+, 

novel PKC isozymes (δ, ε, θ, and η), are activated by diacylglycerol, and atypical PKC 

isozymes (ζ, ι) are regulated by protein scaffolds (20, 21) (Figure 1.1). In addition, a 

splice variant of PKCζ lacking the regulatory moiety is expressed in the brain; it is 

named PKMζ in reference to the constitutively-active kinase moiety PKM described 

above (22).  Biochemical analyses by Nishizuka’s group originally showed that PKC 

activity is higher in brain than in any other tissue examined, with particular enrichment in 

synaptosomal membrane fractions (23). Subsequent immunohistochemical studies 

revealed strong expression of PKC in both neuronal and glial cells in different regions of 
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the brain (24-28). Isozyme-specific differences were later unveiled with the generation of 

isozyme-specific antibodies. For example, while the conventional PKCα is expressed in 

both glial and neuronal cells in multiple brain regions including the cerebral cortex and 

the basal ganglia, it is most highly expressed in the hippocampus. PKCβ expression is 

more limited to neurons, in a wide range of brain regions. The expression of PKCγ is 

restricted to neurons and is not normally found outside the brain (29). All of the novel 

PKC isozymes are also enriched in brain tissues, and in addition to the PKCζ splice 

variant PKMζ whose expression is restricted to brain, the full-length atypical PKC 

isozymes are themselves highly expressed in the brain, although they are mostly found in 

neurons and not in glia. 

All PKC isozymes are processed by a series of ordered phosphorylations and 

ordered conformational transitions to yield a signaling-competent enzyme that is 

maintained in an autoinhibited conformation until the correct second messengers are 

present (30-32). Specifically, binding of a pseudosubstrate segment in the substrate-

binding cavity of the kinase domain prevents activation in the absence of agonist. Agonist 

binding to the diacylglycerol-sensing C1 domain and Ca2+-sensing C2 domain breaks 

intramolecular contacts to “open” PKC and permit substrate phosphorylation. PKCα is 

the only diacylglycerol-dependent isozyme with an identified C-terminal PDZ ligand, 

which it uses to engage in interactions with PDZ domain-containing scaffold proteins 

such as Protein Interacting with C Kinase 1 (PICK1), PSD95 and SAP97 (33, 34). For 

extensive reviews of PKC structure, function, regulation, and pharmacology, the reader is 

referred to (8, 30, 35-37). 
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Conventional and novel PKC isozymes move through a tightly-regulated life 

cycle of signaling (Figure 1.2). Newly-synthesized isozymes are in an open and 

degradation-sensitive conformation; they undergo a series of stabilizing phosphorylations 

at sites termed the activation loop, turn motif, and hydrophobic motif that lock the 

enzyme in an autoinhibited and stable conformation (Figure 1.2, species (i)) (20, 21). 

These phosphorylations—unlike those found in many other kinases—are constitutive and 

not agonist-evoked. The “matured” PKC remains in the cytosol in its inactive, auto-

inhibited form (31, 38), a state which is discussed below in more detail. Agonist-

triggered, receptor-mediated activation of phospholipase C, typically via coupling to the 

G protein Gq, results in the generation of diacylglycerol, the key allosteric activator of 

PKC (39). Typically the lipid hydrolyzed is phosphatidylinositol-4,5-bisphosphate (PIP2) 

resulting in release of the headgroup inositol trisphosphate (IP3) and Ca2+ mobilization 

(40). Phosphoinositide signaling is particularly robust in neurons, with recent kinetic 

analysis revealing that PIP2 is resynthesized significantly more rapidly in these cells 

compared with electrically non-excitable cells (41). Conventional PKC isozymes respond 

to both of these second messengers produced from PIP2 hydrolysis: first, Ca2+ binds the 

C2 domain to recruit PKC to the plasma membrane via [1] bridging of the C2-bound Ca2+ 

to anionic phospholipids, such as phosphatidylserine, and [2] PIP2 binding at a distal site 

that serves as a plasma membrane sensor (Figure 1.2, species (ii)). Once at the 

membrane, the enzyme binds its membrane-embedded ligand, diacylglycerol, primarily 

by the C1B domain, which also specifically recognizes PS. Engagement of the C1B 

domain to the membrane provides the energy to release the autoinhibitory 
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pseudosubstrate, yielding an open and active enzyme that can propagate downstream 

signaling (Figure 1.2, species (iii)). This membrane translocation is a hallmark of PKC 

activation, and movement to the membrane serves as a marker for the activation of the 

enzyme (42, 43). Binding to protein scaffolds, such as Receptors for Activated C Kinase 

(RACKS) identified by Mochly-Rosen and coworkers in the early 1990s (44) or PDZ 

domain proteins, also play roles in localizing PKC and positioning it near substrates (45). 

While a closed, auto-inhibited PKC is resistant to dephosphorylation and degradation, an 

open PKC protein is now sensitive to phosphatases (46, 47). Consequently, prolonged 

activation of PKC results in its dephosphorylation and degradation by a PHLPP-mediated 

quality control pathway (48) (Figure 1.2, species (iv)), as is seen during chronic treatment 

with potent PKC activators such as phorbol esters and bryostatins, which cause the 

downregulation of PKC (42, 49). Indeed, overnight treatment with phorbol esters was a 

common way to deplete cells of PKC before the advent of siRNA and gene editing 

technologies. The precise regulation of each step of this pathway must be maintained for 

cellular homeostasis. 

 
1.3 PKC STRUCTURE AND AUTOINHIBITION 

With regards to the crystal structure of PKC, until recently only the crystal 

structures of the individual domains had been resolved. The kinase domain alone has 

been crystallized for PKC α, βII, θ, and ι (50-54). The C2 domain has been crystallized 

for PKC α, βII, δ, η, and ε (55-60). The C1 domains of PKC α, γ, and δ have been 

crystallized as well (61-63). The structure of full-length PKC was not solved until 2011, 
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when Hurley and colleagues successfully crystallized full-length rat PKCβII and resolved 

the C1B, C2, and kinase domain (64). Using the crystal packing data from this study, we 

proposed a model in which the C2 domain clamps against the kinase domain and 

autoinhibits PKCβII’s signaling, a state that persists until Ca2+ binds the C2 domain and 

facilitates translocation to the plasma membrane (38). Subsequently, Igumenova and 

colleagues proposed that the C2 domain of another conventional PKC (PKCα) 

autoinhibits the inactive state of the enzyme, thus supporting that autoinhibition by the N-

terminal regulatory domains is a shared mechanism among the conventional PKC 

isozymes (65). Given the importance of maintaining a tight regulation of PKC signaling 

for avoiding disease states, understanding the details of how PKCα’s N-terminal domains 

(primarily, the C2 domain) regulate its signaling has been an ongoing goal of this thesis 

work. 

 

1.4 PKC SUBSTRATES IN THE BRAIN 

PKC phosphorylates a large variety of substrates and plays a role in many 

different signaling cascades. Here, we discuss some illustrative examples of both 

presynaptic and postsynaptic PKC substrates in the brain, which are summarized in 

Figure 1.3.  

Regulation of the cytoskeleton: MARCKS, GAP43, and Tau 

The Myristoylated Alanine-rich C-Kinase Substrate (MARCKS) was identified by 

Greengard and colleagues in 1982 as a protein highly enriched in brain that is heavily 

phosphorylated by PKC (66, 67). It has since become one of the most robust and well 
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characterized read-outs of conventional and novel PKC signaling (68). Its deletion in 

mice has revealed that it is required for mouse brain development and postnatal survival 

(69). MARCKS binds to the plasma membrane via a myristoyl electrostatic switch, 

whereby the coordinated association of a hydrophobic N-terminal myristic acid with the 

bilayer and an adjacent basic segment with anionic phospholipid headgroups drives 

membrane association (70). At the membrane, MARCKS facilitates the cross-linking of 

actin filaments (71). Phosphorylation at multiple residues within the basic segment by 

PKC causes MARCKS to be released from the plasma membrane to the cytosol, thus 

promoting actin depolarization (70, 72-76). Growth Associated Protein 43 (GAP43), 

required for neuronal development (77), is another conventional and novel PKC substrate 

that, similarly to MARCKS, normally localizes to the plasma membrane. 

Phosphorylation by PKC causes GAP43 to move away from the membrane (78), which 

promotes the disassociation of long actin filaments (79). This phosphorylation also breaks 

GAP43’s interaction with calmodulin (80, 81). In addition to their roles in regulating the 

cytoskeleton, both MARCKS and GAP43 interact with and sequester PIP2 while at the 

plasma membrane. Release of these proteins from the membrane as a result of 

phosphorylation by PKC therefore leads to an increase in available PIP2 levels for other 

cellular processes such as endocytosis (82, 83). 

PKC also regulates microtubule dynamics through its effects on tau, a 

microtubule-associated protein that is highly enriched in neurons (84). First, PKC directly 

phosphorylates tau in a non-pathological setting both in vitro and in vivo (85, 86). 

Second, PKC has been implicated in tau phosphorylation indirectly through its ability to 
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phosphorylate and inactivate Glycogen synthase kinase-3 beta (GSK-3β), thereby 

reducing tau phosphorylation catalyzed by this kinase (87). PKC has also been linked to 

N-methyl-D-aspartate receptor (NMDAR)-mediated reduction in tau phosphorylation 

(88). Overall, PKC’s regulation of cytoskeleton dynamics in the brain plays a critical role 

not only in synapse formation and maintenance, but also in the functions of non-neuronal 

cells such as endothelial and glial cells (68).  

Regulation of Neurotransmission Proteins 

 PKC has long been implicated in the regulation of neurotransmission and synaptic 

plasticity by phosphorylating transporters, ion channels, and G protein-coupled receptors. 

For example, PKC phosphorylates and regulates the dopamine transporter, AMPA-type 

glutamate receptors (AMPARs), NMDA-type glutamate receptors (NMDARs), gamma-

aminobutyric acid (GABA) receptors, mu opioid receptor, and mGluR5 receptors, to 

name a few (89-97). It is PKC’s role in postsynaptic signaling that places it in a key 

position to regulate synaptic plasticity; PKC phosphorylation of GluA2 subunits of 

AMPARs is required for AMPAR internalization from the post-synaptic membrane, thus 

promoting long-term depression (LTD) (98, 99). The PDZ-domain containing scaffold 

PICK1 mediates this internalization (99, 100). On the other hand, PKC phosphorylation 

of GluA1 has been implicated in the synaptic incorporation of AMPAR, thus promoting 

long-term potentiation (LTP) (98). It is noteworthy that the regulation of surface 

receptors is a general mechanism by which PKC suppresses signaling in non-neuronal 

systems and is one of the mechanisms by which it functions as a tumor suppressor (see 

(11)). Given the importance of the dynamic regulation of receptor levels and functioning 
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in the context of learning and memory, this function of conventional and novel PKC 

isozymes is critical for further study, especially in the context of brain pathologies. 

 

1.5 PKC IN THE PATHOLOGY OF NEURODEGENERATION 

The balance between phosphorylation and dephosphorylation finely tunes the 

signaling output in the cell, and any changes in the normal activity of a phosphatase or a 

kinase can have pathological consequences. PKC isozymes play roles in a variety of brain 

pathophysiologies, including alcoholism, opiate addiction, epilepsy, stroke, and 

glioblastoma (101-105). Perhaps one of the most pressing neurological diseases of our 

time is the neurodegenerative Alzheimer’s Disease (AD), especially given the 

progressive aging of our population and the current lack of therapies for AD (106). 

PKC, Amyloid beta (Aβ), and Tau 

Mounting evidence points to a key role of PKC signaling in the pathology of 

Alzheimer’s Disease, a degenerative disease characterized by loss of synapses and 

plasticity mechanisms in the brain. The disease is associated with the appearance of 

extracellular amyloid plaques caused by the mis-cleavage of Amyloid Precursor Protein 

(APP) and intracellular neurofibrillary tangles composed of hyperphosphorylated tau 

protein (107, 108), two pathologies for which PKC involvement has been implicated over 

the years. But the critical importance of deregulated PKC signaling in AD was recently 

cemented by the results of a an unbiased and comprehensive phosphoproteomic analysis 

of both human AD postmortem brains and brains from four AD mouse models (109): 

PKC substrates accounted for over half of the core molecules that displayed increased 
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phosphorylation in AD compared to control brains. The most robust increase in 

phosphorylation in AD compared to control brains occurred on MARCKS but also 

included PKC substrates such as GAP43. Furthermore, increases in MARCKS 

phosphorylation relative to other proteins occurred most significantly at early disease 

stages, leading the authors to propose that increased phosphorylation of this key PKC 

substrate initiates synapse pathology. Consistent with enhanced PKC output in AD, 

increased PKC levels have been implicated in Alzheimer’s Disease, with early studies 

reporting increased staining of PKC at neurite plaques from human postmortem AD 

brains, including increased PKCα in reactive astrocytes associated with plaques (110, 

111).   

One mechanism by which PKC could promote the pathology of AD is by 

regulating the processing of amyloid precursor protein (APP) and production of Aβ 

peptides (112). However conflicting results have been presented as to whether PKC 

enhances or inhibits Aβ production. (113-116). This could arise from specific PKC 

isozymes having unique functions, and also the use of phorbol esters to probe PKC 

involvement; the paradoxical effect of short-term activation followed by long-term down-

regulation lead to the confusion in the cancer field as to their function. It is noteworthy 

that Aβ production requires the dynamic endocytic recycling of APP from the cell 

surface, and it has been found that enlargement of early endosomes is one of the earliest 

events in AD (117-119). MARCKS protein, whose phosphorylation is significantly 

enhanced in AD, connects PKC to both of these processes; PKC phosphorylation of 

MARCKS causes the liberation of both PIP2 and filamentous actin at the plasma 
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membrane, both of which may promote increased endocytosis into early endosomes 

(120).  

Another mechanism by which enhanced PKC signaling promotes the pathology of 

AD involves the PDZ-scaffolded conventional isozyme, PKCα. Electrophysiological 

studies have revealed that the biological effects of Aβ at synapses are abolished in brain 

tissue from mice lacking PKCα or a PDZ domain scaffold it binds, PICK1 (121). 

Synaptic depression is also prevented by treatment of rat brain slices with a PKC 

inhibitor (BisIV) that works on PKC bound to protein scaffolds, but not with an inhibitor 

(Gö6976) that does not inhibit PKC bound to protein scaffolds (122). Aβ-induced 

synaptic depression can be restored by re-expression of PKCα, but not a construct 

lacking the PDZ ligand. These results suggest that the activity of PKCα, specifically, 

bound to a PDZ domain scaffold, transduces the effects of Aβ on synapses. One possible 

mechanism for the downstream effects of PKC could be by controlling receptor function: 

exposure of synapses to Aβ peptide in vitro causes a decrease in GluA2-containing 

AMPA receptors facing the synapse, and GluA2 mutants incapable of regulating 

endocytosis are insensitive to Aβ-induced synaptic depression (123). PKCα and its 

scaffold PICK1 play a critical role in AMPAR internalization, and both PICK1 (121, 

124). Taken together with the finding that both PKCa and PICK1 are required for Aβ-

induced synaptic depression, a reasonable hypothesis is that PKCa promotes 

neurodegeneration by removing AMPA receptors from synapses. It is also noteworthy 

that PKCa has been shown to be necessary for cerebellar LTD by a mechanism that 

depends on its intact PDZ ligand (125). 



 13 

Gain-of-function PKC mutations identified in neurodegenerative diseases  

While loss-of-function somatic mutations in PKC isozymes are associated with 

cancer, germline gain-of-function mutations in PKC have been identified in two 

neurodegenerative diseases. First, activating mutations in PKCg are causal in 

spinocerebellar ataxia, a progressive and often fatal degenerative disease (126, 127). Over 

20 such mutations have been identified in spinocerebellar ataxia Type 14 (SCA14), many 

of them occurring in the C1B domain (128). These mutations enhance the “open” and 

signaling competent conformation of PKC. This is in contrast to PKC mutations 

identified in cancer, which all either had no effect on PKC activity or were inactivating 

(11). This is perhaps unsurprising given the long-standing inverse relationship between 

cancer, a disease of cell proliferation, and neurodegeneration, a disease of cell death 

(129). Many of the same signaling pathways are deregulated in both diseases (130, 131), 

and a recent meta analysis of nine independent studies found that AD patients exhibit a 

45% decreased risk of cancer compared with the general population (132). 

 

1.6 RESEARCH GOALS 

 The work presented here both investigates the role played by PKCα in 

Alzheimer’s disease and also provides further insight into how PKCα’s N-terminal 

regulatory domains control its autoinhibition, activation, and signaling output. 

Specifically, Chapter 2 explores a role for PKCα in pathology mediated by Aβ. We use a 

combination of electrophysiology, genetics, and biochemistry experiments to establish 

that [1] PKCα is necessary for Aβ-mediated synaptic depression, [2] PKC in astrocytes is 
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activated downstream of exposure to Aβ, and [3] AD-associated mutations in PKCα 

enhance its signaling output. In Chapter 3, we provide an in-depth biochemical 

characterization of one of these AD-associated mutations (PKCα-M489V), describing the 

mechanism through which it enhances signaling output without compromising stability of 

the enzyme. We then use a PKCα-M489V mouse model to show that phosphorylation of 

a key PKCα substrate known to play a role in AD pathology (MARCKS) is increased in 

the brains of these mice. In Chapter 4, we explore the ways in which PKCα signaling is 

regulated by [1] intramolecular interactions between the C2 domain and the catalytic 

domain, and [2] tyrosine phosphorylation of the C2 domain. These studies all serve the 

general purpose of understanding the mechanisms of PKCα signaling, and how these 

mechanisms are deregulated in neurodegenerative pathologies. 

