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ABSTRACT OF THE DISSERTATION 
 

Molecular Mechanisms of Atypical Protein Kinase C Regulation in Insulin Signaling 

 

 

by 

 

Irene Sophie Tobias 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2016 

Professor Alexandra Newton, Chair 

 

 

Atypical protein kinase C (aPKC) isozymes are key modulators of insulin 

signaling, and their dysfunction correlates with insulin-resistant states in both mice 

and humans.  Despite the engaged interest in the importance of aPKCs to type 2 

diabetes, much less is known about the molecular mechanisms that govern their 

cellular functions than for the conventional and novel PKC isozymes and the 

functionally-related Akt family of kinases.  Here we show that aPKC is constitutively 

phosphorylated and basally active in cells.  Specifically, we show that phosphorylation 
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at two key regulatory sites, the activation loop and turn motif, of the aPKC PKCζ in 

multiple cultured cell types is constitutive and independently regulated by separate 

kinases: ribosome-associated mTORC2 mediates co-translational phosphorylation of 

the turn motif, followed by phosphorylation at the activation loop by PDK1.  Live cell 

imaging reveals that global aPKC activity is constitutive and insulin-unresponsive.  

Thus, insulin stimulation does not activate PKCζ through the canonical 

phosphatidylinositol-3,4,5-triphosphate-mediated pathway that activates Akt, 

contrasting with previous literature on PKCζ activation.   

We additionally show that protein scaffolds not only localize, but also 

differentially control the catalytic activity of PKCζ, thus promoting activity towards 

localized substrates and restricting activity towards global substrates.  Using cellular 

substrate readouts and scaffolded activity reporters in live cell imaging, we show that 

PKCζ has highly localized and differentially-controlled activity on the scaffolds p62 

and Par6.  Both scaffolds tether aPKC in an active conformation as assessed through 

pharmacological inhibition of basal activity, monitored using a genetically-encoded 

reporter for PKC activity.  However, binding to Par6 is of higher affinity and more 

effective in locking PKCζ in an active conformation.  FRET-based translocation 

assays reveal that insulin promotes the association of both p62 and aPKC with the 

insulin-regulated scaffold IRS-1.  Using the aPKC substrate MARK2 as another 

readout for activity, we show that overexpression of IRS-1 reduces the 

phosphorylation of MARK2 and enhances its plasma membrane localization, 

indicating sequestration of aPKC by IRS-1 away from MARK2.  These results are 
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consistent with scaffolds serving as allosteric activators of aPKCs, tethering them in 

an active conformation near specific substrates. Thus, signaling of these intrinsically 

low activity kinases is kept at a minimum in the absence of scaffolding interactions, 

which position the enzymes for stoichiometric phosphorylation of substrates co-

localized on the same protein scaffold. 
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Chapter 1: 

Introduction 
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1.1 Structure of atypical PKC and its relation to the PKC family 

Protein kinase C (PKC) is a family of Ser/Thr protein kinases consisting of 3 

classes, conventional (α, γ and the alternatively spliced βI and βII), novel (δ, ε, η and 

θ), and atypical (ζ and ι/λ).  PKC isozymes are primarily united by their catalytic and 

C-terminal regions: all family members share a conserved kinase core that is C-

terminal to a series of N-terminal regulatory regions (Fig 1.1).  The differential 

composition of the N-terminal regions is the principle divergence within the PKC 

family and produces alternate mechanisms of regulation.  A key regulatory feature of 

conventional PKCs (cPKC) and novel PKCs (nPKC) is the presence of tandem 

diacylglycerol-sensing C1 domains which permit their binding to lipid second 

messenger agonists at cell membranes such as diacylglycerol and its analogues (1, 2).   

Atypical PKCs (aPKC) have an atypical C1 domain that lacks determinants 

necessary for diacyleglycerol binding (3, 4), thus prohibiting this form of agonist 

response.  aPKC isozymes also lack the Ca2+-sensing C2 domain present in cPKCs 

that permits regulation by intracellular calcium levels. More important to aPKCs are 

their protein-binding domains, including a Phox and Bem1 (PB1) domain at their 

regulatory N-terminus (1, 2), and a C-terminal type III PDZ ligand (Fig 1.1).  All PKC 

isozymes share the presence of an autoinhibitory pseudosubstrate that occupies the 

substrate-binding cavity in their inactive conformation.  For cPKC and nPKC, the 

release of this pseudosubstrate is regulated through binding to diacylglycerol and is 

the principle mechanism of their agonist-induced activation.  In contrast, the 

conformation of the pseudosubstrate found in aPKC is mediated through binding of 

aPKC to protein scaffolds.  Additionally, the aPKC isozyme PKCζ has an alternate 
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transcript (PKMζ) preferentially expressed in brain tissue that contains the catalytic 

domain and lacks all N-terminal regulatory domains (PB1, pseudosubstrate, and 

atypical C1) thus existing in a constitutively non-autoinhibited state.   

 

 

Figure 1.1: Protein domain composition of the PKC family.  Regulatory and catalytic domains 
present in PKCα (representing conventional PKC isozymes), PKCε (novel PKC isozymes), PKCζ and 
its short transcript PKMζ (atypical PKC isozymes).  Enzyme alignment is found principally in the 
kinase domain (cyan) and C-terminal region (blue) with the presence of 3 conserved phosphorylation 
sites: activation loop (pink circle), turn motif (orange circle) and hydrophobic motif (green circle, which 
is Glu for the atypical PKC isozymes).  Regulatory domains shown include the autoinhibitory 
pseudosubstrate (green rectangle), the lipid-binding C1 domains (orange rectangle), the atypical C1 
domain (orange hexagon), the conventional C2 domain (yellow rectangle), the novel C2 domain 
(yellow rhombus), and the protein-binding PB1 domain (purple rectangle).   

 

Phosphorylation plays a key role in the regulation of PKC.  cPKC and nPKC 

have 3 priming phosphorylation sites: the activation loop present near the ATP-

binding site, and two sites present in the C-terminal tail, the turn motif, and the 

hydrophobic motif (1).  These sites are also conserved among other AGC kinases 

present on the PKC branch of the kinome including Akt, p70 S6K, MSK and SGK 

PKCζ
atypical: ζ, ι/λ N T410 T560 E Catypical C1 PB1 

PDZ 

PKCε
novel: δ,ε,η,θ N T566 T710 S729 Cnovel C2 C1A C1B 

PKCα
conventional: 

α,β,γ
N T497 T638 S657 CC1A C1B C2 

pseudosubstrate activation loop turn motif
hydrophobic motif

Regulatory Kinase C-terminus

N T410 T560 E CPKMζ
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(Fig 1.2).  aPKCs share the first two sites, but a phosphomimetic Glu occupies the 

phospho-acceptor position in the hydrophobic motif site, a feature shared by the 

nearby PKN family which has negatively-charged Asp at the hyrdrophobic motif (Fig 

1.2e).  The hydrophobic motif is an autophosphorylation site for cPKC and Akt 

kinases (5, 6), thus aPKC is lacking in this key regulatory feature exhibited by these 

enzymes.  The absence of this phospho-site also renders aPKC insensitive to 

dephosphorylation by the phosphatase PHLPP that dephosphorylates this site on Akt 

(7) and on other PKCs leading to their degradation and downregulation (8-10).   