 Chapter 1, in part, is an adaptation of material that appears in “Conventional 

protein kinase C in the brain: 40 years later”, as published in Neuronal Signaling 2016, 

by Julia A. Callender and Alexandra C. Newton. The dissertation author was the primary 

author of this literature review. 
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FIGURES AND TABLES 

 

 

 

Figure 1.1: Schematic showing domain composition of PKC family members. PKC 
isozymes are classified into one of three sub-families based on their domain composition 
(left), which in turn dictates their second messenger and co-factor sensitivity (right). The 
N-terminal regulatory moiety contains the autoinhibitory pseudosubstrate segment (red), 
the tandem diacylglycerol-binding C1 domains (orange), and the Ca2+-binding C2 
domain (yellow). The C2 domain in novel PKC isozymes and the C1 domain in atypical 
PKC isozymes are non-ligand binding variants (striped). Novel PKC isozymes are able to 
respond to increases in diacylglycerol alone because their C1B domain binds this ligand 
with two orders of magnitude higher affinity than that of conventional PKC isozymes, 
whose cellular activation depends on signals that elevate both Ca2+ and diacylglycerol. 
Atypical PKC isozymes have a PB1 domain (purple) that mediates binding to protein 
scaffolds. The C-terminal kinase moiety contains the catalytic domain that has a priming 
phosphorylation site by PDK-1 (pink) and a C-terminal tail that is phosphorylated at the 
turn motif (orange) and hydrophobic motif (green); atypical PKC isozymes have a Glu at 
the phosphoacceptor site of the hydrophobic motif. Also shown is a brain-specific splice 
variant of the kinase moiety of PKCζ, PKMζ. 
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Figure 1.2: The priming, activation, and deactivation life cycle of a conventional 
PKC. Newly-synthesized PKC is processed via a series of tightly-coupled 
phosphorylations (circles labeled ‘P’) to yield a matured species that localizes to the 
cytosol and is maintained in an autoinhibited conformation by intramolecular contacts 
between the kinase domain and the regulatory domains (species (i)). Agonist binding to 
Gq-coupled receptors (R) results in phospholipase C-catalyzed hydrolysis of 
phosphatidylinositol-4,5-bis phosphate (PIP2) to generate two second messengers: 
diacylglycerol (DG) and, indirectly, Ca2+ mobilization. Ca2+ (green circle) binds the C2 
domain, facilitating the bridging of the C2 domain to anionic phospholipids in the plasma 
membrane; specificity for the plasma membrane is mediated by binding of PIP2 to a distal 
surface on the C2 domain that is masked in the autoinhibited conformation of PKC 
(species (ii)). Subsequent binding of diacyglycerol to the C1B domain, which also 
specifically binds PS, results in release of the pseudosubstrate from the substrate-binding 
cavity (species (iii)), allowing substrate phosphorylation and down-stream signaling. 
Binding to protein scaffolds (grey), such as PSD95 for PKCα, can further constrain PKC 
signaling to specific intracellular locations. Prolonged membrane binding, as occurs upon 
treatment of cells with phorbol esters, results in dephosphorylation (species (iv)) and 
degradation of PKC, a process referred to as down-regulation. Novel PKC isozymes are 
similarly regulated except they do not have a Ca2+/plasma membrane sensing C2 domain 
and respond only to diacyglycerol; their C1B domain binds diacyglycerol with two orders 
of magnitude higher affinity than that of conventional PKC isozymes, so they respond to 
diacylglycerol alone and localize primarily to diacyglycrol-rich Golgi membranes.
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Figure 1.3: PKC substrates in the brain. PKC phosphorylates many presynaptic and 
postsynaptic substrates; illustrative examples are depicted here on a generic membrane 
for ease of viewing. PKC (cyan) regulates the actin cytoskeleton (red lines) via its 
phosphorylation of MARCKS (green) and GAP43 (orange). Phosphorylation by PKC 
causes these proteins to translocate from the plasma membrane, where they facilitate 
actin polymerization, to the cytosol, thus promoting actin depolarization. PKC plays a 
role in microtubule (small blue circles) dynamics through its effects on the microtubule-
associated protein tau (yellow). PKC both directly phosphorylates tau and indirectly 
causes the dephosphorylation of tau by phosphorylating and inactivating GSK-3β (pink). 
PKC regulates synaptic plasticity by regulating postsynaptic levels of AMPA receptor 
(purple) and NMDA receptor (blue). Phosphorylation by PKC causes internalization of 
these receptors, thus promoting long-term depression (LTD).  
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CHAPTER 2 

 

PROTEIN KINASE Cα REQUIRED FOR SYNAPTIC DEFECTS AND HAS GAIN 

OF FUNCTION MUTATIONS IN ALZHEIMER’S DISEASE 
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ABSTRACT 

Alzheimer’s disease (AD) is characterized by early synaptic degeneration. Here 

we examine the role of protein kinase Cα (PKCα), which in many tissues is required to 

keep cancer in check. We find that in mouse brain tissue, PKCα is required for synaptic 

degenerative effects of elevated amyloid-beta (Aβ), a likely early event in AD. Whole 

genome sequencing of 1345 individuals from 410 late-onset AD (LOAD) families 

identified three highly penetrant variants in the PKCα gene (PRKCA) in five families. 

Importantly, all variants displayed increased cellular signaling relative to wild-type 

PKCα. Thus, whereas loss-of-function mutations in PKCα contribute to cancer, enhanced 

PKCα activity may participate in AD, reinforcing the importance of maintaining a careful 

balance in the activity of this enzyme.  

 

INTRODUCTION 

Synaptic loss correlates well with the earliest AD symptoms in humans (133, 134) 

and is an early event in rodent models of AD (135-137). The loss of synapses may result 

from elevated levels of Aβ (123, 138, 139), a peptide central to AD development (140). 

Indeed, familial forms of AD are caused by mutations in genes that increase production 

of the most toxic form of Aβ (140). Furthermore, a minor allele of APOE (APOE-ε4), 

which is strongly linked with both the appearance and earlier onset of LOAD (141), may 

act by reducing the clearance of Aβ from the brain (140). Additional factors may also 

play a role, such as defects in neuronal trafficking (142-144). 
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We sought to identify other genes that contribute to LOAD, as their gene products 

may serve as therapeutic targets. We reasoned that variants of proteins participating in the 

detrimental effects of Aβ may contribute to the disease. We thus examined the signaling 

underlying Aβ-induced synaptic depression. Several clues point towards a role for Protein 

Kinase C (PKC): the protein scaffold PICK1—a well-known interaction partner for 

PKC—is required for the synaptic effects of Aβ (124). Additionally, PKC is required for 

a plasticity form of synaptic depression (125). Furthermore, since reduced PKC activity 

contributes to increased cell survival (11), we speculated that increased PKC activity 

could participate in AD, a disease of neuronal degeneration (140). Here, we report that 

not only is the conventional PKC isozyme PKCα required for Aβ-mediated synaptic 

depression, but also that AD-associated mutations in PKCα increase signaling output in 

cells. 

 

RESULTS 

PKCα is necessary for synaptic effects of beta amyloid 

To test if the activity of PKC is required in Aβ-induced synaptic depression, we 

initially used PKC antagonists in combination with a previously established method that 

raises Aβ levels in neurons (123, 138, 145). Organotypic hippocampal slices were 

infected sparsely with a virus expressing CT100, the beta-secretase product of amyloid 

precursor protein (APP) and precursor to Aβ (146). 16-24 hours later, synaptic 

transmission was evoked by stimulating presynaptic axons (orange, Figure 2.1A, top left) 

and neighboring infected and uninfected postsynaptic CA1 neurons were simultaneously 
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recorded. Neurons expressing CT100 displayed depressed excitatory transmission 

relative to uninfected neurons (Figure 2.1A, top right). Previous studies have shown that 

the effects of CT100 expression are due to the production of Aβ leading to endocytosis of 

glutamate receptors and loss of synapses (123, 138, 145). To examine the role of PKC in 

Aβ-dependent synaptic transmission, we incubated slices (for ~12 hours before 

recordings) with the PKC inhibitors Gö6983, an ATP-competitive inhibitor, or 

Bisindolylmaleimide IV (Bis IV), a non-competitive inhibitor. Synaptic depression was 

effectively blocked by Bis IV but not by Gö 6983. Because PKC bound to a scaffold 

protein near its substrates is refractory to active site inhibitors (122), these data support a 

role for PKC bound to a scaffold protein mediating the synaptic effects of Aβ. Of the 

PKC isozymes that are modulated by these inhibitors, only PKCα has a PDZ ligand, a 3 

amino-acid segment at its carboxyl terminus that binds the PDZ domains of scaffolding 

proteins (notably PSD95 and SAP97 (34), and PICK1 (33)). Indeed, expression of 

CKAR, a genetically-encoded fluorescence-based reporter of PKC activity (147), in 

COS7 cells revealed that endogenous PKC activity at the PSD95 scaffold was effectively 

inhibited by Bis IV but not Gö6983, whereas both inhibitors were equally effective at 

inhibiting bulk PKC activity measured at plasma membrane (Figure 2.2).  

To test if PKCα is required for the synaptic effects of Aβ, organotypic 

hippocampal slices were prepared from wild-type (wt) mice as well as mice lacking 

PKCα (PKCα-/-) (148). 16-24 hours after infection, neurons expressing CT100 

displayed depressed synaptic transmission compared to nearby neurons in slices from 

wt mice but showed no difference in PKCα-/- slices (Figure 2.3 A, B; Western blot 
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analysis revealed comparable levels of Aβ peptide in lysates from slices from PKCα 

KO or wt animals infected with virus expressing CT-100 (data not shown)). We sought 

to determine if absence of PKCα, rather than some developmental alteration in PKCα-

/- mice, was responsible for the lack of effect by CT100 in neurons from PKCα-/- 

mice. For this, we used a dual promoter virus to co-express CT100 and PKCα in 

PKCα-/- organotypic slices. Following expression, transmission onto infected neurons 

was depressed compared to non-infected neurons, indicating rescue of the effect of 

CT100 on synapses (Figure 2.3). To test if the rescue of CT100-induced depression by 

PKCα co-expression is not due to potentiation of transmission by PKCα expression 

(which when added to the CT100-induced synaptic depression could normalize 

transmission), we co-expressed PKCα with CT84, the α-secretase product of APP that 

does not generate Aβ (146), nor cause synaptic depression (149). In this case no 

significant potentiation was observed, indicating PKCα co-expression rescued the 

effects of CT100 by enabling CT-100 driven signaling. To test if the effects of Aβ on 

synapses require that PKCα act at a scaffold, as suggested by the pharmacological 

results above, we co-expressed CT100 and PKCα lacking the last three amino acids 

(PKCα (ΔPDZ)), which prevents its binding to PDZ-domain proteins. In contrast to the 

co-expression of PKCα, co-expression of PKCα (ΔPDZ) did not rescue the effects of 

CT100 expression. These results indicate that PKCα, acting at a scaffold, is required 

for the depressive effects of Aβ on rodent synapses. 

PKCα variants in Alzheimer’s disease  
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To test if PKCα plays a role in human AD, we searched for rare variants in whole 

genome sequencing data for the PKCα gene (PRKCA) that were present in any of 410 

pedigrees from the NIMH AD Genetics Initiative (Figure 2.4). In total we identified 

three rare variants found in LOAD patients in our families. M489V (rs34406842; 

Atg/Gtg; minor allele frequency = 0.0005 in 1000 genomes of the general population, 

http://www.1000genomes.org) was present in seven of nine affected individuals, and was 

absent in the single unaffected subject in these four families. V636I (rs141376042; 

Gtc/Atc; minor allele frequency = 0.002 in 1000 genomes) was present in two of three 

affected subjects in one family [no unaffected subjects available]. R324W (minor allele 

frequency = 0.00 in 1000 genomes), was present in one out of two affected individuals in 

one LOAD pedigree of three; the unaffected individual did not carry a PKCα variant. 

Thus, all individuals carrying a PRKCA variant were affected by AD, and all the 

individuals in these families not affected by AD did not carry a PRKCA variant. Thus, the 

PRKCA variants identified in the NIMH dataset appear to co-segregate with LOAD 

patients. A simple bootstrap test (see methods), suggests that the probability of finding 

such linkage in this population is less than 0.03. Given that PKCα activity is necessary 

for effects of Aβ on synapses (above), and reduced PKC function enhances cell survival 

(11), we hypothesized that the rare PKCα variants found in LOAD families would have 

increased activity.  

AD-Linked PKCα variants display increased cellular activity 

Two of the rare variants observed in LOAD patients occur in key regulatory 

segments of PKC: M489V is in the activation loop near the entrance to the active site, 



 24 

and V636I is on the C-terminal segment that clamps over the kinase domain (Figure 2.5). 

The third variant, R324W is in a segment that controls autoinhibition: it is present in a 

flexible hinge, connecting the kinase domain with the regulatory moiety, that becomes 

exposed upon rupture of the C2-kinase domain contacts accompanying activation ((150). 

When visualizing the M489V variant in more detail, molecular modeling reveals that 

replacement of the bulky Met at position 489 on the activation loop with the smaller Val 

loosens the packing of this key regulatory segment (Figure 2.5A). This led to our 

prediction that the M489V substitution would either de-constrain the dynamics of the 

catalytic domain, lessen autoinhibition via reduced clamping of the C2 domain in that 

area of the catalytic domain, or both. Either scenario would be predicted to increase 

PKCα signaling output. 

To examine the functional impact of amino acid changes, we assessed the 

effect of introducing these LOAD-associated rare variants on the function of PKCα. 

When expressed in COS7 cells, none of the three rare variants affected the processing 

phosphorylation of PKCα, as assessed by Western blot analysis using phospho-specific 

antibodies to each of the three priming phosphorylations, an indication of proper 

folding (151) (Figure 2.5B). Further analysis of the M489V mutant revealed an 

enhanced rate of dephosphorylation following stimulation of cells with phorbol esters, 

potent activators that force PKC into an open, phosphatase-sensitive conformation 

(152) (Figure 2.5C). The enhanced rate of dephosphorylation supports the looser 

packing of the kinase domain resulting from replacement of Met with Val, favoring a 

more de-constrained (i.e. active) conformation of the kinase when locked into an 
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“open” confirmation with phorbol esters (31). The V636I mutant did not display the 

same enhanced rate of dephosphorylation, indicating that there may be other structural 

mechanisms through which this mutation destabilizes PKC autoinhibition (data not 

shown).  

To assess the effect of the amino acid changes on the signaling output of 

PKCα, we co-expressed PKCα variants or wild-type PKCα with cytosolic CKAR (147) 

in COS7 cells. All three rare variants showed enhanced agonist-evoked activity 

relative to wild-type PKCα (Figure 2.6; note that this assay measures the 

phosphorylation of CKAR and reflects the allosteric activation of PKC induced by 

second messenger binding. This acute stimulation by natural agonists does not cause 

the dephosphorylation or down-regulation of PKC that is caused by chronic activation 

by phorbol esters). These results indicate that all three rare PKCα variants found to co-

segregate with LOAD display increased agonist-driven PKCα function. 

Exposing U87 cells and primary astrocytes to Aβ25-35 causes Ca2+ response and 

PKC activation 

In order to investigate the pathway through which PKC is necessary for Aβ-

mediated synaptic depression, we turned to live-cell imaging of U87 cells and primary 

murine astrocytes. Various forms of the Aβ peptide have been shown to cause a Ca2+ 

response in cells (153, 154). This includes (but is not limited to) a shorter toxic 

fragment, Aβ25-35, which has been shown to activate the Ca2+-IP3 pathway in 

astrocytes (155). We first sought to repeat this finding in either U87 cells (Figure 

2.7A) or primary astrocytes isolated from wild-type mice (Figure 2.7B). Cells were 
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loaded with FURA-2 AM dye to monitor Ca2+ levels in the cytosol as a result of 

adding Aβ25-35 peptide directly to the cell imaging media. A peptide with the reverse 

sequence (Aβ reverse peptide) was used as a negative control. In both U87 cells and 

astrocytes, Aβ25-35 stimulation caused a robust Ca2+ response, which was not observed 

when stimulating with the reverse peptide. 

 Given that Ca2+ binding to PKC’s C2 domain is the first step in PKC activation, 

we next asked if this Ca2+ response takes place concurrently with a PKC response. We 

transiently transfected primary astrocytes with plasma membrane-targeted CKAR 

(pmCKAR) in order to see if endogenous PKC is activated as a result of stimulation 

with Aβ25-35 (Figure 2.8). Representative traces from one day of imaging are depicted 

in Figure 2.8A. Stimulation with Aβ peptide activated PKC to a comparable 

magnitude as subsequent UTP stimulation. PDBu treatment maximally activated all 

PKC in the cell, indicating that the amount of PKC activity caused by Aβ stimulation 

is significant (Figure 2.8A, top left). This PKC activation was not observed when 

stimulating with the reverse peptide negative control (top right), when overexpressing 

a non-phosphorylatable CKAR mutant (bottom left), or when pretreating with the PKC 

inhibitor Bis IV (bottom right). Quantification of three biologically independent 

experiments confirms that Aβ25-35 stimulation is activating PKC significantly more 

than all the negative controls tested (Figure 2.8B). The lack of significance between 

the Aβ25-35 treatment of cells overexpressing pmCKAR vs pmCKAR-T/A is likely due 

to the jump observed upon initial stimulation with Aβ25-35 in the pmCKAR-T/A 
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experiment. Overall, these results support a hypothesis in which PKC is activated 

downstream of Aβ25-35’s effect on cytosolic Ca2+ levels. 

 

DISCUSSION 

Alzheimer’s Disease is a lethal neurodegenerative disorder with increasing 

prevalence and no effective treatment (140). Elucidating the cellular signaling events that 

underlie the initiation and progression of LOAD can provide potential targets amenable 

to therapeutic intervention. Human genetic studies (156), particularly family-based 

studies (141) of rare variants (157), can identify potentially important molecules in 

LOAD. However, delineation of LOAD pathophysiology primarily from genetic 

information from smaller family studies remains challenging (see comments and 

responses to ref. (157)). We therefore sought to combine a large genetic family study 

with neurophysiological and biochemical analyses to elucidate signaling employed in 

LOAD pathophysiology. 

PKCα and Alzheimer’s disease pathophysiology 

While the cellular events that initiate LOAD remain unknown (140) elevated 

levels of pathogenic forms of Aβ, and the associated synaptic loss, is strongly implicated 

in its early pathophysiology (133, 134, 158, 159). PKC has been implicated in AD in a 

number of studies (160-162), however its exact role has not been well understood, with 

phorbol esters reported to both enhance and suppress Aβ production (112). Indeed, 

understanding the biological functions of PKC in disease, in general, has presented a 
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challenge given the presence of multiple isozymes and the opposing effects of phorbol 

esters in mediating short-term activation and long term down-regulation. By employing 

pharmacology, mouse genetics and acute rescue experiments, we are able to make 

conclusions regarding the role of a specific PKC isozyme. Our neurophysiological studies 

indicate PKCα, and its PDZ-ligand, are required for Aβ to produce synaptic depression 

(consistent with a prior study demonstrating a requirement of PICK1 (124), a PDZ-

domain protein that binds PKCα). Given the evidence supporting Aβ and synaptic loss in 

AD, our results suggest an important role for PKCα in AD. 

As conclusions regarding human disease based on physiology from immature 

rodent brain slices are tenuous, we turned to human genetics, which can provide unbiased 

insight into the function of aberrant PKC signaling in disease. By scanning the genomes 

of individuals from a large LOAD family study, we identified three rare variants of PKCα 

that co-segregated with LOAD in six families. When examined in cell-based assays, all 

three variants displayed increased signaling output relative to wild-type PKCα. Notably, 

of the 46 PKC variants observed in cancers and tested for changed activity using the 

same assays, none displayed increased activity (11). Furthermore, the more strongly 

linked M489V mutation, found in seven of nine patients and not in an unaffected subject 

in four LOAD families, also elicited an enhanced rate of dephosphorylation following 

stimulation of cells with phorbol esters, consistent with a more open and signaling 

competent conformation. Thus, PKCα is required for deleterious synaptic effects of Aβ, 

observed early in LOAD, and increased PKCα activity can contribute to human LOAD.  

PKCα may be acting downstream of Aβ via a Ca2+-mediated pathway 
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Although the pathway through which Aβ contributes to synaptic depression and 

neuronal death remains to be established, many studies have shown that Aβ causes a 

deregulation of Ca2+ homeostasis. This has been observed upon addition of multiple 

forms of the insoluble Aβ peptide to multiple types of cells, including immortalized cell 

lines, astrocytes, and neurons (163, 164). Here, we corroborate that addition of Aβ25-35 to 

U87 cells and to primary murine astrocytes causes a Ca2+ response, and that this occurs 

concurrently with PKC activation in primary astrocytes. This provides a hint as to the 

mechanism through which PKCα is required for Aβ-mediated synaptic depression; PKC 

may be activated downstream of Aβ as a result of this Ca2+ dysregulation.  