 

 

 



5	
	

	

 

Figure 1.2: AGC branch of the kinome and consensus phosphorylation sites. (a) End of the AGC 
branch of the human kinome (11) including mitogen and stress-activated  protein kinase (MSK) 
isozymes, ribosomal protein S6 kinase, 70kDa (p70 S6K) isozymes, Akt and Ser/Thr-protein kinase 
(SGK1) families, PKN family, aPKC isozymes, nPKC isozymes and the most divergent cPKC 
isozymes.   The blue boxes contain isozymes that have Ser or Thr at the hydrophobic motif while the 
red boxes contain isozymes that have Glu or Asp at the hydrophobic motif.  (b) Structure of an aPKC 
kinase domain (human PKCι, PDB: 3A8W) showing locations of analogous sites for PKCζ activation 
loop (pink), turn motif (orange) and hydrophobic motif (green).  (c,d,e) Alignment of amino acid 
residues for the activation loop (a), turn motif (b) and hydrophobic motif (c) sites shown in blue text for 
human PKC (conventional PKCα, novel PKCε and atypical PKCζ) and the other related AGC kinases 
MSK1, S6K1, SGK1, Akt1 and PKN1.  The hydrophobic motif Glu and Asp residues of PKCζ and 
PKN1 are notated in red.  Sequences for these kinases are listed in the order they appear on their branch 
of the kinome (11).   

	

The activation loop of all PKCs and the related family of Akt kinases are 

phosphorylated by phosphoinositide-dependent kinase-1 (PDK1) (12-14).  

Phosphorylation at the activation loop is constitutive for cPKC and nPKC isozymes 

and is likely the first phosphorylation event in the maturation of PKC (2).  However, 

SGK3
SGK1

SGK2

PKCδPKCθ

PKCη
PKCε

PKCι

PKCζ

PKCγ

PKCα
PKCβ

p70 S6K1
p70 S6K2

PKN1

PKN3
PKN2

MSK2
MSK1

Akt2
Akt1Akt3

a
DFGLCKESIHDGTVTHTFCGTIEYMAPEIL
DFGLCKEGIKDGATMKTFCGTPEYLAPEVL
DFGLCKEGMGYGDRTSTFCGTPEFLAPEVL
DYGMCKEGLGPGDTTSTFCGTPNYIAPEIL
DFGMCKEGILNGVTTTTFCGTPDYIAPEIL
DFGMCKEHMMDGVTTRTFCGTPDYIAPEII

Activation Loop Consensus

S6K1
Akt1
PKN1
PKCζ 
PKCε 
PKCα

c

QFDSKFTRQTPVDSPDDSTLSESANQ
YFDEEFTAQMITITPPDQDDSMECVD
NFDEEFTGEAPTLSPPRDARPLTAAE
NFDTQFTSEPVQLTPDDEDAIKRIDQ
NFDQDFTREEPVLTLVDEAIVKQINQ
NFDKFFTRGQPVLTPPDQLVIANIDQ

Turn Motif Consensus             

S6K1
Akt1
PKN1
PKCζ 
PKCε 
PKCα

d

MSK1
S6K1
Akt1
SGK1
PKN1
PKCζ 
PKCε 
PKCα

LFQGYSFVAPSILFKRNAAVIDP 
VFLGFTYVAPSVLES----VKEK	
HFPQFSYSASGTA.	
AFLGFSYAPPTDSFL.	
AFLDFDFVAGGC.	
-FEGFEYINPLLLSTEESV.
-FKGFSYFGEDLMP.
-FEGFSYVNPQFVHPILQSAV.	

Hydrophobic Motif Consensus     

e

b Hydrophobic Motif

Activation Loop

Turn Motif



6	
	

	

phosphate at the activation loop becomes dispensable for activity in cPKC isozymes 

once the kinases are fully phosphorylated (15).  For Akt, phosphorylation at the PDK1 

site is agonist-evoked through the PI3K pathway in which agonist-stimulated 

phosphatidylinositol-3,4,5-triphosphate (PIP3) production by PI3-kinase evokes Akt 

translocation to the plasma membrane where its autoinhibitory PH domain binds to 

PIP3 and permits activation loop phosphorylation and activation by PDK1 (16, 17).  

The regulation of activation loop in aPKCs is unclear.  Many studies propose that 

activation loop phosphorylation by PDK1 on aPKC isozymes is agonist-evoked 

through PI3K and leads to increased activity (18-20), although other studies have 

shown that phosphorylation of the aPKC activation loop is unaffected by agonist 

stimulation (21-23).  Thus, whether the activation loop phosphorylation of aPKCs is 

agonist-dependent, as it is for Akt, or constitutive, as it is for cPKCs remains to be 

resolved.  aPKC’s position on the kinome between the branch for Akt and the branch 

for cPKC (Fig 1.2a) places it at a crossroads of consensus and potentially regulation.   

Phosphorylation at the turn motif site is necessary to stabilize cPKC in a 

catalytically-competent conformation (24); loss of phosphorylation at this site 

inactivates the enzyme (15, 25, 26).  The mammalian target of rapamycin complex 2 

(mTORC2) is required for the phosphorylation of the turn motif site in both PKC and 

Akt, however by different mechanisms (21, 27, 28).  For Akt, mTORC2 directly 

phosphorylates the nascent Akt polypeptide as it emerges from the ribosome (29, 30).  

In contrast, cPKC isozymes are phosphorylated post-translationally, with a half-time 

on the order of 15 min, and at a membrane fraction (31, 32).  Although mTORC2 is 
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required for PKC to become phosphorylated (28, 33), whether it directly 

phosphorylates the turn motif of cPKC or indirectly regulates the site by activation of 

another kinase or chaperoning remains to be established.  The first phosphorylation of 

cPKCs is the PDK1-mediated phosphorylation on the activation loop, which is a 

prerequisite for phosphorylation of the turn motif (12, 15).  The turn motif of aPKC 

has been proposed to be regulated by autophosphorylation subsequent to activation 

loop phosphorylation (19, 34), similar to the hydrophobic motif autophosphorylation 

of cPKC (5).  However, evidence for this claim is also controversial, with recent 

studies identifying mTORC2 as responsible for phosphorylating the turn motif of 

aPKC (21).   

The lack of second messenger-responsive regulatory moieties of aPKCs sets 

them apart from cPKC and nPKCs.  Indeed their position on the kinome tree places 

them half way between Akt and the other PKCs, suggesting they should be considered 

as a separate family in the kinome. 