PKCα activity: increased in neurodegenerative diseases and decreased in cancer  

It is notable that we found activating PKC mutations in LOAD patients whereas 

human cancer-associated PKC mutations are inactivating (11). Indeed, the 

neurodegenerative disease, spinocerebellar ataxia, is caused by mutations in PKCγ that 

promote the open, active conformation (126). Thus, our results are consistent with PKC 

gain-of-function mutations driving neurodegenerative diseases and loss-of-function 

mutations driving cell survival diseases. Supporting opposing roles of PKC in cancer vs 

AD, a recent meta analysis of nine independent studies reveals that AD patients exhibit 

an overall 45% decreased risk of cancer compared with the general population (132), 

consistent with earlier reports that AD and cancer display an inverse association (131, 

165). It is relevant that inhibitors of PKC have failed in cancer clinical trials (9), likely 

because PKC activity should be restored, rather than inhibited, in cancer therapy (11). In 

contrast, repurposing PKC inhibitors for LOAD may prevent the effects of Aβ on 
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synapses and thereby mitigate loss of cognitive function. Together, our findings support 

inhibition of PKCα as a therapy early in LOAD and suggest that mutations in PKCα can 

serve as a diagnostic for disease susceptibility. 

 
MATERIALS AND METHODS 

Tissue preparation 

Experiments were conducted in accordance with and received approval from the 

Institutional Animal Care and Use Committees at UCSD. The experiments were carried 

out in accordance with guidelines laid down by the NIH regarding the care and use of 

animals for experimental procedures. 

Hippocampal slice cultures and Sindbis virus infection 

Organotypic hippocampal slice cultures were made from postnatal day 6 or 7 rat 

pups as described (166). Slice cultures were maintained in culture for 6–8 days then 

infected using a Sindbis virus (pSinRep5 dp APP-CT100 tdTomato). Cells were recorded 

16-30 hr after infection. For Figure 2.3 experiments, slices were made as described 

above, but from either wild type (wt) or PKC -/- mouse pups and infected with the 

indicated Sindbis viruses.  

Electrophysiology and pharmacological treatments 

Slices were maintained in a solution of ACSF containing in mM: 119 NaCl, 26 

NaHCO3, 1 NaH2PO4, 11 D-glucose, 2.5 KCl, 4 CaCl2, 4 MgCl2, and 1.25 NaHPO4 and 

gassed with 95% O2 5% CO2. In addition, the following drugs were included: 4 µm 2-
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chloroadenosine (to prevent stimulus induced bursting), and 100 µm picrotoxin (to block 

inhibitory transmission). Simultaneous whole-cell recordings were obtained from pairs of 

neighboring (<50 µm) control and infected CA1 pyramidal neurons using 3–5 MΩ glass 

pipettes with an internal solution containing the following in mM: 115 cesium 

methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium 

phosphocreatine, 0.6 EGTA, and 0.1 spermine, at pH 7.25. All recordings were done by 

stimulating two independent synaptic inputs; EPSCs were recorded while holding the 

cells at −60 mV, alternating pathways every 8.4 s. Results from each pathway were 

averaged and counted as n = 1. For pharmacological experiments, slices were incubated 

overnight prior to recordings with either 0.3 µM Gö 6983 or 3 µM Bisindolylmaleimide 

IV (Bis IV); the drug was also added to the recording chamber at the same concentration. 

In addition, 10 µM gabazine (to block inhibitory transmission) was added to the perfusion 

chamber. All data are reported as mean ± SEM. Statistical analysis employed bootstrap 

(resampling) methods (167). For instance, in Figures 2.1-2.2, we calculated the 

probability by bootstrap resampling (100,000 times) the data from groups a, b and c, and 

measuring the frequency with which (A>C or B>C) is true (where caps indicates mean); 

for Figure 2.3, we bootstrap resampled (100,000 times) data groups, measuring the 

frequency with which (A>B or C>B or A>D) is true. For Figure 2.5, we bootstrap 

resampled (100,000 times) data groups, measuring the frequency with which [(MV at 

t=3hrs > wt at t=3hrs) or (MV at t=6hrs > wt at t=6hrs)] is true.  

Plasmid Constructs 
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The C Kinase Activity Reporter (CKAR) and plasma membrane-localized PKC 

reporter (PM-CKAR) were described previously (147). The PSD95 specific PKC reporter 

(PSD95-CKAR) contains CKAR with PSD95 fused to its N-terminus via a four amino 

acid linker (EPGQ) in a pcDNA3 vector (Life Technologies). PKC constructs were 

prepared as described previously (11). For HA-PKCα, human PKCα was N-terminally 

HA-tagged via Gateway cloning into pDEST-HA generated from ligating the Reading 

Frame Cassette C into the EcoRV site of pcDNA3-HA. All mutants were generated using 

QuikChange site-directed mutagenesis (Agilent Technologies).  

Antibodies and Reagents 

The pan anti-phospho-PKC activation loop antibody (pT497) was previously 

described (168). The anti-phospho-PKCα/βII (pT638/641; 9375S) and pan anti-phospho-

PKC hydrophobic motif (βII pS660; 9371S) antibodies were purchased from Cell 

Signaling. The α-HA antibody (anti-HA, 11867423001, clone 3F10) purchased from 

Roche. Phorbol 12,13-dibutyrate (PDBu), Uridine-5’-triphosphate (UTP) trisodium salt, 

Gö 6983, and Bis IV were obtained from Calbiochem. FURA-2 AM dye (F1221) was 

obtained from Thermo Fisher Scientific. Aβ25-35 peptide and the reverse peptide negative 

control were both obtained from Sigma-Aldrich (A4559 and A2201, respectively).  

Cell Culture, Transfection, and Immunoblotting 

All cells were maintained in DMEM (Corning) containing 10% fetal bovine 

serum (Atlanta Biologicals) and 1% penicillin/streptomycin (Corning) at 37˚C, in 5% 

CO2. Transient transfection of COS7 was carried out using FuGENE 6 transfection 
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reagent (Roche) for ~24h. Transient transfection of U87 cells and primary astrocytes was 

carried out using Lipofectamine 3000 reagent (Thermo Fisher Scientific) for ~48h. Cells 

were lysed in 50 mM Tris, pH 7.4, 1% Triton X-100, 50 mM NaF, 10 mM Na4P2O7, 100 

mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 1 mM PMSF, 50 µg/mL Leupeptin, 1 µM 

Microcystin, 1 mM DTT, and 2 mM Benzamidine. Whole cell lysates were analyzed by 

SDS-PAGE and immunoblotting via chemiluminescence on a FluorChemQ imaging 

system (ProteinSimple). For cellular dephosphorylation experiments, cells were treated 

with 200 nM PDBu for the indicated times at 37˚C before lysis.  

Isolation of primary astrocytes for culturing and imaging 

Astrocytes were isolated from P1-P3 postnatal wild-type C57BL/6 mice as 

previously described (169). Pups were briefly submerged in 70% ethanol and 

immediately decapitated. The cerebral hemispheres were dissected from the cranium and 

the meninges were removed by rolling the cerebral hemispheres on sterile filter paper or 

paper towels. The hemispheres were then transferred to cold Hanks’ balanced salt 

solution (HBSS). The tissue was dissociated and homogenized with small scissors, 

collected in a total volume of 7ml HBSS per brain and transferred to a 50 ml falcon tube. 

700 µl/brain of 2.5% trypsin and 200 µl/brain of 2.5 g/L pancreatin were added and the 

mixture was incubated at 37˚C for 30 minutes, shaking to mix after 15 minutes. 8 ml of 

cell growth medium was added and cells were centrifuged for 3 minutes at 1200 rpm. The 

supernatant was removed and 10 ml of growth medium was added. The cell pellet was 

then triturated with a 5ml pipette until the cell suspension was homogeneous (avoiding 

frothing). Cells were then plated at a density of ~1 brain per T75 flask and placed in a 
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37˚C / 5% CO2 incubator for 4 days. Media was changed after 4 days and every 3 days 

thereafter. On the 11th day, fresh culture media was added to the flasks and 

oligodendrocytes were shaken off at 240rpm for 16-22 hours. Supernatant was discarded, 

with the remaining cells being astrocytes. Cells were washed with PBS twice, trypsinized 

to detach from the flask, and each T75 flask was split 1:3 into three 10 cm plates. The 

cells were left to grow for 3-4 days before being frozen down in 10% DMSO/90% FBS. 

Astrocytes were thawed before experiments, the media was changed on day 2 after 

thawing, and the astrocytes were split into imaging dishes on day 3 or day 4.  

FRET imaging, FURA-2 imaging, and analysis 

Cells were imaged as described previously (170). COS7 cells were co-transfected 

with the indicated mCherry-tagged PKC and either CKAR, plasma membrane-targeted 

CKAR (PM-CKAR), or CKAR fused to PSD95 (PSD95-CKAR), as specified. Cells were 

rinsed once with and imaged in Hanks’ balanced salt solution containing 1mM CaCl2. 

Images were acquired on a Zeiss Axiovert microscope (Carl Zeiss Microimaging, Inc.) 

using a MicroMax digital camera (Roper-Princeton Instruments) controlled by MetaFluor 

software (Universal Imaging, Corp.). Using a 10% neutral density filter, CFP, YFP, 

FRET, and mCherry images were obtained every 15 seconds. YFP emission was 

monitored as a control for photobleaching and mCherry was measured to ensure that 

overexpressed PKC levels were equal in all experiments. Base-line images were acquired 

for ≥ 2 min before ligand addition and data were normalized to the baseline FRET ratios. 

The normalized average FRET ratio is the average of these normalized values ± S.E. 

Area under curve from 3-6 min was quantified and plotted in the bar graph in Figure 2.6, 



 35 

and statistical significance was determined as indicated above, except for the astrocyte 

imaging, where significance was calculated using an ANOVA test. 

FURA-2 AM dye (5 µM) was loaded into U87 cells or primary astrocytes in 

serum-free cell growth medium for 30 minutes at room temperature and in the dark. After 

loading, the cells were rinsed three times in Hanks’ balanced salt solution. Fura-2 images 

were obtained every 7 s through a 380/10-nm or 340/10-nm excitation filter, a 450-nm 

dichroic mirror, and a 535/45-nm emission filter. Aβ25-35 peptide was resuspended in 

DMSO to form a 10mM 1000X stock. During imaging, Aβ peptide was added directly to 

the imaging buffer as described previously (155). 

3D PKC Structure Modeling 

The PKCα structure was visualized using the PyMOL Molecular Graphics 

System (Version 1.7.4.1, Schrödinger, LLC). 

Genetics 

Family cohort 

The National Institute of Mental Health (NIMH) Alzheimer’s Disease Genetics 

Initiative Study (171) originally ascertained for the study of genetic risk factors in AD 

with family-based methods, was used in the WGS analyses in this study. The basis for 

ascertainment in the NIMH collection was the existence of at least two affected 

individuals within a family, typically siblings. The complete NIMH study cohort contains 

a total of 1,536 subjects from 457 families. For the purpose of this analysis, only subjects 

of self-reported European ancestry were included, consisting of 1,376 participants (941 
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definitely affected and 404 definitely unaffected and the remainder could not be 

determined as definitely unaffected or definitely affected) from 410 families. 

To test the likelihood of finding the observed linkage in the mutant carrier families by 

chance, we conducted the following bootstrap analysis. We generated a ‘parent’ set 

containing 941 ones (indicating affected) and 404 zeros (indicating unaffected), which is 

the nature of the definitely assessed population in this cohort. We wished to test the 

likelihood that choosing a set of 16 individuals, (i.e. based on being in a family with a 

PKCα variant), would show the observe linkage; that is the likelihood that choosing 10 

individuals (variant carriers) would all show AD, and choosing 6 individuals (variant 

non-carriers), at least two would be AD negative. We conducted the following sampling 

(allowing resampling) procedure: we chose 10 and 6 elements from the ‘parent’ set to 

generate 2 subsets, y(1) and y(2). We then tested if all values in y(1) were 1 [test 1] and 

at least 2 values in y(2) were zero [test2]. If both tests were true, the result of the 

procedure was 1 (i.e. chance could account for observed linkage); if any of the tests was 

false, the result of the procedure was 0. This procedure was conducted 100,000 times (run 

five times). The number of times the result of the procedure was 1, in the five runs was 

1598, 1626, 1675, 1628, and 1631. Thus (dividing these values by 100,000) the 

likelihood of finding the observed linkage distribution by chance in this population is < 

2000/100,000 = 0.02. 

Standard Protocol Approvals, Registrations, and Patient Consents 
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Diagnosis of AD dementia was established according to NINCDA-ADRDA 

criteria. Informed consent was provided by all participants, and research approval was 

established by the relevant institutional review boards in the study cohort. 

WGS Data Generation 

3 µg of total genomic DNA (150 ng/µL) obtained from Rutgers repository was 

sequenced at Illumina, Inc (San Diego, CA 92122 USA) using their latest HiSeq 2500, 

paired-end sequencing platform. An average of 48X coverage of 98% of the genome was 

observed in the resulting 120 GB data from each sample. Genomic variants were called 

in-house using FreeBayes (v0.9.9.2-18) and GATK best practices method (172), resulting 

in close to 400 Tera-Bytes of high-quality sequencing data in a fully annotated GEMINI 

database (173). 

Chapter 2 is in large part published online as “Gain-of-function mutations in 

protein kinase Cα (PKCα) may promote synaptic defects in Alzheimer’s disease.” 

Alfonso SI*, Callender JA*, Hooli B*, Antal CE, Mullin K, Sherman MA, Lesné SE, 

Leitges M, Newton AC, Tanzi RE, Malinow R. in Science Signaling, 2016 May 

10;9(427). The dissertation author was one of the primary investigators and authors of 

this work (*, co-first authors). 
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FIGURES AND TABLES  

 

Figure 2.1: Aβ-mediated synaptic depression is blocked by a non-competitive PKC 
antagonist. [A] Top left, experimental design; organotypic hippocampal slices were 
infected with a virus expressing CT100, the precursor to Aβ. 16-24 hours later, synaptic 
transmission was evoked by stimulating presynaptic axons (orange) and neighboring 
infected and uninfected postsynaptic CA1 neurons were simultaneously recorded. 
Neurons expressing CT100 exhibit synaptic depression, with the red triangle depicting 
the drop in average synaptic transmission onto infected neurons. Line, X=Y. Scale bars, 
50 ms, 50 pA. [B] Bar graph (left; ni, non-infected) for indicated conditions (right). Error 
bars, SEM throughout; **, p < 0.03, bootstrap (see methods). 
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Figure 2.2: PKC at protein scaffolds exhibits differential response to ATP-
competitive inhibitors. Normalized average PKC activity in COS7 cells expressing PKC 
activity reporter (147) fused to PSD95 (left) or targeted to plasma membrane (right); 
inhibitor added where indicated (arrow head); N > 16 cells; ****, p < 0.0001, bootstrap 
(see methods). 
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Figure 2.3: Requirement of PKCα for effects of Aβ on synaptic transmission. [A-B] 
Plot (and example traces, bottom right) of evoked synaptic response amplitudes recorded 
in infected versus non-infected neurons; infection and number of cell pairs recorded 
indicated in table (B, right). Bar graph (B, left) of same data; ** indicates p<0.03, 
bootstrap (see methods). 
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Figure 2.4: Human genetics of rare PKCα variants. Diagrams indicating number of 
families, along with phenotype and genotype of individuals, carrying M489V, V636I or 
R324W PKCα variants. Note that all PKCα variant carriers displayed AD and both 
individuals without AD (white) lacked a PKCα variant. 
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Figure 2.5: AD associated rare variants in PKCα. [A] PKCα kinase domain structure 
(54) showing the two residues altered in AD: Met489 and Val636. Both are near key 
regulatory phosphorylation sites (stick representation). Enlargement of activation loop 
segment (right panels) showing that substitution of Met489 with Val loosens the 
structural packing of this segment. [B] Western blot showing phosphorylation of the 
indicated HA-tagged PKCα proteins. [C] Western blot of COS7 cells expressing wt or 
M489V PKCα and treated with phorbol dibutyrate (PDBu) for the indicated times, and 
probed for HA. Quantification depicted below of phosphorylated/total PKC from 5 
independent experiments. **, p < 0.01, by bootstrap (see methods). 
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Figure 2.6: Live cell imaging reveals higher signaling output of both AD-associated 
rare variants. [A] Normalized FRET ratios (mean ± SEM) representing PKC activity in 
COS7 cells co-expressing a PKC activity reporter (147) and indicated PKCα. Addition of 
UTP (100 µM) where indicated (black arrow). N > 25 cells for each construct. Data 
represent the average ± SEM from at least 3 biologically independent 
experiments measuring > 16 cells. Right, area under the curve from 3-6 minutes; *, p < 
0.05, bootstrap (see methods). 
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Figure 2.7: Live cell imaging reveals that Aβ25-35 peptide causes Ca2+ response in 
both U87 cells and in primary murine astrocytes. [A] Normalized 350/380 ratios 
depicting changes in cytosolic Ca2+ in U87 cells, as assessed using the Ca2+ indicator 
FURA-2, upon addition (black arrow) of Aβ peptide comprised of residues 25-35 (10 
µM; right) or Aβ reverse peptide, residues 35-25 (10 µM; left). Each trace corresponds to 
one cell. [B] Normalized 350/380 ratios depicting changes in cytosolic Ca2+ in primary 
murine astrocytes, as assessed using the Ca2+ indicator FURA-2, upon addition (black 
arrow) of Aβ25-35 (10 µM; right) or reverse peptide negative control (10 µM; left). 
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Figure 2.8: Live cell imaging reveals that Aβ25-35 peptide causes PKC activation in 
primary murine astrocytes. [A] Normalized FRET ratios representing endogenous PKC 
activity in astrocytes expressing plasma membrane-targeted CKAR (pmCKAR). Cells 
expressing either normal pmCKAR or a non-phosphorylatable CKAR as a negative 
control (pmCKAR-T/A, bottom left panel) were treated with Aβ25-35 or Aβ reverse 
peptide negative control (10 µM each), UTP (100 µM), or PDBu (200 nM) where 
indicated (black arrows). Each trace represents one cell, N ≥ three cells for each 
experiment. [B] Quantification of experiments depicted in [A]. Quantification was 
calculated as the area under the curve of the traces from minutes 5-40. *, p < 0.05; **, p < 
0.01 using one-way ANOVA.  
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CHAPTER 3 

 

PROTEIN KINASE Cα GAIN-OF-FUNCTION VARIANT IN ALZHEIMER’S 

DISEASE DISPLAYS ENHANCED CATALYSIS BY MECHANISM THAT 

EVADES DOWN-REGULATION 
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ABSTRACT  

Conventional protein kinase C (PKC) family members are reversibly activated by 

binding to the second messengers Ca2+ and diacylglycerol, events that break 

autoinhibitory constraints to allow the enzyme to adopt an active, but degradation-

sensitive, conformation. Perturbing these autoinhibitory constraints, resulting in protein 

destabilization, is one of many mechanisms by which PKC function is lost in cancer. 

Here, we address how a gain-of-function germline mutation in PKCα in Alzheimer’s 

Disease (AD) enhances signaling without increasing vulnerability to down-regulation. 

Biochemical analyses of purified protein demonstrate that this mutation results in an 

approximately 30% increase in the catalytic rate of the activated enzyme, with no 

changes in the concentrations of Ca2+ or lipid required for half-maximal activation. 

Molecular dynamics simulations reveal that this mutation has both localized and 

allosteric effects, most notably decreasing the dynamics of the C-helix, a key determinant 

in the catalytic turnover of kinases. Consistent with this mutation not altering 

autoinhibitory constraints, live cell imaging studies reveal that the basal signaling output 

of PKCα-M489V is unchanged. However, the mutant enzyme in cells displays increased 

sensitivity to an inhibitor that is ineffective towards scaffolded PKC, suggesting the 

altered dynamics of the kinase domain may influence protein interactions. Lastly, we 

show that phosphorylation of a key PKC substrate, Myristoylated Alanine-rich C-kinase 

Substrate (MARCKS), is increased in brains of CRISPR-Cas9 genome-edited mice 

containing the PKCα-M489V mutation. Our results unveil how an AD-associated 
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mutation in PKCα permits enhanced agonist-dependent signaling via a mechanism that 

evades the cell’s homeostatic down-regulation of constitutively active PKCα. 