 

1.2 Scaffold binding partners and substrates of atypical PKC 

A key regulatory domain feature of aPKCs is the Phox and Bem 1 (PB1) 

domain present at the N-terminus.  Both PKCζ and PKCι/λ direct their PB1 domains 

towards binding interactions with multiple partner proteins. Two key scaffolding 

proteins also containing PB1 domains that bind the aPKC PB1 domain and mediate its 

regulation are sequestosome 1 (p62) and partitioning-defective protein 6 (Par6) (35, 



8	
	

	

36).  PB1 domains are conserved throughout multiple kingdoms, including animals, 

fungi, plants and amoebas, with at least 13 PB1 domain-containing proteins identified 

in humans (37).  The PB1 structure exhibits the topology of ubiquitin-like β-grasp 

folds (38), and they are classified into 3 types.  Type I PB1 domains contain 4 key 

acidic residues present in the β3 and β4 strands and α2 helix with the sequence Asp-X-

(Asp/Glu)-Gly-Asp-X8-(Glu/Asp) known as an OPCA motif (Fig 1.3a) (39-42).  Type 

II PB1 domains have an invariant Lys present on the first β strand while Type I/II 

domains have both features present (Fig 1.3a) (39-42).  Heterodimeric assembly of 

two PB1 domains requires the Type I acidic OPCA motif in one partner to bind with 

the Type II basic lysine in the other (37).  aPKC belongs to the Type I/II class, as does 

p62, while Par6 has a Type II PB1, containing the invariant lysine in β1 but only 2 of 

the 4 residues of the OPCA motif (Fig 1.3a) which are incomplete for a binding 

interaction with other Type II PB1s  (39, 40).  aPKC functions as a Type I PB1 

domain in its interactions with both p62 and Par6 which function as Type II PB1s 

(40).  p62 also has the ability to homodimerize with itself in the absence of other PB1-

containing partners by performing both interacting Type I and Type II roles, thus 

producing aggregates (39-41).   
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Figure 1.3: Alignment and structures of p62 and Par6α PB1 domains.  (a) Alignment of human 
PKCι/λ, PKCζ, p62, Par6α, Par6β, and Par6γ PB1 domains separated into Type I/II and Type II classes 
showing locations of various alpha helices and beta strands.  OPCA motif residues are highlighted in 
red boxes, the invariant lysine present in the β1 strand is highlighted in the blue box, and the acidic 
residues identified for aPKC pseudosubstrate binding to p62 (43) are circled in blue.  (b) Structures of 
human p62 and Par6α PB1 domains with alpha helices colored in orange and beta strands colored in 
green.  Position of the E81 and E82 acidic residues are indicated in blue sticks identified for aPKC 
pseudosubstrate binding to p62.  The D74 residue on the alpha 2 helix of Par6α that best corresponds to 
E81 on p62 is also indicated in blue sticks.   

	

Both p62 and Par6 have been shown to regulate bound aPKC activity through 

inducing pseudosubstrate displacement and relief from autoinhibition.  In the case of 

p62, the pseudosubstrate of aPKC binds to an acidic surface present in the PB1 

domain of p62, using two non-OPCA motif residues, E32 and E81 (Fig 1.3) (43).  

This tethering of the pseudosubstrate locks aPKC into an open active conformation 

when present on the p62 scaffold.  The acidic surface for pseudosubstrate binding is 

not present in the PB1 domain of Par6 as it lacks the random coil region between the 

16  QVRVKAYYRG------DIMITHFEPSI-----------SFEGLCNEVRDMCSFDNEQLFTMKWIDEEGDPCTVSSQLELEEAFRLYELNKDSELLIHVFPC   99
15  RVRLKAHYGG------DIFITSVDAAT-----------TFEELCEEVRDMCRLHQQHPLTLKWVDSEGDPCTVSSQMELEEAFRLARQCRDEGLIIHVFPS   98
 3  SLTVKAYLLGKEEAAREIRRFSFCFSPEPEAEAAAGPGPCERLLSRVAVLFPALRPGGFQAHYRDEDGDLVAFSSDEELTMAMSYVKDD---IFRIYIKEK  102

15  IVEVKSKFDA------EFRRFALPRASVS---------GFQEFSRLLRAVHQIPG-LDVLLGYTDAHGDLLPLTNDDSLHRALASGPP----PLRLLVQKR   95
16  RMEVKSKFGA------EFRRFSLERSKPG---------KFEEFYGLLQUVHKIPN-VDVLVGYADIHGDLLPINNDDNYHKAVSTANP----LLRIFIQKK   96
18  AVEVKSKFGA------EFRRFSLERSKPG---------KFEDFYKLVVHTHHISN-SDVTIGYADVHGDLLPINNDDNFCKAVSSANP----LLRVFIQKR   98
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β2 strand and the α1 helix present in p62 that contains the E32 residue (Fig 1.3.b).  

For Par6, the tethering of the aPKC PB1 domain to the Par6 PB1 domain opens the 

kinase into an active state by unraveling the autoinhibitory components of the N-

terminus, the pseudosubstrate and the atypical C1 domain (44).  The Par6 scaffolding 

platform is known to coordinate aPKC phosphorylation of cell polarity-regulating 

substrates Par3 and Lgl (45-50).  Par3 and Lgl cannot simultaneously bind Par6 and 

are inferred to recognize overlapping epitopes on Par6 (48, 50, 51) (Fig 1.4).  Ser827 

was identified as the aPKC phosphorylation site on Par3 within a non-PDZ region 

found to bind with the aPKC kinase domain (47, 51, 52).  The Par3/Par6 binding 

interaction requires the PDZ1 domain of Par3 along with the semi-CRIB and PDZ 

domains of Par6, thus forming a ternary complex along with the Par6/aPKC PB1 

interaction (36, 51) (Fig 1.4).  For Lgl, Ser653 was identified as the aPKC 

phosphorylation site promoted by association with the Par6 scaffolding platform (48).  

The identity of the substrate (Par3 vs Lgl) bound to the aPKC/Par6 complex is key to 

the regulation of epithelial cell polarity.  The Par3/Par6/aPKC complex is known to 

promote the formation of epithelial junctions while requiring aPKC activity (46, 53, 

54); the Lgl/Par6/aPKC complex is shown to suppress this formation (48, 55).   
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Figure 1.4: Composition of Par6 and Par3 and their interactions with aPKC.  (a) Domains present 
in aPKC, Par6 and Par3 showing relevant binding interactions between the ternary complex.  aPKC 
binds to the PB1 domain of Par6 through its PB1 domain (36).  Par6 binds to the Par3 PDZ1 domain 
through its semi-CRIB and PDZ domains (36, 51).  aPKC phosphorylates Ser827 and binds to a C-
terminal region of Par3 through its kinase domain (47, 51, 52).  (b) Complexes of aPKC/Par6 with 
either Par3 or Lgl which occupy the same binding epitope of Par6 and are phosphorylated by aPKC at 
Ser827 and Ser653, respectively.  The Par3 complex is known to promote the formation of epithelial 
junctions (46, 53, 54) while the Lgl complex represses it (48, 55).  	