 

INTRODUCTION 

Protein kinase C α (PKCα) is a ubiquitously-expressed member of the protein 

kinase C (PKC) family of Serine/Threonine kinases that transduces signals mediated by 

the second messengers Ca2+ and diacylglycerol (DG) (21, 174). It plays a major role in 

suppressing cell proliferation (175-179) and survival (13, 180). Studies both in mice, 

where its deletion causes the spontaneous development of colon tumors (181), and in 

patients, where loss of protein expression is associated with colon cancer (182), have 

long supported a role as a tumor suppressor. It is the first PKC in which a cancer-

associated mutation was reported: over 20 years ago, Joubert and colleagues reported that 

a mutation in PKCα in human pituitary tumors resulted in mislocalization, thus allowing 

growth in soft agar in ectoptic expression studies (183-185). Loss-of-function somatic 

mutations in PKCα have now been identified in many diverse cancers (11). Mounting 

evidence suggests that PKCα opposes oncogenic survival signaling by its 

phosphorylation and inactivation of oncogenes such as K-Ras (12, 13), growth factor 

receptors (14-16) and phosphatidylinositol-3 kinase (17-19), among others. The key role 

of PKCα in suppressing proliferative and survival pathways poise it to play a role not 

only in cancer via its loss-of-function, but also in degenerative diseases via gain-of-

function.  
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We recently identified gain-of-function mutations in PKCα in Alzheimer’s 

Disease (AD) (121), a degenerative pathology characterized by the accumulation of 

amyloid-β (Aβ) protein aggregates in the brain and synaptic degeneration (139). Whole 

genome sequencing of individuals from 410 families with late-onset AD identified 

germline PKCα mutations in affected, but not in disease-free, individuals in six of the 

families. These mutations all enhanced the agonist-evoked signaling output of PKCα 

assessed using a genetically encoded PKC activity sensor in overexpression studies (121). 

While the mechanisms by which Aβ aggregation leads to synaptic degeneration are not 

fully understood, electrophysiological studies established that the synaptic effects of Aβ 

depend on PKCα via a mechanism requiring PKCα’s PDZ ligand (which scaffolds to 

PDZ domain-containing proteins such as PSD95, SAP97, and PICK1 (33, 34)) and its 

interaction with the scaffold PICK1 (121, 124). Thus, enhanced activity of PKCα may 

augment the degenerative pathways activated by Aβ. Supporting a general role of 

enhanced PKC activity in AD, a recent unbiased phosphoproteomics study identified 

increased phosphorylation of PKC substrates, including MARCKS, as a primary early 

event in AD (109). These activity-enhancing mutations are in stark contrast to loss-of-

function cancer-associated mutations. Indeed, with the possible exception of a mutation 

in PKCβ in Adult T Cell Leukemia (186), it is noteworthy that no gain-of-function 

mutations in any of the nine PKC isozymes have been identified (11).  

PKCα is an exquisitely tuned enzyme, whose signaling output depends not only 

on binding to second messengers, but also on the abundance of inputs that control its 

steady-state levels in the cell. Following its biosynthesis, PKCα becomes constitutively 
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phosphorylated at three priming sites, allowing it to adopt an autoinhibited conformation 

in the cytosol that protects the enzyme from dephosphorylation and degradation (21). 

Due to this autoinhibited species being resistant to degradation, PKCα is a particularly 

long-lived enzyme. It is transiently and reversibly activated by signals that promote 

phospholipid hydrolysis to generate its two second messengers, Ca2+ and diacylglycerol: 

Ca2+ binds the C2 domain, promoting association to the plasma membrane via a Ca2+-

dependent bridge with anionic phospholipids, and diacylglycerol binds one of two 

tandem C1 domains (187). Engagement of both membrane-targeting modules with the 

plasma membrane results in release of an autoinhibitory pseudosubstrate segment from 

the substrate-binding cavity, positioning PKC in an “open” and signaling-competent 

conformation. Metabolism of diacylglycerol results in PKC disengaging from the 

membrane and regaining the stable, autoinhibited conformation (187). Phorbol esters, 

potent competitive ligands for diacylglycerol binding, are not readily metabolized and 

therefore result in irreversible binding of PKC to the membrane, leading to acute 

activation but chronic down-regulation of PKC protein levels (188, 189). The paradoxical 

effect of these potent tumor promoters—initial activation followed by eventual 

degradation—confounded understanding the role of PKC in cancer (180). Given that the 

active conformation of PKC is sensitive to degradation, how do AD-associated mutations 

result in enhanced cellular kinase activity while also evading down-regulation? 

Here, we examine the mechanism by which one AD-associated variant PKCα-

M489V enhances PKCα signaling. This variant was identified in seven individuals in 

four families: it is heterozygous, with one allele encoding a protein with a Met to Val 
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substitution at position 489 in the activation loop, a segment near the entrance to the 

active site that critically controls catalysis (190). Our findings support a model in which 

altered dynamics of the kinase domain enhance the activity of the PKCα-M489V variant 

by increasing the intrinsic catalytic rate of the enzyme without affecting autoinhibitory 

constraints. Thus, the enzyme’s on/off dynamics are unaffected, but when on, it catalyzes 

phosphorylation at a faster rate. This provides a previously undescribed mechanism by 

which a disease-associated mutation enhances PKC activity without compromising its 

stability.  

 

RESULTS 

PKCα-M489V mutation confers an enhanced catalytic rate. 

We previously established that PKCα-M489V displays enhanced agonist-evoked 

signaling output relative to wild-type PKCα in cells (121). Specifically, the M489V 

variant overexpressed in COS7 cells has approximately 25% greater activity compared to 

wild-type enzyme following agonist stimulation of cells to generate Ca2+ and DG, as 

assessed using the genetically-encoded FRET-based C Kinase Activity Reporter (CKAR) 

(147, 191). This variant has a replacement of Met to Val at position 489 in the activation 

loop, nine residues before the constitutive phosphorylation site (Thr497) for the upstream 

kinase PDK-1 (Figure 3.1A). It is also two residues removed from an interaction network 

that connects the activation loop to the C helix, in turn connecting to the C-terminal 

phosphorylation site Ser657 (Figure 3.1C). Furthermore, this face of the kinase domain 

for the related PKCβII has been shown to interface with the C2 domain to maintain the 
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enzyme in an autoinhibited conformation (32), as schematized in Figure 3.1B. Thus, this 

residue is positioned to potentially perturb autoinhibitory constraints, catalysis, or both. 

To elucidate the molecular mechanism through which the M489V mutation 

confers enhanced PKC activity in cells, we analyzed the kinetics of activation of the 

purified wild-type and M489V mutant protein. GST-tagged PKCα was purified to 

homogeneity from insect cells using a baculovirus expression system. Western blot 

analysis confirmed that both the wild-type and PKCα-M489V proteins were processed by 

priming phosphorylations at the activation loop (Thr497) and the two C-terminal sites 

(Thr638 and Ser657) (Figure 3.2A). 

To assess whether autoinhibitory constraints were altered in the PKCα-M489V 

protein, we examined the dependence for activation on [1] Ca2+ or [2] mol fraction 

phosphatidylserine (PS) in DG-containing micelles. Triton X-100 lipid mixed micelles 

afford a highly sensitive system to dissect the lipid dependence of PKC activation, which 

displays high cooperativity with respect to phosphatidylserine (192-194). Kinase assays 

revealed no differences in the two proteins with respect to the concentration of Ca2+ or 

phosphatidylserine resulting in half-maximal activity (Figure 3.2B and Table 1). Nor 

was the basal activity different between the two proteins, which both displayed 

approximately 10% of co-factor induced activity when activators were absent from the 

assay. We did note, however, that the Vmax was consistently higher for the PKCα-M489V 

protein compared to wild-type enzyme. These data reveal that while the autoinhibitory 

constraints were unaffected in the PKCα-M489V variant, the maximal velocity was 

higher. 
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We next assessed whether peptide substrate or ATP dependencies were altered in 

the AD variant. When assayed in the presence of saturating Ca2+ and lipid, the Km for 

peptide substrate and the Km for ATP were indistinguishable from wild-type enzyme 

(Figure 3.2B, Table 1). However, the Vmax was higher for PKCα-M489V (Vmax = (2.7 ± 

0.2) x 103 nmol phosphate per minute per mg PKC) compared to wild-type (Vmax = (2.0 ± 

0.2) x 103 nmol phosphate per minute per mg PKC), an increase observed in each of five 

separate protein preparations. Analysis of protein obtained from three separate 

preparations, under conditions of saturating Ca2+ and lipid, 100 µM peptide, and 300 µM 

ATP, revealed a 29 ± 9% increase in the specific activity of purified PKCα-M489V 

compared to wild-type. These data reveal that neither the degree of autoinhibition nor the 

cofactor-dependent release of autoinhibition is altered by the M489V mutation. Rather, 

Met to Val substitution increases the intrinsic catalytic rate of the enzyme.  

  

Molecular dynamics simulations reveal altered dynamics of the catalytic domain in 

PKCα-M489V.  

 To gain insight into how the M489V mutation increases the catalytic rate without 

altering sensitivity to cofactors, binding of peptide substrate, or the Km for ATP, we 

compared the dynamics of the kinase domain of wild-type or PKCα-M489V using 

molecular dynamics (MD) simulations (Figure 3.3). These simulations reveal both 

localized and long-range changes in the dynamics of the kinase core. Notably, altered 

dynamics were observed in two key segments of the ATP binding pocket: [1] motion was 

increased in the Gly-rich loop, a key determinant between the βI and βII strands (β1/βII) 
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that anchors the β-phosphate of ATP (190), and [2] motion was decreased in the C-helix 

(αB/αC), a segment that stabilizes the active conformation of kinases. For PKCα, Arg389 

in the C-helix forms an electrostatic interaction with Glu487 in the activation loop (AL), 

two residues removed from Met489, whereas the flanking Lys388 forms an H-bond with 

the main chain carbonyl of Gly655, part of a conserved FXXF motif (190) and two 

residues removed from phosho-Ser657, a key determinant of stability of PKCα’s kinase 

domain (see Figure 3.1C). Additionally, the simulations indicated that motions in the 

distal αG and αI helices were increased in the M489V mutant compared to wild-type 

PKCα. These studies support a model in which replacing Met with Val at position 489 

impacts the dynamics not only around the active site, but also at distal surfaces on the 

kinase domain. 

 

PKCα-M489V is not more basally active than wild-type PKCα in a cellular 

environment. 

Given that the M489V mutation does not affect autoinhibitory constraints in the 

pure protein, we hypothesized that basal (unstimulated) signaling by PKCα-M489V 

would be similar to that of wild-type PKCα in cells. We overexpressed a FRET-based 

reporter for PKC activity (CKAR, (147)) alone or with either wild-type or mutant 

mCherry-PKCα in COS7 cells and monitored the decrease in phosphorylation of CKAR, 

assessed by the decrease in FRET ratio, following addition of the general PKC inhibitor 

bisindolylmaleimide IV (Bis IV) (Figure 3.4A). Bis IV caused a drop in the FRET ratio 

of cells transfected with CKAR alone, representing inhibition of the basal activity of 
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endogenous PKC isozymes (empty triangles). This drop was larger in cells 

overexpressing PKCα (blue), with the difference reflecting the basal activity of the 

overexpressed PKCα. Importantly, Bis IV caused the same drop in cells overexpressing 

comparable levels of PKCα-M489V (red). Thus, the M489V mutation does not enhance 

the basal signaling output of PKCα; enhanced signaling is only observed following 

agonist stimulation and removal of autoinhibitory constraints (121).  

In order to assess if the M489V mutation confers increased basal signaling in the 

absence of autoinhibitory constraints, we introduced this mutation into a PKCα construct 

that lacked its N-terminal regulatory moiety (thus lacking the pseudosubstrate, C1 

domains, and C2 domain). We then measured the effect of inhibiting PKC activity in 

cells co-expressing the isolated catalytic domains (αCat) and CKAR (Figure 3.4B). 

Addition of Bis IV produced a significantly higher drop in FRET for cells expressing the 

isolated PKCα catalytic domain containing the M489V mutation (red) compared with the 

wild-type PKCα catalytic domain (blue). For these experiments, cells expressing 

comparable amounts of each kinase domain were selected for imaging: Figure 3.4C 

depicts the average mCherry-PKCα intensity for the experiments in Figures 3.4A and 

3.4B. Thus, the findings in Figures 3.4A and 3.4B do not result from differences in the 

amount of overexpressed protein. Note, the expression levels for the isolated catalytic 

domains were lower than that of the full-length enzyme because of the enhanced 

sensitivity of the exposed kinase domain to degradation. 

 

PKCα-M489V confers enhanced sensitivity to ATP-competitive inhibitors in cells. 
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We next took advantage of pharmacological tools to address whether the M489V 

mutation alters signaling on protein scaffolds. We have previously shown that scaffold-

bound PKC is refractory to ATP-competitive inhibitors such as Gö6976 and Gö6983, but 

is fully sensitive to the uncompetitive inhibitor Bis IV (121, 122, 195). We overexpressed 

both CKAR and mCherry-PKCα wild-type or M489V in COS7 cells, stimulated with the 

PKC activator phorbol 12,13-dibutyrate (PDBu) to maximally activate all PKC in the 

cell, and followed by treatment with sub-threshold amounts of the ATP-competitive 

inhibitor Gö6976 (Figure 3.5A). Cells expressing PKCα-M489V displayed a greater 

drop in activity compared to wild-type PKCα at all three inhibitor concentrations tested. 

In contrast, sub-saturating amounts of the ATP-uncompetitive inhibitor Bis IV caused an 

identical drop in the cellular activity of both wild-type and PKCα-M489V (Figure 3.5B). 

These results reveal that PKCα-M489V has enhanced sensitivity to the ATP competitive 

inhibitor (Gö6976) that discriminates between scaffolded and non-scaffolded PKC, but 

not to the non-discriminatory inhibitor (Bis IV). 

 To determine whether the altered inhibitor sensitivity reflected an intrinsic 

property of the kinase or altered cellular interactions, we measured the KI of purified 

GST-PKCα for Gö6976: the KI of M489V (109 ± 20 nM) and wild-type enzyme (113 ± 

10 nM) were the same within the error of the assay (Figure 3.5C). These data suggest 

that the enhanced sensitivity of the M489V variant to Gö6976 results from altered 

interactions with the cellular environment, rather than from an innate property of the 

enzyme itself.  
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Phosphorylation of MARCKS is increased in the brains of PKCα-M489V mice.  

 The M489V mutation was identified in affected, but not unaffected, siblings in 

four unrelated families suggesting that it is causal in the disease (121). Because increased 

phosphorylation of MARCKS has been identified as one of the earliest and most robust 

phosphorylation change in post-mortem brains from AD patients compared to controls 

(109), we assessed whether the AD-associated single amino acid change altered 

phosphorylation of MARCKS in an animal model. To this end, we used CRISPR-Cas9 

mediated genome editing to develop a genetically engineered mouse containing a 

homozygous M489V mutation in its Prkca gene (Taconic Biosciences GmbH developed 

for Cure Alzheimer’s Fund). We obtained whole-brain lysates from either wild-type or 

homozygous M489V mice and analyzed them via SDS-PAGE and Western blotting for a 

known PKC phosphorylation site on MARCKS protein (Figure 3.6). The mice 

containing the M489V mutation displayed a 41 ± 20% increase in phosphorylation of 

MARCKS at Ser 159/163 compared to wild-type mice. We also blotted for total PKCα 

levels in order to assess whether the M489V mutation affected the PKCα stability and 

protein levels in an endogenous, whole-brain environment. Importantly, the total PKCα 

protein levels were not significantly different between the wild-type and M489V samples. 

This establishes that the M489V mutation both changes PKCα signaling in the brain to 

enhance the phosphorylation of one of its major down-stream targets and also does so in 

a manner that does not alter the steady-state levels of total PKCα protein.  

 

DISCUSSION 
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 Here we unveil a previously undescribed mechanism by which a disease-

associated mutation in a conventional PKC has enhanced activity without threatening the 

stability of the protein (Figure 3.7). Biochemical, molecular dynamics, cellular studies, 

and analysis of brains from genome-edited mice reveal that the Alzheimer’s disease-

associated PKCα-M489V variant has the same on/off dynamics as wild-type enzyme, but 

catalyzes reactions at a faster rate when on, resulting in a significant increase in 

phosphorylation of endogenous PKC substrates without causing a reduction in the levels 

of PKCα. We show that autoinhibitory constraints are unperturbed by mutation of this 

residue, with basal signaling both in vitro and in cells unchanged from wild-type PKCα. 

Rather, this mutation alters the dynamics of the kinase core in a manner that enhances the 

rate of catalysis by approximately 30% while it is open and active, accounting for the 

previously described increase in agonist-evoked signaling in cells (121). Furthermore, 

these altered dynamics affect the cellular pharmacology of the PKCα-M489V variant, 

rendering it more sensitive to an ATP competitive inhibitor but not to an uncompetitive 

inhibitor. Lastly, we demonstrate that brains from mice with this PKCα mutation contain 

higher phosphorylation levels of the canonical PKC substrate MARCKS. Given this 

finding, it is of note that a recent unbiased phosphoproteomics study of brains from 

human Alzheimer’s Disease patients revealed that an increase in MARCKS 

phosphorylation is the major upregulated pathway in early stages of this disease (109). 

The altered catalytic rate resulting from mutation of a bulky Met to the smaller 

Val in a key regulatory segment involved in structuring the catalytic domain’s active site 

exemplifies how structural dynamics and protein plasticity play a critical role in catalysis. 
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Notably, elegant NMR relaxation studies with wild-type and mutant forms of cis-trans 

isomerase cyclophilin A provide strong experimental evidence that protein motions limit 

the turnover rate of the enzyme (196). Consistent with protein dynamics determining the 

rate of catalysis, our in silico molecular dynamics simulations support a model in which 

substituting Met for Val at position 489 alters both localized and distal structural 

flexibility of the catalytic domain. Such allosteric effects are not surprising given the 

interlinked functional communities that populate the kinase core (190, 197). The 

activation loop, in particular, acts as a hub for these communities. For example, 

numerous studies with the archetypical kinase, protein kinase A (PKA), and with the Tec 

family kinases have established that altering residues in the activation loop region alters 

the dynamics of the catalytic domain (198, 199). Mechanistic studies with PKA have 

revealed that the rate-limiting step in catalysis is the release of ADP (200). If this is the 

case for PKCα, then the altered motions in the active site may reduce the constraints that 

limit ADP release, thereby increasing the catalytic rate. It is noteworthy that, like many 

enzymes (201), PKA and PKC are relatively inefficient, with PKA catalyzing on the 

order of 20 reactions per second (200) and PKCα on the order of 3 reactions per second 

(this study). Thus, minor changes are likely to have significant effects on catalysis. 

Interestingly, the residue at position 489 varies amongst different PKC isozymes (Figure 

3.7A). Whether the residue at this position generally serves to tune catalytic efficiency 

unique to each PKC enzyme remains to be established. Indeed, there exists a precedent 

for residues in this position playing a key role in tuning the catalysis of kinases; namely, 

the large hydrophobic residue at the DFG+5 position in c-Src has been shown to act as a 
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“hydrophobic latch” in its control of c-Src activity (202). In contrast, the flanking 

residues in PKC contain the highly conserved DFG and APE motifs that are frequently 

mutated in cancer to result in loss of function. 

We have previously established that PKC bound to protein scaffolds is refractory 

to inhibition by ATP-competitive inhibitors (122). This is relevant to the cellular 

pharmacology of PKCα in the context of AD because the species of PKCα that mediates 

Aβ’s effects on synaptic transmission depends on PKCα’s PDZ ligand, which scaffolds to 

the PDZ domain-containing proteins PICK1 and PSD95 (33, 34). In this study, we found 

that PKCα-M489V gained sensitivity to the ATP competitive inhibitor Gö6976 in cells, 

with sensitivity to the uncompetitive inhibitor Bis IV remaining similar to that of wild-

type PKCα. In contrast, the M489V mutation did not change the IC50 for inhibition by 

Gö6976 in vitro relative to wild-type protein, revealing that this altered sensitivity is 

specific to the cellular environment. One possible explanation is that the altered dynamics 

conferred by the M489V mutation now allow inhibition by ATP competitive inhibitors, 

regardless of whether the kinase is bound to protein scaffolds. Alternatively, the altered 

dynamics may alter residency time on scaffolds. It is of note that that the enhanced 

sensitivity of PKCα-M489V to the ATP competitive inhibitor highlights a weakness that 

might be pharmacologically exploited in the treatment of this disease. 

The amount of PKC activity in the cell exquisitely controls cellular homeostasis. 

This is exemplified by the finding that PKCβII is haploinsufficient in a colon cancer cell 

line: two alleles of this isozyme effectively suppress growth in 3D whereas one allele 

does not (11). Thus, small changes in the activity of PKC have large effects on cellular 
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function. Given the multiple regulatory inputs necessary for PKC activity, PKC can be 

readily inactivated by mutations that prevent processing phosphorylations, impede second 

messenger binding, or impair catalysis. Indeed, such loss-of-function mutations are 

prevalent in cancer (11, 203, 204). However, mechanisms to enhance the activity of PKC 

are more difficult to envision. Conventional PKC isozymes engage in intramolecular 

autoinhibition in order to prevent downstream signaling in the absence of activating 

ligands, and disruption of this autoinhibition by prolonged treatment with potent PKC 

activators such as phorbol esters and bryostatins causes the degradation of PKC (38, 188, 

189) (Figure 3.7B, right). Indeed, patients receiving prolonged bryostatin infusions in a 

clinical trial for advanced metastatic cancer were reported to have decreased levels of 

PKC in peripheral blood monocytes (205). Thus, any mutations that decrease 

autoinhibition of PKCα to promote less constrained or constitutive activation would 

effectively lead to its degradation, thus paradoxically serving as loss-of-function 

mutations. Here, we show that one mechanism to evade this is by increasing the reaction 

rate of PKC, in the absence of any perturbations of autoinhibitory constraints (Figure 

3.7B, left). The approximately 30% increase in the reaction rate of PKCα harboring the 

M489V germline mutation, accumulating over a patient’s lifetime, could contribute to 

AD pathogenesis.  

The results reported here not only reveal how a subtle Met to Val mutation in a 

key region of the catalytic domain of PKCα can significantly alter molecular dynamics to 

increase activity—thus promoting degenerative pathology—but also highlight the 
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importance of maintaining exactly the right level of PKC signaling, an endeavor that 

requires precise biochemical and molecular regulation. 

 

MATERIALS AND METHODS 

 

Plasmid Constructs, Antibodies, and Reagents  

The C-Kinase Activity Reporter (CKAR) was previously described (147, 191). 

Human PKCα was N-terminally tagged with mCherry via Gateway cloning as described 

(11, 121). All mutants were generated using QuikChange site-directed mutagenesis 

(Agilent Genomics). The anti-PKCα antibody (610108) was from BD Transduction 

Laboratories. The anti-phospho PKCα/βII (pT638/641; 9375S) and pan anti-

phosphorylated PKC hydrophobic motif (βII pS660, 9371S) antibodies were from Cell 

Signaling Technology. The pan anti-phospho-PKC activation loop antibody was 

previously described (168). The phospho-MARCKS (sc-12971-R) and the total 

MARCKS (sc-6454) antibodies were purchased from Santa Cruz Biotechnology. β-actin 

antibody was purchased from Sigma-Aldrich (A2228). Phorbol 12,13-dibutyrate (PDBu), 

Gö6976, and bisindolylmaleimide IV (Bis IV) were from Calbiochem. Lipids used in 

kinase assays (diacylglycerol (DG), 800811C, and phosphatidylserine (PS), 840034C) 

were from Avanti Polar Lipids. 

Mammalian Cell Culture and Transfection 

COS7 cells were maintained in DMEM (Cellgro) containing 10% fetal bovine 

serum (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco) at 37 °C in 5% CO2. 
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Transient transfection was carried out using jetPRIME (PolyPlus Transfection) or 

FuGENE 6 transfection reagents (Roche Applied Science) for ~24h.  

PKCα-M489V mouse generation 

C57BL/6NTac-Prkca mice containing the M489V mutation in Prkca were 

generated by Taconic Biosciences GmbH for Cure Alzheimer’s Fund. The point mutation 

was inserted using a standard CRISPR/Cas9-mediated gene editing approach. In short, a 

ribonucleoprotein complex comprising the Cas9 protein complexed with a guide and a 

transactivator crRNA molecules were injected in fertilized C57BL/6NTac oocytes along 

with a single-stranded oligonucleotide containing the desired point mutation. Insertion of 

the oligonucleotide sequence resulted in the mutation of the Methionine 489 to Valine 

and introduction of an AflIII restriction site for genotyping purposes. Founder mice were 

genotyped by sequencing and bred to C57BL/6NTac WT mice for germline transmission. 

G1 heterozygous mice were identified by restriction analysis and confirmed by 

sequencing. HET G1 animals were then crossed to C57BL/6NTac WT mice for another 

generation before establishing HET x HET mating to generate cohorts for analysis. 12-15 

week old mice were used for sample preparation. All animal handling and procedures 

were approved by the Institutional Animal Care and Usage Committee. 

Murine Brain Sample Preparation and Immunoblotting 

3-month old wild-type and homozygous M489V mice were euthanized and 

hemibrains were obtained and immediately snap-frozen. Frozen tissue was then 

homogenized in a dounce tissue grinder with RIPA buffer (50 mM Tris, pH 7.4, 150 mM 

NaCl, 2 mM EDTA, 1% Triton X-100, 1% NaDOC, 0.1% SDS, 10 mM NaF, 1 mM 
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Na3VO4, 1 mM PMSF, 50 µg/ml leupeptin, 1 µM microcystin, 1 mM DTT, and 2 mM 

benzamidine). Homogenates were sonicated and protein was quantified using a BCA 

protein assay kit (Thermo Fisher Scientific). 30 µg of protein were separated by standard 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF 

membranes (BioRad). Membranes were blocked with 5% bovine serum albumin or 5% 

milk for one hour at room temperature and analyzed by immunoblotting with specific 

antibodies. Detection and quantification of immunoreactive bands was conducted by 

chemiluminescence on a FluorChem Q imaging system (ProteinSimple). Statistical 

significance was determined using a Student's t test. 

FRET Imaging and Analysis 

Cells were imaged as described previously (121, 147, 170) with the following 

modifications: COS7 cells were co-transfected with the indicated mCherry-tagged PKC 

construct and CKAR (147) at a 0.8:1 ratio of DNA, respectively. Baseline images were 

acquired every 15 seconds for ≥ 2 minutes before ligand addition, and data were 

normalized to the baseline FRET ratios. The data are graphed as average normalized 

FRET ratio ± SEM from at least 3 independent experiments.  

Insect Cell Culture and Protein Purification 

Human GST-PKCα protein was expressed and purified from insect cells using the 

Bac-to-Bac expression system (Invitrogen). GST-PKCα protein was batch purified using 

glutathione sepharose beads as previously described (206) with the following protocol 

changes: Sf-21 insect cells expressing GST-tagged protein were rinsed with PBS and 

lysed in 50 mM HEPES pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.1 % Triton X-100, 100 
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µM PMSF, 1 mM DTT, 2 mM benzamidine, 50 µg/ml leupeptin, and 1 µM microcystin. 

Purified protein was exchanged into 20 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM 

EGTA, and 1 mM DTT using 10 kDa Amicon centrifugal filter unit (EMD Millipore). An 

equal volume of glycerol was then added to a final concentration of 50% glycerol for 

storage at -20˚C. Protein concentration was determined using [1] BSA standards on an 

SDS-PAGE gel stained with Coomassie Brilliant Blue stain, and [2] A595 of BGG 

standards or PKC protein after mixing 5 µl of protein solution with 45 µl of buffer (0.05 

M NaOH, 20 mM Tris) and 500 µl of Coomassie (Bradford) Protein Assay Reagent 

(1856209, Thermo Fisher Scientific). 

Kinase Assays 

The activity of purified GST-PKCα (typically 2.4 nM) towards a peptide substrate 

(Ac-FKKSFKL-NH2) was assayed as described previously (207). Standard assay 

conditions contained (unless otherwise specified in figure legends): Ca2+ (200 µM free 

Ca2+ in the presence of 500 µM EGTA), 100 µM ATP, 100 µM substrate, 5 mM MgCl2, 

200 µM CaCl2, 0.06 mg/ml BSA, and Triton X-100 (0.1 % w/v) mixed micelles 

containing 15 mol % PS and 5 mol % DG in 50 mM HEPES pH 7.5, 1 mM DTT. The 

quantities of GST-PKCα wild-type or M489V used in the assay were additionally 

verified post-assay by Western blot using a PKCα antibody. The dependence of PKC 

activity on Ca2+ or mol % PS was analyzed by a nonlinear least squares fit to a modified 

Hill equation as described (208) using GraphPad Prism version 6 (GraphPad Software). 

The Km for peptide substrate or ATP was fit to the Michaelis Menten equation using 

GraphPad Prism version 6 (GraphPad Software). The concentration of free Ca2+ was 
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calculated using a program that takes into account pH, Ca2+, Mg2+, EGTA, and ATP 

concentrations (maxchelator.stanford.edu CaMgATPEGTA program, (209)). 

Structure Modeling and Molecular Dynamics Simulations 

Homology models of PKCα wild-type and M489V were created using Modeller 

9.16 from PDB ID: 3IW4 (residues 339 to 597). Molecular dynamics simulations were 

performed using GROMACS version 5.0 with the GROMOS96 53a6 force field 

parameter set. All titratable amino acids were assigned their canonical state at 

physiological pH, short-range interactions were cut off at 1.4 nm and long-range 

electrostatics were calculated using the particle mesh Ewald summation (210). Dispersion 

correction was applied to energy and pressure terms accounting for truncation of van der 

Waals forces and periodic boundary conditions were applied in all directions. Protein 

constructs were placed in a cubic box of 100 nM NaCl in simple point charge water with 

at least 1 nm distance between the protein construct and box edge in all directions. 

Neutralizing counter ions were added and steepest decent energy minimization was 

performed, followed by a two-step NVT/NPT equilibration. Both equilibration steps 

maintained a constant number of particles and temperature, and NVT equilibration was 

performed for 100 ps maintaining a constant volume, followed by 10 ns of NPT 

equilibration maintaining a constant pressure. Temperature was maintained at 37 oC by 

coupling protein and non-protein atoms to separate temperature coupling baths (211), and 

pressure was maintained at 1.0 bar (weak coupling). All position restraints were then 

removed and simulations were performed for 400 ns using the Nose-Hoover thermostat 

(212) and the Parrinello-Rahman barostat (213). Root-mean-squared fluctuation (RMSF) 
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analysis compared the standard deviation of the atomic position of each α-carbon in the 

trajectory, fitting to the starting structure as a reference frame. Images were created using 

PyMol version 1.7.2.3. 

Chapter 3 in its entirety is published online as “Protein Kinase Cα gain-of-

function variant in Alzheimer’s disease displays enhanced catalysis by a mechanism that 

evades down-regulation.” Callender JA, Yang Y, Lordén G, Stephenson NL, Jones AC, 

Brognard J, Newton AC in Proc Natl Acad Sci U S A. 2018 Jun 12;115(24). The 

dissertation author was the primary investigator and author of this work. 
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FIGURES AND TABLES 

 

Figure 3.1: Alzheimer’s Disease-associated PKCα mutation in key region of catalytic 
domain. [A] Primary structure of PKCα showing pseudosubstrate (red), C1A and C1B 
domains (orange), C2 domain (yellow), kinase domain (cyan), C-terminal tail (grey) and 
PDZ ligand (purple). Indicated are the three processing phosphorylation sites, Thr497 
(magenta circle) in the activation loop and Thr638 (orange circle) and Ser657 (green 
circle) in the C-terminal tail. [B] Cartoon representation showing autoinhibitory 
constraints in the full-length inactive form of PKCα wherein the pseudosubstrate 
occupies the substrate binding cavity, an interaction locked in place by the C2 domain. 
[C] Structure of PKCα kinase domain (PDB 3IW4) showing position of Met489 (red 
space filling) in the activation loop; note this structure has a Glu at the position of the 
activation loop phosphorylation site (pT497(E)). Indicated in stick representation is the 
network of interactions from the activation loop to the C-terminal tail that involves a salt 
bridge from Glu487 in the activation loop to Arg389 in the C-helix and H-bonding 
between the Lys388 in the C-helix to the main chain of Gly655 in the C-terminal tail; H-
bonds and salt bridges are indicated by yellow dots. Gly655 is in a conserved FXXF 
motif that directly precedes the hydrophobic phosphorylation site (phospho-Ser657); the 
two Phe are indicated in grey space filling model. Residues that pack into the activation 
loop (Arg462, Lys486, Val493, and Thr495) are also presented in grey space filling 
model. 
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Figure 3.2: Purified PKCα-M489V displays higher Vmax than wild-type PKCα under 
activating conditions. [A] Coomassie blue-stained SDS-PAGE gel of purified GST-
PKCα wild-type and GST-PKCα M489V (left). Western blot of pure proteins probed 
with antibodies for total PKCα, or with phospho-specific antibodies to the priming 
phosphorylation sites, pT497, pT638, and pS657 (right). [B] The activity of PKCα wild-
type (blue) or M489V (red) (typically 2.4 nM) measured as a function of Ca2+, 
phosphatidylserine (PS), peptide substrate, or ATP concentration. Data are graphed in 
units (nmol phosphate per minute) per mg GST-PKC. Data represent the average ± 
S.E.M. of triplicate samples. 

A

B

75
100
150
250

50

37

GST-
PKC

GST-
M48

9V

PKC100

pT497100

pT638100

pS657
100

GST-
PKC

GST-
M48

9V
0.01 0.1 1 10 100

0

500

1000

1500

[Ca2+] (µM)

PK
C

 A
ct

iv
ity

(u
ni

ts
 m

g-1
)

0 5 10 15
PS (mol %)

[ATP] (µM)[peptide substrate] (µM)

PK
C

 A
ct

iv
ity

(u
ni

ts
 m

g-
1 )

1000

2000

500

1000

1500

PK
C

 A
ct

iv
ity

(u
ni

ts
 m

g-
1 )

[free Ca2+] (µM) [PS] (mol %)

PKC -M489VPKC



 73 

 
 
Table 2.1: Kinetic values for in vitro kinase assays using purified PKCα or PKCα-
M489V. 
Kinetic values from the data shown in Figure 2B are listed. Data represent the average ± 
S.E.M. of triplicate samples. Unless otherwise indicated in the figure legends, the 
standard reaction component concentrations were as follows: 200 µM free Ca2+, Triton 
X-100 mixed micelles containing 5 mol% diacylglycerol and 15 mol% 
phosphatidylserine, 100 µM peptide substrate, and 100 µM ATP. Vmax is obtained from 
the experiment varying ATP concentration (all other components are as noted for the 
standard reaction).  Vmax is reported as units per mg GST-PKC where one unit is defined 
as one nmol phosphate hydrolyzed per minute. 
 
 

 
 
 
 
 
 
 

	

 
Ca2+

50 
(µM) 

PS50 
(mol%) 

Kmsubstrate 
(µM) 

KmATP 
(µM) 

Vmax 
(units mg-1) 

PKCα 0.17 ± 0.05 6.16 ± 0.05 24 ± 5 55 ± 8 (2.0 ± 0.2) x 103 

PKCα-M489V 0.21 ± 0.07 6.16 ± 0.06 28 ± 4 47 ± 6 (2.7 ± 0.2) x 103 
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Figure 3.3: M489V mutation causes key alterations in the dynamics of the kinase 
domain structure. [A] Molecular dynamics simulations showing altered flexibility 
around the ATP binding site, αG helix and αI helix of the M489V variant. Root-mean-
squared fluctuations (RMSF) of each residue are shown [A] graphically and [B] 
structurally, with width and color of the ribbon corresponding to the level of fluctuations 
observed. Key regions are highlighted as is the residue at position 489.  
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Figure 3.4: Basal activity of wild-type and PKCα-M489V is the same, but removal of 
regulatory moiety unmasks enhanced activity of the M489V kinase domain. 
[A] COS7 cells overexpressing CKAR alone (empty triangles) or co-expressing CKAR 
and full-length mCherry-PKCα wild-type (blue circles) or M489V (red squares) were 
exposed to 2 µM Bis IV and the change in FRET monitored. (n ≥ 20 from at least three 
separate biological replicates). [B] COS7 cells overexpressing CKAR alone (empty 
triangles) or co-expressing CKAR and the catalytic domain of PKCα (αCat) wild-type 
(empty blue circles) or M489V (empty red squares). 2 µM Bis IV was added and the 
change in FRET was monitored. (n ≥ 54 from at least three separate biological 
replicates). For both [A] and [B], data were normalized to the first five minutes prior to 
Bis IV addition and are graphed as average ± S.E.M. Note that in some cases, the error 
bars are obscured by the symbols. [C] Quantification of average mCherry-PKC 
expression for each overexpressed PKC depicted in panels [A] and [B]. Data are graphed 
as average mCherry intensity ± S.E.M. (n.s., not significantly different using a Student’s t 
test). 
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Figure 3.5: PKCα-M489V in cells is more sensitive to Gö6976 inhibition. 
[A-B] COS7 cells overexpressing mCherry-PKCα wild-type or M489V and CKAR were 
exposed to PDBu (200 nM) followed by sub-saturating amounts of [A] Gö6976: 0.06 µM 
(purple), 0.2 µM (orange), or 0.6 µM (green) or [B] Bis IV: 1 µM (green) or 2 µM 
(purple). Data were normalized to the maximal FRET after PDBu addition. (n ≥ 14 from 
three separate biological replicates). Data are depicted as average ± S.E.M.; note that in 
some cases, the error bars are obscured by the data points. [C] Purified GST-PKCα wild-
type (blue) or M489V (red) activity in the presence of Gö6976. Data represent the 
average ± S.D. of triplicate samples. 
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Figure 3.6: Phosphorylation of MARCKS is increased in the brains of PKCα-
M489V mice. Western blot of lysates of whole brain obtained from nine male and female 
three-month-old wild-type (lanes 1-4, males; lanes 5-9, females) or nine male and female 
genome-edited mice containing a homozygous PKCα-M489V mutation (lanes 10-15, 
males; lanes 16-18, females). Western blots were probed with antibodies specific to a 
known PKC phosphorylation site on MARCKS (Ser 159/163) or to total PKCα (top). 
Bands were quantified using densitometry and the phospho-MARCKS signal was 
normalized to total MARCKS signal and PKCα signal was normalized to its β-actin 
loading control. Normalized data from the depicted Western blot were plotted (bottom) as 
average normalized intensity ± S.E.M.  (*, p<0.05; n.s., not significantly different using a 
Student’s t test). Males indicated in green squares and females in black circles. 
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Figure 3.7: PKCα-M489V mutation increases PKCα signaling output without 
causing PKCα degradation. [A] Alignment of the activation loop of conventional PKC 
isozymes showing conserved regions, including the flanking DFG and APE motifs, 
(yellow); residues that frequently harbor loss-of-function mutations in cancer (blue 
asterisk); and the variable residue at the position corresponding to Met489 in PKCα (red). 
[B] Left: model depicting normal PKCα signaling, in which the enzyme is in an 
autoinhibited and stable conformation that is transiently and reversibly activated. Right: 
model showing the homeostatic downregulation of PKCα after either chronic activation 
by phorbol esters (which trap PKC in an open and labile conformation) or as a result of 
mutations that disrupt autoinhibitory constraints to constitutively activate PKCα 
signaling. Rather than promoting the constitutively active form of PKCα that would be 
subsequently degraded, the PKCα-M489V mutation instead enhances the normal 
signaling output of the enzyme without leading to its degradation (left). Domains and 
phosphorylation sites (small circles) are color coded as in Figure 1. 
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CHAPTER 4 