	

The scaffold protein p62 is a hub for many protein binding interactions and 

orchestrates multiple cellular functions besides signal transduction including cell 

proliferation, survival and death, inflammation, tumourigenesis and oxidative stress 

response (56, 57).  Additionally, p62 plays important roles in metabolism.  Mice that 

lack p62 exhibit obesity, insulin and leptin resistance as well as type 2 diabetes (58, 

59).  The mechanism for how p62 orchestrates insulin signaling remains unclear 
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though some key findings have recently been published.  Insulin induces a dramatic 

binding interaction between p62 and the insulin receptor substrate 1 (IRS-1) which 

requires both the PB1 domain of p62 and the insulin-induced tyrosine 

phosphorylations on the YXXM motif of IRS-1 (60).  More recently, PKCζ has been 

shown to increase its interaction with p62 through treatment with insulin-like growth 

factor 1 (IGF-1) and is shuttled to IRS-1 through its interaction with p62 (61).  For 

aPKC, this agonist-induced translocation may be key to its role in insulin signaling.  

aPKCs are well known to be required for insulin-stimulated glucose transport yet the 

mechanisms for how they exert this function remain poorly understood.  Insulin-

induced localization of aPKC near IRS-1 may be critical for allowing it to access 

certain substrates.  Vimentin, an intermediate filament protein that is a marker of 

mesenchymal cells, was also shown to be recruited to IRS-1 through IGF-1 and to be 

phosphorylated by localized PKCζ in an osteoblast precursor cell line (61).  

Additionally, PKCζ has been shown to phosphorylate IRS-1 itself both in vitro and in 

cells (62-65).  However, the downstream effects of aPKC phosphorylation on IRS-1 

and how they impact glucose transport remain unclear.   

 One of the best-validated substrates of aPKC is the microtubule affinity 

regulating kinase 2 (MARK2), a Ser/Thr protein kinase also known as Par-1b.  Two 

independent groups published separately on its phosphorylation at Thr595 by aPKC in 

2004, showing that p595 inactivates the kinase and induces a change in its localization 

away from the plasma membrane into the cytosol (66) or from the apical to the 

basolateral surface of polarized cells through interaction with 14-3-3, also known as 
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Par5 (67).  MARK2 was also found to bind aPKC in co-immunoprecipitation studies 

(66), although the details of this interaction and whether it requires a scaffold platform 

such as Par6 remain unclear.  Additional studies have identified the kinase associated-

1 (KA1) domain present in MARK2 as the mechanism for which MARK2 binds to 

anionic phospholipids (68).  One function of MARK2 is to phosphorylate 

microtubule-associated proteins, thus organizing microtubules at the basolateral 

domain to maintain cell polarity (69, 70).  Indeed, mammalian MARK2 and its 

Drosophila homologue Par-1b are required for maintenance of cell polarity in worms, 

flies and mammals (71-73).  Another intriguing functional role for MARK2 has been 

identified in metabolism, the regulation of mitochondrial function in adipose tissue 

(74).  Mice that lack MARK2 are resistant to weight gain when placed on a high fat 

diet due to an increased metabolic rate and insulin sensitivity (75).  Thus, MARK2 

presents another intriguing aPKC target yet unexplored avenue for the regulation of 

insulin-induced glucose transport.   

 

1.3 Atypical PKC’s role in insulin signaling and type 2 diabetes 

Type 2 diabetes has become an alarmingly increasing worldwide epidemic 

over the past 30 years.  In 1985, an estimated 30 million people had diabetes, which 

increased to 217 million in 2005 and is estimated to reach at least 366 million by 2030 

as predicted by the WHO (76).  The growing epidemic is largely a result of a 

worldwide trend towards unhealthy diets, obesity, and increasingly sedentary 

lifestyles.  Diabetes is an extremely costly malady for both the effected individuals 
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and healthcare systems, accounting for 5-10% of total healthcare spending in several 

countries (76) and is expected to increase further over the next few decades.  The 

majority of diabetes spending provides for the costs of managing the co-morbidities of 

the disease and the complications of chronic high glucose while overall drug therapy 

costs remain comparatively low.  Thus, enhancing the efficacy of drugs that mediate 

insulin signaling and control glycemic levels presents a powerful solution to improve 

both the health and the economy of society at large.  To develop better drug therapies, 

the mechanisms that regulate insulin signaling pathways must be better understood.  

Indeed, aPKC isozymes have been implicated as important modulators of insulin 

signaling for multiple decades (77-79), thus understanding the mechanisms of their 

regulation is key to the development of future improved therapies for type 2 diabetes.   

aPKCs are required for insulin-stimulated glucose transport in skeletal muscle 

and adipose tissue through triggering translocation of GLUT4 transporters to the 

plasma membrane.  Evidence for this functional role of aPKCs has been demonstrated 

predominantly through adenoviral expression of aPKC in multiple cell lines including 

3T3-L1 adipocytes (80-82), L6 myotubes (83, 84), rat adipocytes (34) and human 

adipocytes (85) using [3H]2-deoxyglucose uptake assays and GLUT4 translocation 

assays.  Additional supporting evidence has been shown through siRNA knockdown 

of aPKC in 3T3-L1 adipocytes and L6 myotubes (86) in addition to tissue-specific 

knock-out of aPKC in mouse muscle (87).  The catalytic activity of aPKC is required 

for its effect on insulin-regulated biological functions as determined using either 

kinase-dead aPKC acting as a dominant negative (80, 81, 83-85, 88-90) or aPKC 
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inhibitors (80, 84, 85, 90, 91), both of which impair insulin-stimulated glucose 

transport.  However, the precise molecular mechanisms by which aPKC acts to induce 

GLUT4 translocation remain largely unknown.   

The aPKC isozymes, PKCζ and PKCι/λ function interchangeably to regulate 

GLUT4-mediated glucose transport (83, 88).  Evidence for this phenomenon is 

primarily from studies expressing kinase-dead forms of either isozyme along with 

wild-type forms of the other enzyme which correspondingly rescue the inhibitory 

effects of glucose transport imposed by the kinase-dead form (79, 88).  However, the 

isozymes exhibit species-specific and tissue-specific differential expression (79, 92).  

PKCλ is the predominant aPKC isozyme expressed in muscle and adiopocytes of mice 

(87) while PKCζ is the predominant isozyme expressed in these metabolic tissues of 

rats (83).  Thus, 3T3-L1 adipocytes derived from mice primarily express PKCλ (81) 

while L6 myotubes derived from rats primarily express PKCζ (83, 86).  However, in 

mouse liver both isozymes are substantially expressed (93, 94) while little is known 

about their relative expression in rats (92).  For humans, mRNA levels of PKCι are 

higher than those of PKCζ in liver, muscle and adipocytes, though data for relative 

protein expression levels are still unclear (92).   

While the total body knockout (KO) of PKCλ in mice is embryonic lethal, 

studies using Cre-loxP methods to obtain muscle-specific KO have indeed shown that 

depletion of this isozyme significantly impairs insulin-stimulated glucose uptake in the 

muscle of these animals (87, 92).  Mice with muscle-specific KO of PKCλ exhibit 

metabolic syndromes that include insulin resistance, abdominal obesity, 
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hyperinsulinemia and glucose intolerance (87, 92).  Mice with adipocyte-specific 

PKCλ KO have impaired glucose transport in adipocytes yet exhibit normal glucose 

tolerance, diminished adipocity, and do not develop the metabolic syndromes 

exhibited by the muscles-specific KO animals (95).  Intriguingly, liver-specific KO of 

PKCλ diminishes generation of insulin-stimulated lipogenic and proinflammatory 

factors yielding mice that are insulin-sensitive and resistant to high-fat feeding (93, 

96).  This phenomenon is in concert with evidence that hepatic aPKC regulates the 

activation of sterol regulatory element binding-protein 1c (SREBP-1c) and nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) (93, 94, 96, 97).  

SREBP-1c mediates several enzymes involved in lipid synthesis while NF-κB is a key 

regulator of inflammatory signaling and induces production of cytokines.  Mice with 

either muscle-specific KO of PKCλ or that are fed high fat diets both exhibit chronic 

increased activation of SREBP-1c and NF-κB along with insulin resistance and 

hyperlipidemia, effects that were reversed with adenoviral expression of kinase-dead 

aPKC (94).   

Evidence for aPKC’s important role in metabolic disease has also been 

supported by data from human studies. Levels of aPKC are diminished in the muscle 

of humans with type 2 diabetes (98-100) while the residual activity of aPKC in these 

patients as well as obese humans is defective (99-101).  Furthermore, aPKC is 

hyperactive in the hepatic tissues of diabetic humans (102), stimulating the hepatic 

production of lipids and cytokines that perpetuate the disease state.  The reason for this 

paradoxical pathology resulting in dysfunction of aPKC in muscle combined with 
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hyperactivation of aPKC in liver remains unknown.  However, specific 

pharmacological inhibition of hepatic aPKC has indeed been proposed as treatment for 

type 2 diabetes and metabolic syndrome (78, 92).   

 

1.4 Tools used to study atypical PKC  

As with many kinases, activity assays to study the biochemistry of aPKC were 

primarily performed in vitro for multiple decades using purified protein and multiple 

substrates such as myelin basic protein, histones and PKC-specific substrate peptides 

(103, 104).  While in vitro assays can elucidate several important mechanisms of 

kinase regulation, knowledge inferred from them cannot always translate to the more 

complex regulation of kinase signaling in live cells and in vivo settings.  Efforts to 

establish a live cell activity assay for multiple kinases lead to the development of 

kinase activity reporters (or “KARs”) for tyrosine kinases (105) and Ser/Thr kinases 

such as AKAR for PKA (106), BKAR for Akt (aka PKB, (107)), DKAR for PKD 

(108) and indeed CKAR for PKC (109) based on fluorescent protein technology 

discovered and spearheaded by the Tsien Lab (105, 106).  Within these reporters, a 

substrate sequence specific for the kinase of interest is inserted between a donor-

acceptor fluorescence resonance energy transfer (FRET) pair of cyan fluorescent 

protein (CFP) and yellow fluorescent protein (YFP).  Also contained within the 

construct is a phospho-peptide-binding module (forkhead-associated 2 domain, FHA2 

in the case of CKAR) capable of binding to the phosphorylated target within the 

substrate sequence, thus changing the intramolecular conformation of the reporter and 
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repositioning the distance between the FRET pair (Fig 1.5a).  This disturbance 

produces a measurable change in FRET capable of detection by fluorescence 

microscopy and effectively corresponds to the activity of the specific kinase.  

Advantages of these assays over conventional immunoblotting methods of cellular 

substrates include a high sensitivity for detecting minute spatiotemporal changes in 

activity and a capacity for monitoring direct agonist-activation and inhibition of 

specific kinases in real time (110).   

As commonly used for the pharmacological study of protein kinases, effective 

and selective inhibitors are valuable tools to elucidate the regulatory mechanisms, 

specific substrates and downstream effectors of aPKC.  However, the toolbox of 

inhibitors that selectively inhibit atypical PKCs is scant compared to the collection of 

compounds that can effectively inhibit conventional and novel PKCs in 

pharmacological manipulation (111).  Additionally, there is a history of compounds 

published in the literature that were shown to effectively inhibit aPKC in vitro yet 

have presented incompetency when directed towards inhibition of aPKC in cells (111-

113).  Zeta inhibitory peptide (ZIP) is a myristoylated peptide designed to mimic the 

autoinhibitory pseudosubstrate of PKCζ to inhibit its active site.  ZIP demonstrated 

effective inhibition of aPKC when tested in vitro (108, 112) and was inferred to inhibit 

PKMζ in vivo when it produced striking long term memory loss in rats (114) under the 

controversial hypothesis that PKMζ is necessary for long term memory formation 

(108, 114-116).   However, when tested in live cell assays on CKAR, ZIP failed to 

inhibit basal activity of overexpressed PKMζ whereas the general kinase inhibitor 
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staurosporine successfully inhibited PKMζ basal activity on CKAR as compared to a 

vector transfected control (112).  ZIP was also ineffective at inhibiting PKMζ activity 

on other cellular substrate readouts such as MARK2 and PKC-serine substrate as 

detected by immunoblotting.  Chelerythrine, another controversial inhibitor previously 

proposed and marketed to inhibit PKCs (105, 117) also failed to inhibit PKMζ in the 

same assays (112).  Recent studies have since identified a specific region in the PB1 

binding surface of p62 as the molecular target of ZIP (43).  ZIP can indirectly inhibit 

full-length aPKCs by displacing the binding of the autoinhibitory aPKC 

pseudosubstrate from an acidic surface on the PB1 domain of p62.  This displacement 

permits the pseudosubstrate to re-enter the active site of aPKC and autoinhibit the 

kinase (43).   

Other inhibitors of aPKC have also been published in recent studies yet have 

experienced minimal usage within the field.  An extensive investigation conducted in 

2007 comparing the efficacy for a plethora of inhibitors on a wide panel of kinases 

including PKCζ found almost none that effectively inhibited aPKC in vitro (118).  One 

exception was the bisindolylmaleimide active site inhibitor Ro-31-8220 (structure 

shown in Fig 1.5b) that inhibited PKCζ by 75% yet was far more effective at 

inhibiting PKCα (97%), thus not exhibiting specific inhibition of aPKC and only 

demonstrated in vitro (118).  In 2009, a 2-(6-phenyl-1H indazol-3-yl)-1H-

benzo[d]imidazole  named PZ09 (Fig 1.5b) was designed as a selective active site 

inhibitor of PKCζ (119).  In vitro studies demonstrated PZ09’s potent inhibition and 

selectivity of aPKC over cPKC and nPKC, with reported IC-50s of 5.18 nM for PKCζ, 
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10-fold higher for PKCι and over 500-fold higher for other PKCs (119).  The 

compound was further used for in vivo studies of aPKC function (120), yet was dosed 

at a higher concentration of 10 µM that was shown to have off-target effects on PDK1 

and other non-PKC kinases in the initial in vitro publication (119).  PZ09 has not yet 

been thoroughly validated for selective inhibition of aPKC in cellular assays on 

specific aPKC substrates.  Other compounds published to inhibit aPKC in vitro 

include myricetin (Fig 1.5b), a flavonoid inhibitor developed for the proto-oncogene 

Ser/Thr-protein kinase PIM1, which inhibited the PKCζ active site with an in vitro IC-

50 of 1.7 µM (121).  An allosterically-acting small molecule, PS315 (Fig 1.5b) was 

shown in 2014 to disrupt the salt bridges between the PIF-pocket and the ATP-binding 

site of PKCζ (122), demonstrating selective inhibition of PKCζ and PKCι over PDK1 

through in vitro assays.  However, PS315 was used at 100 µM in these studies, a 

substantially high concentration for a kinase inhibitor to be used in vitro.   The general 

kinase inhibitor staurosporine (Fig 1.5b) has indeed been used to successfully inhibit 

PKMζ basal activity on CKAR in cells (112), but is a particularly promiscuous non-

selective inhibitor and mainly acts on aPKC indirectly through its potent inhibition of 

PDK1, thus reducing phosphorylation at the aPKC activation loop necessary for 

activity (112).   