 

STRUCTURAL REGULATION OF PROTEIN KINASE Cα: 

AUTOINHIBITORY INTRAMOLECULAR CONTACTS  

AND TYROSINE PHOSPHORYLATION 
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ABSTRACT 

Conventional protein kinase C (PKC) family members are reversibly activated by 

binding to the second messengers Ca2+ and diacylglycerol, events that break 

autoinhibitory constraints to allow the enzyme to adopt an active, but degradation-

sensitive, conformation at the plasma membrane. The Ca2+-regulated plasma membrane 

sensing C2 domain of conventional PKC isozymes plays a key role in controlling both 

autoinhibition and the movement of PKC on and off the plasma membrane, with impaired 

C2 function accounting for one of the many mechanisms of PKC loss-of-function in 

cancer. In this study, we establish two mechanisms through which the C2 domain of the 

conventional isozyme PKCα regulates its signaling: [1] intramolecular contacts between 

the C2 domain and the C-terminal tail of are crucial for autoinhibition, and [2] 

phosphorylation of a conserved tyrosine residue in the C2 domain of conventional PKCα 

(Tyr195) sustains the signaling output of PKC by promoting plasma membrane 

association. We use a combination of live-cell FRET-based PKC translocation 

experiments to show that mutation of residues that engage in intramolecular contact 

between the C2 domain and C-tail “open” up PKCα and promote unmasking of 

membrane-sensing domains. We use FRET-based translocation and activity experiments 

to show that tyrosine phosphorylation of PKCα promotes plasma membrane localization, 

and that introducing a Y195F mutation ablates this effect. A phospho-antibody specific 

for this site reveals the transient nature of this phosphorylation, which can only be 

observed in active PKCα at the plasma membrane. Taken together, our results suggest 

that activation of PKC breaks intramolecular interactions to unmask the C2 domain, thus 
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allowing for phosphorylation on Tyr195, a modification that promotes the membrane 

association and thus activity of PKCα. This residue is conserved among all conventional 

PKCs, suggesting a key regulatory mechanism for this class of PKC isozymes. Consistent 

with this, we show that a cancer-associated mutation at this site in the related 

conventional isozyme PKCβII (Y195H) prevents agonist-dependent activation, providing 

another mechanism for loss-of-function of PKC in cancer.  

 

INTRODUCTION 

The PKC family consists of nine isoforms organized into three subfamilies: 

conventional (PKCs α, β, and γ); novel (PKCs δ, ε, θ, and η); and atypical (PKCs ζ and ι) 

(214). Each PKC consists of a kinase domain that is relatively conserved across 

subfamilies, a carboxy-terminal tail that is conserved across subfamilies, and a regulatory 

domain that differs between subfamilies (20, 215). PKC regulatory domains include the 

C1 domains, which bind diacylglycerol, and the C2 domain, which bind anionic lipids in 

a Ca2+ dependent manner (216-220). The pseudosubstrate domain maintains PKC in an 

inactive conformation by occupying the active site of the kinase domain. All PKC 

isoforms are immature when first translated and must undergo a series of stabilizing 

phosphorylations to produce a fully mature and catalytically competent PKC (20, 215). 

The three sites of constitutive phosphorylation are the activation loop, the turn motif, and 

the hydrophobic motif (151, 221, 222). A fully processed and phosphorylated PKC 

remains in the cytosol in its inactive, auto-inhibited form. In this conformation, only one 

of the C1 domains is available to bind diacylglycerol (31) and the pseudosubstrate binds 
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the active site. Signals that cause membrane lipid hydrolysis recruit PKC to the 

membrane, where the C1B domain binds diacylglycerol and phosphatidylserine, and the 

C2 domain binds phosphatidylinositol-4,5-bisphosphate (PIP2). Once at the membrane, 

the pseudosubstrate vacates the active site, yielding an open and active enzyme that can 

propagate downstream signaling.  

Many crystallographic studies have contributed to the clarification of the structure 

of PKC. The kinase domain alone has been crystallized for PKC α, βII, θ, and ι (50-54). 

The C2 domain has been crystallized for PKC α, βII, δ, η, and ε (55-60). The C1 domains 

of PKC α, γ, and δ have been crystallized as well (61-63). The structure of full-length 

PKC was not solved until 2011, when Hurley and colleagues successfully crystallized 

full-length rat PKC βII and resolved the C1B, C2, and kinase domain (64). Using the 

crystal packing data from this study, we observed a pose in the crystal lattice in which the 

C2 domain clamps against the catalytic domain, leading us to hypothesize that this allows 

the C2 domain to autoinhibit signaling output in the inactive state. We tested the validity 

of the pose observed in the crystal structure by mutating residues predicted to lie along 

this interface and using rate of plasma membrane translocation in live cells to show that 

these mutations broke the intramolecular contacts and “opened” PKCβII (38). Given the 

high degree of homology between the conventional PKC isozymes, it is likely that they 

share this mechanism of structural autoinhibition. Indeed, a study recently published by 

Igumenova and colleagues used molecular modeling and NMR spectroscopy to propose 

that the C2 domain of PKCα interacts with the C-terminal tail in the autoinhibited form of 

the enzyme (65). Based on our studies establishing the interface through which PKCβII 
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engages in autoinhibition, we produced a model of how we predict the C2 domain of 

PKCα would interact with the catalytic domain by docking the C2 domain against the 

kinase domain (Figure 4.1C). Shown in red are the residues mutated by Igumenova and 

colleagues. In this study, we seek to test the Igumenova model of PKCα autoinhibition by 

introducing their interface mutations (Figure 4.1A, C red) into PKCα overexpressed in 

live cells and observing plasma membrane translocation, as was done to support our 

autoinhibition model for PKCβII. 

In addition to the intramolecular interactions between unmodified amino acid 

sidechains, we also investigated a different aspect of PKCα regulation: tyrosine 

phosphorylation. Although many studies have addressed the role of phosphorylation at 

the activation loop, the turn motif, and the hydrophobic motif sites, relatively little is 

known about tyrosine phosphorylation in PKC. Previous studies have supported that 

tyrosine phosphorylation enhances the activity of PKCδ (223, 224) and PKCα (225, 226). 

We used PhosphoSite Plus to compare the amount of studies referencing different 

phosphorylation sites in PKCα (Figure 4.1B) (227). The most frequently annotated 

PKCα phosphorylation in PhosphoSite is pY195 in the C2 domain, with a close second 

being the oft-referenced phosphorylation at the activation loop (pT497). However, every 

reference containing PKCα-pY195 is an unbiased phosphoproteomics screen, and no 

targeted studies have investigated the role of phosphorylation at this site to date. 

Therefore, we sought to investigate the role of tyrosine phosphorylation in general and 

phosphorylation of Tyr195 specifically in PKCα signaling. Overall, we address two 

questions relating to the structural regulation of PKCα signaling: [1] do residues in the 
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C2 domain and C-terminal tail interact to autoinhibit PKCα, and [2] what is the function 

of phosphorylation of Tyr195 in PKCα. 

 

RESULTS 

 

PKCα autoinhibition is regulated by intramolecular contacts 

Previous studies conducted on PKCα, PKCβII, and PKCγ established that 

membrane-binding surfaces of the C1 domains are masked by intramolecular interactions 

in inactive forms of the enzymes (228-230). Therefore, the sensitivity of C1 domains to 

their activators can be used to probe the conformational state of PKCα in live cells. 

Igumenova and colleagues recently modeled a predicted interface between the C2 domain 

and the C-terminal tail of PKCα, and these intramolecular contacts are predicted to 

contribute to autoinhibition in the inactive form of the enzyme (65). In order to test this 

model, we generated YFP-PKCα variants with mutations along this interface and 

observed their translocation to the plasma membrane (Table 4.1).  

We used FRET to monitor the translocation of YFP-PKCα to the CFP-tagged 

plasma membranes in COS7 cells (Fig. 4.2). We initiated membrane translocation by 

treating the cells with a potent C1 domain agonist, phorbol ester PDBu.  In the simplest 

model (see Methods), the translocation rate is mono-exponential and depends on the sum 

of the on and off-rate constants, (kon+koff), while the total translocation level is 

proportional to the (1+koff/kon)-1 term. 
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Our first finding was that, unlike the translocation kinetics of the related PKCβII, the 

translocation kinetics of wild-type PKCα are biphasic and can be fit with a sum of 

exponential and linear terms (Figure 4.2B).  The first component is “fast,” with an 

apparent rate constant 1.10 ± 0.06 min-1; the second component is “slow,” with an 

apparent rate constant of (4.1 ± 0.3) x 10-3 min-1.  One plausible interpretation is that 

inactive PKCα in the cell exists as two conformational states with a distinct kinetic 

response to C1 agonists.  Our data suggest that mutations at the C2-C-terminal tail 

interface alter this conformational equilibrium. 

Alanine mutations of Ser657, Phe656, and the aromatic residues at the predicted 

C2-C terminal tail interface eliminated the slow translocation phase (Figure 4.2B). All 

three variants: S657A, F656A, and FYYW showed mono-exponential saturatable 

translocation kinetics with the rate constants of 1.20 ± 0.04, 1.22 ± 0.05, and 1.28 ± 0.03 

min-1, respectively. Western blot analysis of cell lysates (Figure 4.2C) showed that these 

variants have very low phosphorylation levels of the turn motif, Thr638, whose 

phosphate group anchors the C-terminal tail domain to the N-terminal lobe of the kinase 

(50, 54, 64). Because S657A and F656A mutants purified from insect cells were 

phosphorylated at Thr638 (data not shown), we concluded that these variants are 

sensitive to phosphatases and undergo rapid dephosphorylation in mammalian cell 

lysates, as recently published for PKCβ mutants(48). The FYWW variant was not 

phosphorylated at Thr638 in either cell lysates or purified form. The observed membrane 

translocation behavior is therefore indicative of the “open” state of the kinase, in which 

the C1 membrane binding sites are partially unmasked. Stensman and colleagues (229) 
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reported similar observations, with respect to the turn motif phosphorylation and DAG-

stimulated membrane translocation, on the S657A variant of PKCα. The apparent 

translocation rate constant of the “fast” conformation of wild-type PKCα was ~90% of 

that observed for the aromatic/pSer657 variants, indicating that the “fast” conformer has 

highly accessible C1 membrane binding sites. 

In contrast to the aromatic/pS657 mutations, disruption of the salt bridge between 

Asp652 and lysines of the lysine-rich cluster eliminated the fast translocation phase 

(Figure 4.2D).  Our interpretation is that the mutation of charged residues preferentially 

stabilizes the “slow” conformation of PKCα.  In this conformation, the C2 domain would 

clamp over the active site similarly to the structure for PKCβII, such that mutations of 

this residue breaks ionic interactions between the C2 and kinase domain (231).  Based on 

the translocation levels alone, we rank the (koff/kon) ratios as D652K << KK ≈ DKK.  

With respect to the effective membrane translocation rate constants (koff+kon), the order is 

D652K (0.23 ± 0.07 min-1) ≈ DKK (0.22 ± 0.01 min-1) < KK (0.70 ± 0.01 min-1).  

Previous studies demonstrated that mutations of lysine residues of the lysine-rich cluster 

increase the kinetic off-rate constant due to disrupted binding to PtdIns(4,5)P2 (232).  If 

the membrane dissociation behavior of the KK and DKK variants is not significantly 

different, the only condition under which we can obtain comparable effective rate 

constants for D652K and DKK is when kon(D652K) > kon(DKK).  This means that the 

DKK mutation restores the stabilizing effect of electrostatic interactions in the “slow” 

conformer of PKCα. 
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We noted that the apparent translocation rate constant of the PKCα-D652K 

variant, 0.23 ± 0.07 min-1, is similar to that observed for the wild-type PKCβII, 0.19 ± 

0.01 min-1 (230, 231).  In the βII isoform, the salt bridge between Glu655 (the equivalent 

of D652 in α) and Lys205 of the lysine-rich cluster contributes significantly to the 

stabilization of the inactive state (38).  We introduced K205E and charge reversal 

D652K/K205E mutations into PKCα and characterized the membrane translocation 

behavior of the variants.  The results were very similar to those obtained for the D652K, 

KK and DKK trio (compare Figures 4.2D left and middle), producing comparable 

(kon+koff) values for the D652K (0.23 ± 0.07 min-1) and D652K/K205E (0.28 ± 0.01 min-

1) variants, and a larger value for the K205E variant (1.05 ± 0.04 min-1). Taken together, 

these data indicate that electrostatic interactions between the lysine residues of the lysine-

rich cluster and the C-terminal tail contribute to the stabilization of the “slow” inactive 

conformation of PKCα. An interesting observation is that charge reversal of Asp652 to 

Lys resulted in a significant increase of the steady-state translocation levels compared to 

other variants. This was not observed when Asp652 was mutated to Ala (Figure 4.2D, 

right), suggesting that the introduction of a positive charge at this position enhanced 

interactions of PKC with anionic phospholipids. 

 

PKCα and PKCβII exhibit different translocation behavior 

The closely-related conventional PKC isozymes PKCα and PKCβII both visibly 

translocate to the plasma membrane in cells as a result of binding the same second 

messengers: Ca2+, PIP2, diacylglycerol, and phosphatidylserine. However, the 
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translocation behavior exhibited by PKCα was highly divergent from that of PKCβII. As 

discussed above, PKCα exhibited a biphasic translocation behavior characterized by a 

“fast” component (rate constant = 1.10 ± 0.06 min-1) and a “slow” component (rate 

constant = (4.1 ± 0.3) x 10-3 min-1). In contrast, PKCβII translocation exhibited a 

monophasic translocation behavior, with a rate constant of 0.19 ± 0.01 min-1 (31, 38). 

Indeed, the translocation behaviors also differ in the extent of visible translocation after 

15 minutes of PDBu stimulation (Figure 4.3). We overexpressed either wild-type YFP-

PKCα or wild-type YFP-PKCβII in COS7 cells and compared the extent of translocation 

after 15 minutes of PDBu treatment. The cell images showed that PKCβII exhibits more 

robust translocation to the plasma membrane when compared to PKCα, indicating that 

there may be differing mechanisms or cellular processes contributing to the kon and/or koff 

of these two enzymes. 

 

PKCα translocation to the plasma membrane is controlled by Tyrosine 

phosphorylation 

 While p-Tyr195 is the most frequently identified PKCα phosphorylation in 

unbiased phosphoproteomics studies, the role this phosphorylation plays in the regulation 

of PKCα signaling is unknown (Figure 4.1B). To investigate this further, we observed 

YFP-PKCα translocation to the plasma membrane in COS7 cells.  

 First, we overexpressed either YFP-PKCα wild-type or a non-phosphorylatable 

Y195F variant in COS7 cells along with CFP tagged to the plasma membrane. We 

initiated translocation with PDBu and measured the change in FRET between these two 
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fluorophores (31). Representative cell images are depicted in Figure 4.4A, with 

quantification of translocation depicted in Figure 4.4B. Both wild-type (black) and 

PKCα-Y195F (blue) translocated to the plasma membrane to a similar extent upon PDBu 

stimulation. Since the upstream kinase that phosphorylates this residue is unknown, we 

increased the amount of pY195 by pre-treating the cells with the tyrosine phosphatase 

inhibitor peroxyvanadate (NaVO4). Pre-treatment with peroxyvanadate caused a robust 

increase in the amount of wild-type PKCα translocation to the plasma membrane (red), 

which can be seen in both the cell images in Figure 4.4A and the quantifications in 

Figure 4.4B. In contrast, the PKCα-Y195F variant did not exhibit the same increase in 

translocation after peroxyvanadate pretreatment (orange), although there was a relative 

increase in translocation to the plasma membrane compared to PKCα-Y195F without 

peroxyvanadate. It should be noted that peroxyvanadate treatment will nonspecifically 

increase phosphorylation of any exposed tyrosines present in PKCα. Therefore, 

comparing the wild-type and PKCα-Y195F data is crucial to distinguish the contribution 

of phosphorylation at Tyr195. These data indicate that, while tyrosine phosphorylation in 

general promotes PKCα retention on the plasma membrane, phosphorylation at Tyr195 

significantly contributes to this retention.  

 

p-Tyr195 affects C2 domain sensing of plasma membrane 

 Tyr195 is situated along the predicted autoinhibitory interface between the C2 

domain and the C-terminal tail, according to modeling by Igumenova and colleagues (see 

Figure 4.1C). Therefore, we asked if the Y195F variant was preventing PKCα 
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translocation to the plasma membrane via [1] promoting autoinhibitory intramolecular 

contacts, or [2] affecting the C2 domain’s innate ability to act as a plasma membrane 

sensor. We overexpressed an isolated YFP-PKCα C2 domain, wild-type or containing a 

Y195F mutation, and stimulated movement towards the plasma membrane by raising 

cytosolic Ca2+ levels with thapsigargin (Figure 4.4C). Wild-type PKCα C2 domain 

translocated to the plasma membrane in response to Ca2+ binding (black), and 

introduction of the Y195F mutation dramatically reduced this translocation (blue). 

Similarly to the full-length protein, pretreatment with peroxyvanadate to promote p-

Tyr195 in the isolated C2 domain caused a significant increase in translocation to the 

plasma membrane upon Thapsigargin stimulation (red). Peroxyvanadate pretreatment 

increased the amount of translocation exhibited by the Y195F C2 domain (orange), 

although not to the extent exhibited by the wild-type C2 domain. Therefore, our findings 

with the isolated C2 domain recapitulate what was seen with the full-length protein: 

while phosphorylation of other tyrosine residues in the C2 domain (of which there are 

three) appear to contribute to plasma membrane sensing, Tyr195 specifically plays a 

significant role in this process. 

 

PKCα-Tyr195 phosphorylation requires tyrosine phosphatase inhibition and 

unmasking of the C2 domain. 

 According to our model of how the C2 domain interfaces with the C-terminal tail 

in the inactive form of the enzyme, Tyr195 would be masked when PKCα is 

autoinhibited (see Figure 4.1C). In order to test this, we used an antibody specific for 
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phospho-Tyr195 (pY195) to investigate what conditions would allow for phosphorylation 

of this site in COS7 cells (Figure 4.5). We overexpressed HA-tagged wild-type or PKCα-

Y195F in COS7 cells, treated with PDBu to lock PKC in an “open” conformation, then 

lysed the cells and probed whole cell lysates with the phospho-antibody (Figure 4.5A, 

left). Under normal conditions, no phosphorylation signal was detected, even with PDBu 

treatment. However, when pre-treating with peroxyvanadate to inhibit tyrosine 

phosphatase activity (NaVO4), we detected phosphorylation of Y195, but only in the 

presence of PDBu. This phosphorylation signal was more clear when we 

immunoprecipitated the HA-PKCα and probed for pY195 (Figure 4.5A, right). There is a 

clear pY195 signal that only appears when [1] PKCα is locked in an “open” state, and [2] 

tyrosine phosphatases are inhibited. 

 In order to test if the phosphorylation of Y195 in the presence of PDBu is due to 

activation of PKCα or to the unmasking of the C2 domain, we overexpressed isolated 

YFP-αC2 domain in COS7 cells and treated with peroxyvanadate to stimulate 

accumulation of pY195 (Figure 4.5B). We observed pY195 in the isolated C2 domain in 

the presence of peroxyvanadate, and this signal was partially ablated by pretreatment 

with the promiscuous kinase inhibitor staurosporine. These data support that PDBu 

allows for the accumulation of pY195 in the full-length protein due to the unmasking of 

the C2 domain that takes place as a result of PDBu binding the C1B domain.  

 

PKCα-Tyr195 is not phosphorylated by Src-family kinases that are targeted by PP2 

inhibition. 
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 Based on the motif surrounding Y195, we sought to determine if any Src family 

kinases were responsible for phosphorylation of this site (Figure 4.6). We overexpressed 

HA-tagged PKCα wild-type or Y195F in COS7 cells and treated the cells for one hour 

with the general Src family kinase inhibitor PP2, PP3 (a negative control for PP2), or 

staurosporine. We then treated with peroxyvanadate (NaVO4) for 30 minutes prior to 

lysing, and PDBu for 15 minutes prior to lysing. HA-PKCα was immunoprecipitated and 

probed for p-Y195. As seen previously, pY195 was only detectable in the presence of 

both peroxyvanadate and PDBu. Staurosporine blocked this signal, indicating that a 

kinase targeted by this highly promiscuous inhibitor is responsible for phosphorylating 

this site. However, neither PP2 nor PP3 reduced the pY195 signal, indicating that the 

kinase of interest is not one that is targeted by PP2 inhibition.  

 

Cancer-associated mutation PKCβII-Y195H is loss-of-function 

 Tyr195 is highly conserved among conventional PKC isozymes (Figure 4.7A), 

indicating that it is crucial for proper regulation of conventional PKC signaling. Indeed, 

consulting the cBioPortal database reveals a cancer-associated mutation (Y195H) at this 

site in PKCβII (233, 234). In order to test if this disease-associated amino acid 

substitution has a functional effect, we overexpressed mCherry-tagged PKCβII, either 

wild-type or Y195H, in COS7 cells along with CKAR and stimulated with UTP and with 

PDBu (Figure 4.7B). The Y195H mutation ablates PKCβII’s response to the 

physiological agonist UTP, and is therefore loss-of-function. This is consistent with the 
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fact that, to date, every cancer-associated mutation in PKC has either been loss-of-

function or has had no effect (11). 

 

Neither cancer-associated PKCβII-Y195H nor PKCα-Y195F exhibit neomorphic 

signaling at the Golgi apparatus. 

 When observing the cell images for the translocation experiments with PKCα-

Y195F (Figure 4.4) and the CKAR experiments with PKCβII-Y195H (Figure 4.7), we 

noted that these variants translocate to the Golgi to a greater degree than wild-type upon 

PDBu stimulation. This indicates that mutating Y195 lessens the C2 domain’s ability to 

guide translocation to PIP2 in the plasma membrane, thus resulting in PKC movement 

being determined by the C1B domain’s affinity for the highly concentrated pool of 

diacylglycerol in Golgi membranes (235). This is further supported by our finding that 

the isolated C2 domain is less able to sense the plasma membrane when it contains the 

Y195F mutation (see Figure 4.4C). 

In order to determine if these variants exhibit neomorphic signaling at the Golgi, 

we took advantage of a Golgi-targeted CKAR construct (170) (Figure 4.8). We 

stimulated with UTP and then inhibited with Bis IV. We first observed that PKCβII-

Y195H is less active at the Golgi compared to wild-type, which recapitulates our findings 

with cytosolic CKAR. Next, we observed that PKCα-Y195F exhibited the same amount 

of activity at the Golgi as wild-type. Thus, neither the cancer-associated PKCβII-Y195H 

nor the non-phosphorylatable PKCα-Y195F mutant exhibit neomorphic signaling at the 

Golgi when compared to wild-type. The increased translocation to the Golgi seen in cell 
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images is likely an artifact of PDBu stimulation, and not reflective of how these variants 

behave under physiologically relevant scenarios.   

 

DISCUSSION 

 We have investigated two distinct mechanisms through which PKCα signaling is 

regulated: [1] autoinhibition of signaling output using intramolecular contacts between 

the C2 domain and the C-terminal tail of the catalytic domain, and [2] phosphorylation of 

a conserved tyrosine in the C2 domain that promotes plasma membrane localization and 

activation (Figure 4.9). These two mechanisms preferentially affect the kon and koff of 

PKC membrane binding that is required for activation, respectively. Both de-

autoinhibition and retention on the plasma membrane affect the equilibrium between 

cytosolic, inactive PKCα and membrane-bound, active PKCα, thus regulating the global 

signaling output of this enzyme. 

 We used mutagenesis followed by observation of the rate and extent of 

translocation to the plasma membrane to show that several residues in the C2 domain and 

the C-terminal tail participate in hydrophobic and electrostatic interactions in the inactive 

form of PKCα (Figure 4.9A). A large number of studies support that domains other than 

the pseudosubstrate contribute to PKC autoinhibition (64, 231, 236-238), including most 

recently a study published by Igumenova and colleagues supporting a model of PKCα 

autoinhibition in which the C2 domain interacts with the C-terminal tail (65). Based on 

this model, we selected mutated residues that were predicted to lie upon this 

intramolecular interface. Our translocation experiments support the autoinhibition model 
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put forth by Yang et al. (Figure 4.9A, mode ii). However, the biphasic nature of phorbol 

ester-induced PKCα translocation (which is not observed during PKCβII translocation) 

indicates that PKCα is present in the cell in two distinct conformational states, rather than 

the single state previously hypothesized by Igumenova and colleagues. Since the Ca2+-

binding regions of the C2 domain are highly accessible to solvent in the model presented 

in Yang et al., it is likely that this represents the dominant conformation of PKCα that is 

responsible for the “fast” membrane translocation behavior that we observe (figure 4.9A, 

mode ii).  The “slow” conformation of PKCα may be similar to that of PKCβII, whose 

C2 domain interacts not only with the C-terminal domain through the Glu255-Lys205 salt 

bridge (231), but also clamps onto the C-lobe of the kinase domain using the Ca2+-

binding loop region (Figure 4.9A, mode i). It may also be likely that the biphasic 

translocation is due to two pools of PKCα that contain different post-translational 

modifications that affect plasma membrane affinity. Indeed, we have shown that tyrosine 

phosphorylation enhances PKCα’s translocation to the plasma membrane (see Figure 

4.4), so it is possible that these different states of PKCα differ in their level of tyrosine 

phosphorylation. The observed differences between the membrane translocation behavior 

of PKCβII (mono-exponential, “slow”) and PKCα (biphasic, “fast” and “slow”) illustrate 

both the isoform-specific differences and conformational plasticity of this class of 

enzymes.  We note that the concentration of Ca2+ required for half-maximal activation of 

PKCα is 25-fold lower than that required for half-maximal activation of PKCβII, likely 

reflecting the enhanced accessibility of the C2 domain in the “fast” conformation adopted 

by PKCα but not PKCβII (239). Further supporting that divergent mechanisms regulate 
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PKCα and PKCβII signaling, we note that in addition to the rates of translocation 

differing, the degree of translocation to the plasma membrane upon PDBu stimulation is 

visibly different when comparing these two closely-related enzymes (Figure 4.3). 

 We also establish that a previously uncharacterized phosphorylation site in the C2 

domain of PKCα plays a crucial role in the regulation of PKCα translocation and 

localization (Figure 4.9B). We show that general tyrosine phosphorylation promotes 

PKCα retention on the plasma membrane, as supported by the robust increase in plasma 

membrane translocation in the presence of peroxyvanadate. Tyr195 specifically plays an 

important role in this process, as this effect is ablated by introducing a non-

phosphorylatable Y195F variant (Figure 4.9B, mode iii). Phosphorylation of this site 

takes place when the C2 domain is exposed in the “open” form of PKCα, as supported by 

the finding that PDBu is required to observe this phosphorylation on a western blot 

(Figure 4.9B, mode ii). Based on our hypothesis that the C2 domain interfaces with the 

kinase domain in the inactive form of PKCα, Tyr195 would be masked when PKCα is in 

the cytosol (Figure 4.9B, mode i). pY195 is also transient and easily removed by tyrosine 

phosphatases, as shown by the finding that—even when PDBu is present—

peroxyvanadate is always necessary in order to observe phosphorylation at this site. 

These results may be explained if we hypothesize that the kinase phosphorylating this site 

does so at the plasma membrane. Any kinases that are inhibited by PP2 can be ruled out, 

as PP2 treatment did not decrease the pY195 signal seen on a western blot. It should be 

noted that, as the upstream kinase that phosphorylates this site remains unknown, these 

experiments were conducted in the absence of stimulation of this kinase. Therefore, 
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identifying the upstream kinase is a crucial future direction, as stimulation of this kinase 

may change the conditions required to observe phosphorylation at this site.  

Lastly, we show that a cancer-associated mutation at Tyr195 in PKCβII is loss-of-

function in that it completely ablates any response to UTP stimulation. This establishes 

that Tyr195 is a crucial residue that regulates the signaling of both PKCα and PKCβII. 

These studies also support PKC’s general role as a tumor suppressor by identifying yet 

another cancer-associated mutation that is loss-of-function (11, 180). 

 In summary, these studies widen our view of how PKCα signaling output is 

regulated. Our data suggest that—like the related PKCβII—the C2 domain serves to 

autoinhibit the inactive form of the enzyme by interacting electrostatically with the C-

terminal tail of the catalytic domain. This autoinhibition serves to mask the positively-

charged lysine-rich cluster until Ca2+ binds and facilitates bridging to anionic 

phospholipids in the plasma membrane. However, our data also highlight the differences 

between PKCα and PKCβII translocation to the plasma membrane, which requires further 

study to elucidate the mechanisms contributing to these variable behaviors. Finally, we 

show for the first time that a previously unstudied phosphorylation in the C2 domain of 

PKCα promotes retention on the plasma membrane, and that this residue is crucial for 

proper PKCα and PKCβII signaling. These studies all serve an ultimate goal of 

understanding the interplay between the autoinhibited, cytosolic form of PKCα and the 

active, plasma membrane-bound form. Understanding the mechanisms that stabilize one 

or the other state of PKCα may potentially open up new approaches for 

pharmacologically modulating PKC activity in an isozyme-specific manner. 
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MATERIALS AND METHODS 

Plasmid Constructs, Antibodies, and Reagents  

The C-Kinase Activity Reporter (CKAR) was previously described (147, 191). 

Human YFP-PKCα for translocation experiments was generated by sub-cloning PKCα 

into pcDNA3 with YFP at the N-terminus. Human mCherry-PKCβII for CKAR activity 

experiments was N-terminally tagged with mCherry via Gateway cloning. Human PKCα 

isolated C2 domain was N-terminally tagged with YFP via Gateway cloning. Gateway 

cloning procedure was as previously described (11, 121). Membrane-targeted CFP for 

translocation experiments (240) has been previously described. All mutants were 

generated using QuikChange site-directed mutagenesis (Agilent Genomics). The anti-

PKCα antibody (610108) was from BD Transduction Laboratories. The anti-phospho 

PKCα/βII (pT638/641; 9375S) and pan anti-phosphorylated PKC hydrophobic motif (βII 

pS660, 9371S) antibodies were from Cell Signaling Technology. The pan anti-phospho-

PKC activation loop antibody was previously described (168). The anti-α-Tubulin 

(T6074) antibody was from Sigma-Aldrich. The GAPDH (2118) and GFP (2555S) 

antibodies were purchased from Cell Signaling Technology. The mouse anti-HA 

(901533) antibody was purchased from BioLegend, and the rat anti-HA (3F10) antibody 

was purchased from Roche. The phospho-Y195 antibody for PKCα (AB-PK764) was 

purchased from Kinexus. Phorbol 12,13-dibutyrate (PDBu), uridine-5’-triphosphate 

(UTP), thapsigargin, PP2, PP3, staurosporine, and bisindolylmaleimide IV (Bis IV) were 

purchased from Calbiochem. Na3VO4 for making peroxyvanadate was purchased from 

New England Biolabs. Hydrodgen peroxide (H2O2) 30% was purchased from Thermo 
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Fisher Scientific. Peroxyvanadate was prepared immediately before use by combining 10 

mM Na3VO4 (30 µl) with 30% H2O2 (0.8 µl). Protein A/G PLUS-Agarose beads for 

immunoprecipitation were purchased from Santa Cruz Biotechnology (sc-2003). 

Mammalian Cell Culture, Transfection and Drug Treatments 

COS7 cells were maintained in DMEM (Cellgro) containing 10% fetal bovine 

serum (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco) at 37 °C in 5% CO2. 

Transient transfection was carried out using jetPRIME (PolyPlus Transfection) for ~24h. 

For drug treatments, cells were treated first with inhibitor where indicated for 45 minutes, 

followed by peroxyvanadate (3.5 µl per 2 ml of cell media) where indicated for 15 

minutes, followed by PDBu (200 nM) where indicated for 15 minutes. For non-

immunoprecipitation experiments, cells were lysed in 50 mM Tris, pH 7.4, 1% Triton X-

100, 50 mM NaF, 10 mM Na4P2O7, 100 mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 1 mM 

PMSF, 50 µg/mL Leupeptin, 1 µM Microcystin, 1 mM DTT, and 2 mM Benzamidine. 

Whole cell lysates were analyzed by SDS-PAGE and immunoblotting via 

chemiluminescence on a FluorChemQ imaging system (ProteinSimple). 

Immunoprecipitation 

To immunoprecipitate overexpressed PKCα, cells were lysed in RIPA buffer: 50 

mM Tris, pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM 

PMSF, 1 mM Na3VO4, 50 µg/mL Leupeptin, 1 µM Microcystin, 1 mM DTT, and 2 mM 

Benzamidine. Mouse anti-HA antibody was added to the whole cell lysates at a 1:100 

dilution (2 µl per 200 µl of whole cell lysate), and samples were rocked overnight at 4˚C. 

30 µl of Protein A/G PLUS-Agarose bead slurry were added to the 200 µl of lysate, and 
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the mixture was rocked at 4˚C for 2-4 hours. Beads were washed three times with RIPA 

buffer, the final wash was removed, and the HA-tagged PKCα was eluted from the beads 

by adding 4X sample buffer and boiling for 5 min at 100˚C. Immunoprecipitated product 

was then analyzed by SDS-PAGE and immunoblotting via chemiluminescence on a 

FluorChemQ imaging system (ProteinSimple). 

FRET Imaging and Analysis 

Cells were imaged as described previously: translocation experiments in Figure 

4.2 were carried out as described by Gallegos et al. (241), and all other imaging 

experiments were carried out as described by Callender et al. (242).  For translocation 

experiments, COS7 cells were co-transfected with the indicated YFP-tagged PKC and 

plasma membrane-targeted CFP at a 1:1 ratio of DNA. For CKAR activity experiments, 

COS7 cells were co-transfected with the indicated mCherry-tagged PKC and CKAR at a 

1:1 ratio of DNA. Cells were rinsed once with and imaged in Hanks’ balanced salt 

solution containing 1 mM Ca2+.  Images were acquired on a Zeiss Axiovert microscope 

(Carl Zeiss Microimaging, Inc.) using a MicroMax digital camera (Roper-Princeton 

Instruments) controlled by MetaFluor software (Universal Imaging, Corp.).  Using a 10% 

neutral density filter (translocation experiments in Figure 4.2) or a 5% neutral density 

filter (all other imaging experiments), CFP, YFP, mCherry, and FRET images were 

obtained every 7 or 15 seconds.  For translocation experiments, YFP emission was 

monitored as a control for photo bleaching and to ensure that overexpressed PKC levels 

were equal in all experiments. For CKAR activity experiments, mCherry emission was 

used to ensure that overexpressed PKC levels were equal between conditions. Base-line 
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images were acquired for ≥ 2 min before first ligand addition and for ≥ 2 min after 

maximum response to the final ligand had been achieved. Data were normalized to the 

baseline FRET ratios prior to ligand addition (Figures 4.2, 4.4, and 4.7) or the baseline 

FRET ratios after maximum response to inhibitor (Figure 4.8).  Data are plotted as the 

average ± S.E.M. of normalized FRET ratio for n > 20 cells from at least 3 biologically 

independent experiments.  

The FRET-detected translocation curves, with baseline FRET ratios normalized to 

1, were fit using the following equation: 

 
y = 1.0+ A 1− e−kt⎡⎣ ⎤⎦ ,

 

where y is the FRET ratio; k is the sum of the on- and off- rate constants, (kon+koff); A is 

the steady-state FRET ratio that reflects the amount of translocated protein and is 

~(1+koff/kon)-1.  For variants that showed non-saturatable behavior (e.g. wild-type PKCa), 

a linear term, D×t, was added to describe the time dependence. 
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FIGURES AND TABLES 

 

Figure 4.1: Amino acids predicted to regulate PKCα signaling. [A] Primary structure 
of PKCα. Depicted in red are the residues in the C2 domain and the C-tail that are 
predicted by Igumenova and colleagues to lie upon the C2:C-tail interface in the 
autoinhibited enzyme (65). Shown in blue is the location of Tyr195. [B] PhosphoSitePlus 
graph depicting frequency of references to phosphorylation sites in PKCα (227). [C] 
Residues from [A] shown on a model in which the PKCα C2 domain (PDB 4DNL) is 
docked against the catalytic domain (PDB 3IW4). Shown in red are the residues studied 
by Igumenova and colleagues, shown in green is the site of hydrophobic motif 
phosphorylation, and shown in blue is Tyr195.  
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Table 4.1: PKCα C2-catalytic domain interface mutations. Table establishing 
abbreviations for all the PKCα variants tested. Residues were selected based on modeling 
of PKCα C2 domain-kinase domain interface published by Igumenova and colleagues 
(65). 
 