 



21	
	

	

 

Figure 1.5: Tools used to study aPKC.  (a) Schematic of C kinase activity reporter (CKAR) 
conformation between its dephosphorylated and phosphorylated states.  In the dephosphorylated state, 
the CFP and YFP fluorophores are in proximity to transmit fluorescent resonance energy.  In the 
phosphorylated state, the FHA2 domain binds to the phosphorylated Thr residue in the PKC substrate 
sequence, causing a conformational change that separates the CFP and the YFP, reducing FRET.  (b) 
Chemical structures of compounds used to inhibit aPKC including Ro-31-8220 (bisindolylmaleimide), 
myricetin (flavonoid), PZ09 (benzoimidazole), staurosporine and PS315.   

	

Agonist compounds are another valuable tool key to studying the regulatory 

mechanisms of kinases, particularly in real time.  As with the inhibitors, a collection of 

agonists capable of potently activating cPKCs and nPKCs exists that dwarfs the 

resources available to the study of aPKC (111).  Indeed, many of these activating 

mechanisms rely on the presence of diacyglycerol-binding tandem C1 domains that 

translocate PKC to membranes, a domain feature that is absent in aPKC.  A 

functionally-related kinase of aPKC, Akt, that sits near the PKC family on the AGC 

branch of the kinome (11) also has a multitude of activators capable of directly 

stimulating Akt activity on BKAR and several endogenous substrates.  Many of these 
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agonists are growth factors such as insulin, insulin-like growth factor (IGF-1) and 

epidermal growth factor (EGF) that regulate Akt activation through the PI3-kinase 

pathway (16).  Some of these agonists have also been proposed to activate aPKC 

through similar mechanisms, yet have lacked convincing demonstration of aPKC 

intramolecular activation in cells or effects on downstream substrates compared to 

their robust modulation of Akt and its effectors published prolifically throughout the 

field.  Additionally, no published study has yet shown aPKC activation by an agonist 

through real-time FRET readout in cells in the manner demonstrated profusely for 

other PKCs and Akt.   

 

1.5 Research Goals 

The work presented here investigates the regulation of the atypical PKC, PKCζ 

by phosphorylation, lipids, scaffolds and insulin.  Chapter 2 examines the role and 

processing of phosphorylation at the activation loop, T410, and the turn motif, T560, 

in the regulation of PKCζ activity, in addition to effects of lipids and the agonist 

insulin.  It demonstrates that phosphorylations at T410 and T560 are required for 

enzyme activity, are constitutive in nature, and regulated by the kinases PDK1 and 

mTORC2, respectively.  Additionally, phosphorylation at T560 occurs first during 

translation, with phosphorylation at T410 following translation.  The membrane lipid 

phosphatidylserine affects both the susceptibility of PKCζ to dephosphorylation at the 

activation loop, T410 and the activity of PKCζ in vitro.  However, the agonist-

produced lipid PIP3 does not affect that activity of PKCζ in vitro nor does it stimulate 
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PKCζ translocation to plasma membrane as it does for Akt.  The growth factor insulin 

that stimulates PI3K and Akt activity does not affect phosphorylation of PKCζ, nor 

does it change its innate activity.  Chapter 2 challenges the accepted literature model 

for the mechanism of activation for aPKC, previously thought to be analogous to that 

of Akt in which agonist stimulated production of PIP3 recruits the kinase to the plasma 

membrane where it is released from autoinhibition and inducibly phosphorylated at its 

activation loop by PDK1 with subsequent autophosphorylation at its hydrophobic 

motif.  The data within Chapter 2 reveal how multiple features of this model are 

incorrect for aPKC regulation.   

Chapter 3 examines the effects of scaffolds in the regulation of aPKC and how their 

role in mediating its activity may be more important to understanding its mechanism 

of activation than the role of phosphorylation or lipids.  It focuses on the PB1 domain-

containing scaffolds, p62 and Par6, well-known binders of aPKC, in addition to the 

insulin-regulated scaffold IRS-1 and the aPKC substrate MARK2.  It identifies key 

differences in the binding and regulation of p62 vs Par6 with respect to PKCζ and its 

basal activity.  Chapter 3 also examines the role of PKCζ autoinhibition with respect 

to scaffolds using the short transcript PKMζ and domain deletion mutants of PKCζ.  

PKMζ is found to exhibit a liberated nature that allows it to phosphorylate global 

substrates that PKCζ does not due to its lack of scaffold sequestration.  Additionally, 

Chapter 3 demonstrates that different scaffolds (p62, Par6 and IRS-1) have different 

effects on aPKC phosphorylation of MARK2 and its cellular localization.  

Furthermore, it identifies an agonist-induced effect on PKCζ, namely its insulin-
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stimulated translocation to IRS-1 provided by scaffolding to p62.  Thus, Chapter 3 

presents a model of aPKC regulation where agonists such as insulin can change the 

localization and activity of aPKC through scaffolds, either placing the kinase near or 

sequestering it away from different substrates.  
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2.1 Introduction 

 Atypical protein kinase C (aPKC) isozymes have been implicated as key 

modulators of insulin signaling and type 2 diabetes (77-79).  aPKCs are required for 

insulin-stimulated glucose transport in skeletal muscle and adipocytes (34, 80, 84, 85).  

The aPKC isozymes, PKCζ and PKCι/λ (PKCι is the human ortholog of mouse PKCλ) 

can function interchangeably to regulate glucose transport (88), although they exhibit 

species-specific differential expression (79).  Knockout of PKCλ (the predominant 

aPKC isozyme expressed in mice (83)) in embryonic stem cells and adipocytes 

impairs insulin-stimulated glucose transport (123).  Mice with muscle-specific 

knockout of PKCλ also exhinbit metabolic and diabetic syndromes (87).  Furthermore, 

the activity of aPKC immunoprecipitated from skeletal muscle or adipocyte tissues of 

obese humans or patients with type 2 diabetes is non-responsive to prior treatment of 

the tissue with insulin (99, 100, 124), yet aPKC is hyperactive in liver tissue of rodents 

and humans with type 2 diabetes (102, 125).  Hepatic aPKC is known to activate 

lipogenic and pro-inflammatory pathways (93, 96), further exacerbating disease.  

Indeed, pharmacological inhibition of aPKC in the liver has been proposed as a 

treatment for type 2 diabetes and metabolic syndrome (78).  Despite the heightened 

interest in the role and drugability of aPKC in metabolic disease, much less is 

understood about the molecular mechanisms that drive the cellular functions of aPKCs 

compared to other PKCs.   

aPKCs are classified as one of the three subfamilies of the PKC Ser/Thr 

protein kinases.  However, unlike the other two classes (conventional and novel), 
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aPKCs are not regulated by diacylglycerol.  Conventional PKC (cPKC) and novel 

PKC (nPKC) isozymes sense diacyglycerol via a C1 domain, and although atypical 

PKCs have a C1 domain, it lacks determinants that allow the binding of diacylglycerol 

(3, 4).  Nor are they regulated by Ca2+, a defining feature of conventional PKCs that is 

mediated by a Ca2+-sensing C2 domain.   In place of second messenger-sensing 

modules, atypical PKCs have a protein-binding PB1 domain at their regulatory N-

terminus and a PDZ ligand at the C-terminus (1, 2).  They also have an autoinhibitory 

pseudosubstrate segment shared by all PKCs.  In order for aPKCs to be active, this 

pseudosubstrate must be removed from the substrate binding cavity, an event that can 

occur upon binding to protein scaffolds such as Par6 (44) and p62 (43).  The aPKC 

isozyme PKCζ has an alternate transcript (PKMζ) preferentially expressed in brain 

tissue that contains the cataylic domain and lacks all N-terminal regulatory domains 

(PB1, pseudosubstrate, and atypical C1).  The lack of second messenger-responsive 

regulatory moieties of aPKCs sets them apart from cPKCs and nPKCs.  Indeed, their 

position on the kinome tree places them halfway between Akt and the other PKCs 

(11), suggesting they should be considered as a separate family in the kinome. 

Phosphorylation plays a key role in regulating all PKCs.  cPKC and nPKC 

isozymes have 3 priming phosphorylation sites: the activation loop present near the 

ATP-binding site, and two sites present in the C-terminal tail, the turn motif, and the 

hydrophobic motif (1).  aPKCs share the first two sites, but a phosphomimetic Glu 

occupies the phospho-acceptor position in the hydrophobic motif site; this unique 

feature of aPKC renders them insensitive to dephosphorylation by the phosphatase 
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PHLPP which dephosphorylates this site on Akt (7) and on other PKCs leading to 

their inactivation and downregulation, repsectively (8-10).  The activation loop of all 

PKCs and the related family of Akt kinases are phosphorylated by phosphoinositide-

dependent kinase-1 (PDK1) (12-14).  Phosphorylation at the activation loop is 

constitutive for cPKC and nPKC isozymes and is likely the first phosphorylation event 

in the maturation of these PKCs (2).  However, phosphate at the activation loop 

becomes dispensable for activity in cPKC isozymes once the kinases are fully 

phosphorylated (15).  For Akt, phosphorylation at the PDK1 site is agonist evoked. 

The regulation of activation loop phosphorylation in aPKCs is unclear.  

Previous studies proposed that activation loop phosphorylation by PDK1 on aPKC 

isozymes is agonist-evoked and leads to increased activity upon insulin stimulation 

(18-20).  Indeed, the literature commonly cites the activation of aPKC to be analogous 

to the mechanism of Akt activation in which agonist-stimulated phosphatidylinositol-

3,4,5-triphosphate (PIP3) production by PI3-kinase evokes Akt translocation to the 

plasma membrane where its autoinhibitory PH domain binds to PIP3 and permits 

activation loop phosphorylation by PDK1 (16, 17).  However, multiple studies also 

report data showing that insulin stimulation does not affect activation loop 

phosphorylation on aPKC in immortalized cell lines (21), primary rat hepatocytes 

(22), and even in biopsied human muscle tissue following insulin injection in vivo 

(23).  Thus, whether the activation loop phosphorylation of aPKCs is agonist-

dependent, as it is for Akt, or constitutive, as it is for cPKCs, remains to be resolved. 
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The role and mechanism of phosphorylation for the turn motif of aPKCs are 

unclear.  For cPKCs, phosphorylation at this site is necessary to stabilize the enzyme 

in a catalytically-competent conformation (24); loss of phosphorylation at this site 

inactivates the enzyme (15, 25, 26).  The mammalian target of rapamycin complex 2 

(mTORC2) is required for the phosphorylation of the turn motif site in both PKC and 

Akt, however by different mechanisms (21, 27, 28).  For Akt, mTORC2 directly 

phosphorylates the nascent Akt polypeptide as it emerges from the ribosome (29, 30).  

In contrast, cPKC isozymes are phosphorylated post-translationally, with a half-time 

on the order of 15 min, and at a membrane fraction (31, 32).  Although mTORC2 is 

required for PKC to become phosphorylated (28, 33), whether it directly 

phosphorylates the turn motif of cPKC or indirectly regulates the site by activation of 

another kinase or chaperoning remains to be established.  The first phosphorylation of 

cPKCs is the PDK1-mediated phosphorylation on the activation loop, which is a 

prerequisite for phosphorylation of the turn motif (12, 15).  The turn motif of aPKC 

has been proposed to be regulated by autophosphorylation subsequent to activation 

loop phosphorylation (19, 34), similar to the hydrophobic motif autophosphorylation 

of cPKC (5).  However, evidence for this claim is also controversial, with recent 

studies identifying mTORC2 as responsible for phosphorylating the turn motif of 

aPKC (21).  

Given the incomplete understanding of how aPKC isozymes are regulated, we 

set out to examine the regulation of PKCζ by phosphorylation, insulin, and lipids.  Our 

data reveal that PKCζ is processed by two ordered phosphorylations: the nascent 
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enzyme is co-translationally phosphorylated by ribosome-localized mTORC2 

followed by PDK1-catalyzed phosphorylation at the activation loop to yield a 

constitutively-phosphorylated and catalytically-competent enzyme.  The 

phosphorylations are stable and insensitive to both insulin and PIP3.  Live cell imaging 

using a genetically-encoded reporter to measure cellular PKC activity reveals no 

detectable basal or insulin-stimulated activity on a cytosolic substrate.  Based on the 

exceptionally low turn-over of PKCζ (on the order of 5 reactions per minute), our data 

support a model in which a mechanism other than phosphorylation is responsible for 

activating PKCζ, likely involving conformational changes and opportunistic 

localization towards substrates via protein scaffolds.   

 

2.2 Materials and Methods 

Materials 

Calyculin A, staurosporine, and LY294002 were purchased from Calbiochem.  

OSU-03012 was acquired from Cayman Chemical Co. Torin 1 was purchased from 

Tocris, and GDC-0068 was acquired from Selleckchem.  Insulin and cyclohexamide 

were purchased from Sigma.  PZ09 was a kind gift from Dr. Sourav Ghosh and Dr. 