 

  

Variant C2 C-tail

WT

S657A (hydrophobic motif) S657A

F656A F656A

FYYW Y195A/W247A F656A/Y658A

D652K D652K

KK K209E/K211E

DKK K209E/K211E D652K

K205E K205E

DK K205E D652K

D652A D652A
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Figure 4.2: PKCα autoinhibition is regulated by intramolecular contacts. [A] 
Schematic depicting current model for PKCα autoinhibition and activation. When 
inactive, PKCα remains in the cytosol in a “closed” state, in which residues in the C2 
domain and the C-tail participate in intramolecular interactions. Note that Tyr195 is 
located in this interface. Upon stimulation by second messengers, PKCα translocates to 
the plasma membrane, where autoinhibitory constraints are removed and the C2 domain 
and catalytic domain both become “opened” and unmasked. [B] Absolute FRET ratio 
changes (mean ± S.E.M.) representing the kinetics of PDBu (200 nM)-induced 
translocation of YFP-PKCα variants with mutations targeting pSer657 (blue) and 
aromatic interactions (orange, grey) to CFP-tagged plasma membrane. Wild-type 
translocation trace (black) shows both “slow” and “fast” translocation kinetics of wild-
type PKCα. [C] Western blots showing whole cell lysates of COS7 cells transfected with 
PKCα constructs.  The PKCα phosphorylation sites are the activation loop (Thr497), turn 
motif (Thr638), and hydrophobic motif (Ser657). [D] PDBu-induced translocation of 
YFP-PKCα variants targeting residues predicted to engage in electrostatic interactions. 
All FRET data represent the average ± SEM from at least 3 biologically independent 
experiments measuring > 20 cells. 
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Figure 4.3: YFP images depicting translocation behaviors of PKCα and PKCβII. 
YFP-PKCα and YFP-PKCβII were overexpressed in COS7 cells and translocation to the 
plasma membrane stimulated by 200 nM PDBu. Images depict either before translocation 
was initiated (left) or 15 minutes after PDBu had been added (right).  
 
  

+ PDBu (15m)
YF

P-
PK

C
βI

I
YF

P-
PK

C
α



 108 

  
 
Figure 4.4: Tyrosine phosphorylation of PKCα promotes enhanced translocation to 
the plasma membrane. [A] COS7 cell images depicting YFP signal in YFP-PKCα 
translocation experiments. Images depict either before translocation was initiated (left) or 
15 minutes after 200 nM PDBu had been added (right). Cell images depict translocation 
without (top) or with (bottom) peroxyvanadate pretreatment. [B] Absolute FRET ratio 
changes representing translocation of full-length YFP-PKCα wild-type (black) or Y195F 
(blue) after PDBu stimulation (200 nM, black arrow where indicated). Also shown are 
translocation traces after pre-treatment with peroxyvanadate at 0 minutes (NaVO4) 
followed by PDBu stimulation (black arrow) for both wild-type (orange) and Y195F 
(red). [C] FRET ratio changes depicting translocation of isolated YFP-αC2 domain to 
CFP-tagged plasma membrane in response to thapsigargin (5 µM). Depicted are wild-
type C2 domain (black) and C2 domain containing Y195F mutation (blue). 
Peroxyvanadate pre-treatment (3.5 µl per 2 mL of imaging buffer) prior to PDBu addition 
is shown for both wild-type C2 domain (red) and Y195F C2 domain (orange). Data 
represent the average ± SEM from at least 3 biologically independent 
experiments measuring > 20 cells. 
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Figure 4.5: PKCα-Tyr195 phosphorylation requires both peroxyvanadate and 
unmasking of the C2 domain. [A] Western blot depicting conditions necessary for 
phosphorylation of Y195 in full-length HA-PKCα overexpressed in COS7 cells. Shown 
are experiments using either whole cell lysates (left) or HA-PKCα immunoprecipitated 
from whole cell lysates (right). NT, not transfected control. Cells were treated with either 
200 nM PDBu or with DMSO control for 15 minutes. Peroxyvanadate pre-treatment 
(NaVO4) was added where indicated for 15 minutes prior to PDBu addition (3.5 µl per 2 
mL growth media). [B] Western blot depicting conditions necessary for phosphorylation 
of Y195 in isolated YFP-αC2 domain overexpressed in COS7 cells. Staurosporine (1 
µM) was added to cells for 60 minutes where indicated, followed by peroxyvanadate for 
15 minutes where indicated.  
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Figure 4.6: PKCα-Tyr195 is not phosphorylated by Src-family kinases that are 
targeted by PP2 inhibition. Western blot depicting pY195 signal when overexpressing 
and immunoprecipitating full-length HA-PKCα from COS7 cells. Cells were treated with 
inhibitors (10 µM PP2, 10 µM PP3, or 1 µM staurosporine) where indicated for 60 
minutes, followed by peroxyvanadate (NaVO4) where indicated for 15 minutes, followed 
by PDBu where indicated for 15 minutes. NT, not transfected control. 
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Figure 4.7: Cancer-associated PKCβII-Y195H mutant is loss-of-function. [A] 
Sequence alignment depicting highly conserved nature of Tyr195 (red) and surrounding 
residues in conventional PKC isozymes. [B] Normalized FRET ratio depicting PKC 
phosphorylation of CKAR activity reporter (147) in COS7 cells. UTP (100 µM) or PDBu 
(200 nM) were added where indicated (black arrows). Data represent average ± SEM 
from at least 3 biologically independent experiments measuring > 20 cells. On the right 
are representative cell images depicting YFP-PKCβII localization before (left) and after 
(right) PDBu addition. 
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Figure 4.8: Neither cancer-associated PKCβII-Y195H nor PKCα-Y195F are gain-of-
function at the Golgi apparatus. [A-B] Normalized FRET ratio depicting mCherry-
PKCβII [A] or mCherry-PKCα [B] phosphorylation of CKAR activity reporter targeted 
to the Golgi (147, 170). UTP (100 µM) and Bis IV inhibitor (2 µM) added where 
indicated (black arrows). Data represent average ± SEM from at least 3 biologically 
independent experiments measuring > 20 cells. 
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Figure 4.9: PKCα autoinhibition and signaling output is regulated by both 
intramolecular contacts and by tyrosine phosphorylation. [A] Schematic depicting 
intramolecular contacts that contribute to PKCα autoinhibition. (i-ii) In the inactive state, 
PKCα is “closed” in the cytosol, and positively-charged residues in the C2 domain 
interact with negatively-charged residues in the kinase domain. We propose that there are 
two distinct conformational states are in equilibrium in this pool of PKCα. One of these 
states constitutes the “slow” translocation phase when PKCα translocates to the plasma 
membrane (i), and the other constitutes the “fast” translocation phase (ii). Once at the 
plasma membrane, PKCα’s C2 domain is removed from intramolecular contact with the 
catalytic domain, yielding an “open” and active catalytic domain. [B] Schematic 
depicting tyrosine phosphorylation regulating PKCα signaling and autoinhibition. When 
PKCα responds to second messengers to move from the inactive, cytosolic state (i) to the 
membrane-bound, active state (ii), it accumulates a transient phosphorylation at Tyr195. 
Inhibiting tyrosine dephosphorylation promotes continued accumulation of PKCα at the 
plasma membrane (iii). Preventing phosphorylation at this site, or, in the case of the 
cancer-associated mutation Y195H, introducing a positively-charge amino acid side chain 
at this site, ablates PKCα’s ability to respond to second messengers (iv).  
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5.1 Conclusions  

The work within this thesis describes both the mechanisms that regulate PKCα 

signaling and also how deregulation of these mechanisms supports the development of 

neurodegenerative pathophysiologies. PKCα is a ubiquitously-expressed signaling 

enzyme that plays a role in a myriad of cellular processes, and as such, precise regulation 

of its signaling output is crucial to maintain cellular homeostasis. PKCα, like all PKC 

isozymes, differs from the majority of kinases in that its C-terminal catalytic domain is 

phosphorylated at its activation loop not as a result of activation, but rather as a result of a 

constitutive priming and processing pathway. This catalytic domain would therefore 

exhibit constitutive activity, were it not for the evolution of an elegant mechanism 

through which PKCα’s own N-terminal regulatory domains autoinhibit the catalytic 

domain. Thus, the cell maintains a precise balance of PKCα signaling output (Figure 

5.1). In this vein, if the catalytic domain were to be locked open and activated in a 

constitutive fashion, PKCα would be dephosphorylated and shunted into a degradation 

pathway (48), thereby restoring the necessary equilibrium. The mechanism through 

which this balance in PKCα signaling is properly regulated—and how pathology 

circumvents this balance in Alzheimer’s disease—has been the main focus of these 

studies. The two primary stories investigated in this thesis (PKCα signaling in 

Alzheimer’s disease and structural regulation of PKCα signaling by its C2 domain) serve 

to support each other in telling a complete narrative: PKCα has evolved elegant 

mechanisms through which its autoinhibition and signaling is regulated by its own N-
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terminal domains, and perturbation of these mechanisms can lead to an aberrant increase 

in PKCα activity and neurodegenerative pathologies. 

 Chapter 2 describes a novel role for PKCα signaling in Alzheimer’s disease. We 

used a combination of genetic, electrophysiology, and biochemistry experiments to show 

that [1] PKCα (and its ability to engage in protein scaffold interactions via its PDZ 

ligand) is necessary for Amyloid β (Aβ)-induced synaptic depression in hippocampal 

slices, [2] Alzheimer’s disease-associated mutations in PKCα enhance signaling output in 

cells, and [3] exposing live cells to Aβ causes a Ca2+ response and activates PKC. 

Coupled with previous studies from our group identifying that PKC signaling is lost in 

cancer, a disease of proliferation, these experiments highlighted that deregulation of 

PKCα in the opposite direction promotes biochemical alterations that support the 

development of Alzheimer’s disease, thus strengthening our model that PKCα signaling 

must be maintained in a precise balance to avoid pathological consequences. These 

studies also sparked our interest in the biochemistry of how these disease-associated 

mutations increase PKCα signaling output in cells without compromising stability of the 

enzyme, which would lead to protein degradation and a paradoxical loss-of-function. 

This led us to pursue a more rigorous biochemical characterization of one of the 

mutations, PKCα-M489V. 

 Chapter 3 describes our in-depth investigation into how the M489V amino acid 

substitution in PKCα could enhance signaling output in cells without sensitizing it to 

dephosphorylation and degradation. We performed in vitro kinase assays with purified 

protein to show that while the M489V mutation did not affect sensitivity to cofactors, 
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peptide substrate binding, and ATP binding, it conferred a Vmax that was approximately 

30% higher than the wild-type protein. We used in silico molecular dynamics simulations 

to model how a modest amino acid substitution (a Met to a Val) could in fact cause 

robust changes in the molecular dynamics of the entire kinase domain. This is 

unsurprising when considering that this mutation is in the activation loop region, a key 

area that is connected to other functional communities in the kinase domain via 

electrostatic and hydrophobic interactions (see Figure 3.1C). These findings led to our 

hypothesis that this mutation increases PKCα signaling output without compromising 

stability because it does not perturb autoinhibition, as evidenced by the unchanged 

sensitivity to cofactors. Rather, when autoinhibitory constraints are removed, this 

mutation changes the dynamics of the kinase domain to cause in increase in the catalytic 

output. We confirm this hypothesis by removing the N-terminal autoinhibitory domains 

and assessing basal signaling output in cells, which is robustly increased after 

introduction of the M489V mutation. Lastly, we generated a mouse model containing this 

M489V mutation. We showed that not only is phosphorylation of a key PKCα substrate 

(MARCKS) known to be involved in the early stages of Alzheimer’s disease pathology 

increased in the brains of these mice, but also that the steady-state levels of PKCα are the 

same in the M489V mice and wild-type mice, thus confirming that this mutation confers 

enhanced PKCα activity without compromising stability. These studies therefore describe 

a novel mechanism through which a disease-associated mutation cleverly evades the 

cell’s normal homeostatic response to aberrantly active PKC. 
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 Chapter 4 describes a variety of studies undertaken to understand how PKCα 

signaling is regulated by intramolecular autoinhibition and by tyrosine phosphorylation. 

Previous work by our group has established that the closely-related conventional isozyme 

PKCβII experiences autoinhibition by its N-terminal regulatory domains in its inactive, 

cytosolic form, and that this autoinhibition can be tested by introducing mutations that 

perturb this interface and observing membrane translocation kinetics of the PKCβII 

variants. We used FRET-based cell translocation assays to show that while this 

autoinhibitory mechanism also regulates PKCα signaling, there are key differences in the 

behavior of PKCβII and PKCα in cells. Using modeling from a recent publication by 

Igumenova and colleauges (65), we introduced mutations in residues predicted to engage 

in intramolecular interactions and observed that they “opened” PKCα, as was seen 

previously with PKCβII. However, we observed that PKCα translocates to the plasma 

membrane in a biphasic manner, which is in contrast to PKCβII’s monophasic 

translocation behavior. This suggests that PKCα exists in the cytosol in two 

conformational states. We then showed that PKCα signaling is regulated by 

phosphorylation of a conserved tyrosine residue in the C2 domain. This phosphorylation 

site, while frequently picked up in unbiased phosphoproteomics screens, was completely 

unstudied in the PKCα literature. We detected the accumulation of tyrosine 

phosphorylation on PKCα by inhibiting tyrosine phosphatases and observed a robust 

increase in PKCα translocation and retention on the plasma membrane. This effect was 

partially ablated by introducing a non-phosphorylatable residue at Tyr195 (Y195F), thus 

confirming that this tyrosine in particular plays a crucial role in promoting PKCα 
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association with the plasma membrane. These studies provide new insight into how 

PKCα autoinhibition and signaling is regulated, which is crucial for understanding how to 

target PKCα in an isozyme-specific manner in various diseases. 

5.2 Future Work 

 With regards to the role played by PKCα in Alzheimer’s disease, a number of 

exciting avenues remain unexplored. Our findings in Chapter 2 serve as a proof-of-

concept for a powerful new approach for tackling diseases for which there is no cure: 

identification of new rare variants that co-segregate with a particular disease will yield 

novel protein targets and signaling pathways that play roles in disease pathogenesis. 

Identifying these alternative signaling pathways—which may be understudied in the 

context of a particular disease—will be a crucial in the development of novel therapeutic 

approaches.  

 After having established that the PKCα-M489V variant displays enhanced activity 

in mouse brains, the most important future direction will be a more thorough 

characterization of the M489V mouse model. These studies are currently under way, and 

will involve a variety of biochemical, behavioral, histopathological, and 

phosphoproteomics approaches to further elucidate how this variant affects the whole 

organism. This PKCα-M489V mouse will be crossed with an Alzheimer’s disease model 

mouse (APP/swe), which will allow for experiments observing how the M489V variant 

affects the progression of the disease phenotype. Additionally, this mouse would allow 

for follow-up experiments regarding the activation of PKCα downstream of Aβ. In 

Chapter 2, we establish that PKC is activated as a result of exposing primary astrocytes 
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isolated from wild-type mice to Aβ25-35 peptide (see Figures 2.7-2.8) Repeating these 

experiments in primary cells isolated from the PKCα-M489V mouse presents a 

fascinating opportunity to assess if this variant enhances this effect. In this vein, this 

experiment should be repeated in primary cells of different lineages (for example, 

primary hippocampal neurons or cortical neurons as opposed to primary astrocytes). 

Additionally, future studies should focus on testing how different forms of Aβ cause this 

PKC activation, as the mixture used to stimulate cells in Chapter 2 may have been 

monomers, oligomers, fibrils, or some combination of all of the above. Given the 

differential biological roles played by different forms of Aβ, elucidating which form of 

Aβ is at play is crucial. Lastly, we show that the PKCα-M489V variant exhibits 

differential response to certain PKC inhibitors. Future work can continue in this vein, 

with the ultimate goal of understanding how to decrease PKCα signaling in Alzheimer’s 

disease in an isozyme-specific manner. Along these lines, our work in Chapter 4 provides 

some hints as to how this might be accomplished by providing a more in-depth look at 

the structural regulation of PKCα signaling. 

 With regard to the studies presented in Chapter 4, future directions should focus 

on identifying the upstream kinase that phosphorylates Tyr195 in PKCα. This can be 

accomplished either through a general tyrosine kinase screen or through a more targeted 

approach, such as pharmacologically inhibiting candidate tyrosine kinases or using RNA 

interference (RNAi) to knock down kinases of interest. Further studies could also focus 

on the discrepancies between PKCα and PKCβII translocation, as this research path help 
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to elucidate how to pharmacologically target one of these enzymes while not affecting the 

other. 

 Therapeutically targeting PKCα in Alzheimer’s disease should be an ongoing goal 

of future studies. PKCα activity would need to be decreased, and luckily, many methods 

to inhibit PKC have already been developed for use in clinical trials to treat cancer. While 

these PKC modulators universally failed (and in some cases, worsened patient outcome) 

in the context of cancer, they can be repurposed to inhibit PKCα in neurodegenerative 

diseases. Indeed, the potent PKC agonist Byrostatin has recently completed a successful 

Phase II clinical trial for the treatment of Alzheimer’s disease (243). Prolonged infusion 

of Bryostatin into cancer patients has been shown to cause a decrease in blood levels of 

PKCα, as would be expected of potent C1 agonists that lock PKC into an open and 

degradation-sensitive conformation (205). Therefore, it’s likely that Bryostatin will see 

success in treating Alzheimer’s disease due to its ability to chronically decrease steady-

state PKC levels in the patient, rather than its acute activation of PKC.  

In regards to treating Alzheimer’s disease, PKCα inhibition should be pursued 

while keeping in mind the following concerns: [1] only PKCα activity—and not the 

activity of any of the related PKC isozymes—should be decreased, and [2] this inhibition 

of PKCα activity should ideally be limited to the brain, as global inhibition of PKC 

signaling may promote the development of cancer pathologies. The first goal can be 

accomplished via a myriad of approaches that are highlighted by the findings of this 

thesis work. For example, studies in Chapter 2 establish that PKCα’s ability to engage 

with PDZ domain-containing protein scaffolds is necessary for Aβ-mediated synaptic 
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depression. Therefore, small molecules that disrupt this protein interaction would target 

this specific pool of PKCα. In Chapter 3, we show that the PKCα-M489V mutation 

confers enhanced sensitivity to ATP-competitive active site inhibitors. This effect must 

be attributed to the M489V mutation changing the way PKCα interacts with the cellular 

environment, as this difference in sensitivity was not observed in the purified protein. 

While not all patients contain the PKCα-M489V mutation, these studies indicate that the 

pool of PKCα contributing to Alzheimer’s disease exists separately from the pool of 

regular PKCα, and that this pool may be more sensitive to this specific class of 

competitive inhibitors. Lastly, in Chapter 4, we investigate the ways in which PKCα and 

PKCβII translocation differ. While more work will be necessary to determine the 

mechanisms that contribute to these different behaviors, they may provide a clue as to 

how to target PKCα signaling without affecting the related conventional PKC isozymes. 

In regards to specifically targeting PKCα signaling in the brain rather than in the whole 

organism, this remains a primary focus of the pharmacological field in general. Many 

different methods for delivery of drugs or gene therapies to the brain have been proposed, 

all of which could potentially be used to deliver PKCα inhibiting factors. 

 More generally, the work presented in this thesis highlights the benefits of 

combining unbiased, large-scale screens with hypothesis-driven biochemistry. Both 

Chapters 2-3, which concern PKCα signaling in Alzheimer’s disease, and Chapter 4, 

which concerns how the C2 domain regulates PKCα signaling through autoinhibition and 

tyrosine phosphorylation, started with large-scale GWAS or phosphoproteomics 

observations, respectively. We then followed up on and corroborated these unbiased 
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approaches with in-depth biochemistry. This combination of tactics will be necessary in 

order to identify PKC-dependent pathways that are deregulated in neuropathologies, 

which in turn will pave the road for new therapeutic strategies for the treatment of 

neurodegenerative diseases. 
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FIGURES AND TABLES 

 

Figure 5.1: The balance of PKCα activity signaling. In this thesis, we show that PKCα 
activity is precisely regulated by its C2 domain via intramolecular autoinhibition and 
tyrosine phosphorylation. Deregulation of this balance has pathological consequences: 
too little PKC activity promotes proliferative phenotypes such as cancer (11, 180), while 
aberrant PKC activity contributes to degeneration and Alzheimer’s disease (121, 242).  
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