Christopher Hulme.  The following antibodies were purchased from Santa Cruz 

Biotechnology: anti-p410 PKCζ (sc-12894-R), anti-total PKCζ (sc-216), anti-rpL23a 

(sc-130252), and anti-GST (sc-138).  Antibodies for p308 Akt (9275), p450 Akt 

(9267), p473 Akt (4060), total Akt (9272), PDK1 (3062), GAPDH (2118), mTOR 

(2983), rpS6 (2317) p389 S6K (9205), total S6K (9202) and GFP (2555) were 
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purchased from Cell Signaling Technology.  The anti-p560 PKCζ antibody was 

purchased from AbCam (ab62372), the anti-HA antibody was from Covance (MMS-

101P), and the anti-actin antibody was from Sigma (A2228).  HRP-conjugated goat 

anti-mouse IgG and goat anti-rabbit IgG were from Calbiochem (401215 and 401315).  

AlexaFluor 488-conjugated goat anti-rabbit IgG was from Invitrogen (A110034).  

Phosphatidylserine (PdS), phosphatidylinositol (3,4,5)-triphosphate (PIP3) and 

phosphatidylinositol (4,5)-biphosphate (PIP2) were purchased from Avanti Polar 

Lipids (840034, 850457, 850156, and 850155, respectively).  Phosphatidic acid (PA) 

was purchased from Santa Cruz Biotechnology (201059).   

 

Cell Lines and Plasmid Constructs 

The PDK1-/- and +/+ MEFs were generously provided by Dr. Wataru Ogawa, 

Dr. Feng Liu, and Dr. Kun-Liang Guan.  The Sin1 -/- and +/+ MEFs were also a gift 

from Dr. Kun-Liang Guan.  The Hep1C1C7 mouse liver cells were a gift from Dr. 

Jerry Olefsky.  Human PKCζ cDNA was a gift from Dr. Tony Hunter while human 

Akt2 cDNA was a gift from Dr. Alex Toker.  The C-kinase activity reporter (CKAR), 

B-kinase activity reporter (BKAR) and plasma membrane-targeted CFP (PM-CFP) 

constructs were described previously (107, 109).  The pFastBac HT/B vector 

(Invitrogen) was modified in-house to insert a GST tag for purification in place of the 

His tag preceding the TEV cleavage site.  The first 151 amino acids of human Akt2 

were fused to human PKMζ (residues 184 to 592 of PKCζ) to construct the Akt2R-

PKMζ chimeric kinase.  Human PKCζ, Akt2, and Akt2R-PKMζ constructs were 
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cloned into the pDONR221 vector and subsequently recombined with various pDEST 

vectors constructed in-house to make fusion proteins with HA, mCherry, or YFP tags 

at the N-terminus in pcDNA3 vectors for mammalian cell expression or N-terminal 

GST-tagged constructs in pFastBac vector for insect cell expression using the 

Gateway cloning system (Invitrogen).  Point mutations were made using Quikchange 

site-directed mutagenesis (Stratagene).   

 

Baculovirus Construction and Purification of PKCζ  

Baculoviruses were made in Sf-9 insect cells from pFastBac plasmids using the 

Bac-to-Bac expression system (Invitrogen).  Batch purification using glutathione 

sepharose beads was used to purify the GST-tagged proteins from infected Sf-9 insect 

cell cultures.  Briefly, cells were rinsed with PBS and lysed in 50 mM HEPES pH 7.5, 

100 mM NaCl (Buffer A) with 0.1% Triton X-100, 100 µM PMSF, 1 mM DTT, 2 mM 

benzamidine, and 50 µg/ml leupeptin.  The soluble lysate was incubated with 

glutathione resin beads for 30 min at 4°C.  Protein-bound beads were washed 3 times 

in Buffer A and then eluted 3 times in Buffer A with 10 mM glutathione.  Eluent was 

loaded in a 30 kDa Amicon centrifugal filter unit (EMD Millipore) and 

washed/concentrated 3 times with Buffer B (20 mM HEPES, pH 7.4, 0.1 mg/ml BSA, 

2 mM DTT).  Glycerol was added to 50% volume before measurement of PKCζ 

concentration using BSA standards on a Coomassie brilliant blue stained gel and 

storage of enzyme stocks at -20°C.   We note that absolute PKCζ concentrations may 

not be accurate using BSA as standards.   
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Lipid Stock Preparation 

PIP3 and PIP2 were dissolved in 80% chloroform and 20% methanol, wheras 

all other lipids were dissolved in 100% chloroform.  Lipid mixtures were dried under 

nitrogen gas and then rehydrated in 20 mM Tris, pH 7.4 (for PdS, PC and PA) or 

water (for PIP3 and PIP2) and sonicated to form 10x stocks.  For Triton X-100 micelle 

systems, dried lipids were dissolved in 1% protein-grade Triton X-100 (Calbiochem) 

and diluted to form different 10x mole % lipid formulations.   

 

In vitro Kinase Activity Assay 

Purified or immunoprecipitated proteins were diluted in Buffer B.  Kinase 

activity was measured in 80 µL reactions supplemented with 140 µM PdS for standard 

multilammellar assay or 10x lipid/Triton X-100 formulation for mixed micelle assays.  

aPKC reactions were initiated by addition of 100 µM ATP, 100 µg/ml myelin basic 

protein (MBP, Sigma), 5 mM MgCl2 and 10 µCi/ml [γ-32P]ATP (Perkin Elmer).  

Reactions were conducted for 15-30 min at 30°C with 20-25 nM enzyme for purified 

proteins, stopped by addition of 25 mM ATP, 25 mM EDTA, pH 8.0, and spotted onto 

P81 Whatman filters.  Filters were washed 4x with 0.4% phosphoric acid before 

measurement using a Beckman scintillation counter.   

 

In vitro Phosphatase Assay  

25 nM purified GST-PKCζ was incubated in Buffer B with 140 µM PdS, 200 

µM MnCl2, 500 µM CaCl2, 400 µM EDTA, and 100 units/ml protein phosphatase 1 
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(PP1, New England Biolabs) for 0-60 min at 30°C in 40 µl reactions.  Reactions were 

stopped at various time points with Buffer C (62.5 mM Tris, 2% SDS, 10% glycerol, 

20 µg/ml bromophenol blue, 2.86 M 2-mercaptoethanol) with 5 mM EDTA then run 

on immunoblots to quantify dephosphorylation of GST-PKCζ over time.   

 

Cell Culture and Transfection 

 Sf-9 cells were grown in Sf-900 II SFM media (Gibco) in shaking cultures at 

27°C.  All mammalian cells were maintained at 37°C in 5% CO2.  CHO-IR cells were 

grown in DMEM/F-12 50/50, 1X (Cellgro) supplemented with 5% dialyzed fetal 

bovine serum (FBS, Atlanta Biologics), 100 units/ml penicillin, 100 µg/ml 

streptomycin and 50 µg/ml geneticin (Gibco).  Hep1C1C7 cells were grown in MEM 

Alpha 1X (Gibco) supplemented with 10% FBS, 100 units/ml penicillin and 100 

µg/ml streptomycin.  COS-7, 293T, and all MEFs were grown in DMEM 1X 

supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin.  3 

µg/ml puromycin (Sigma) was added to the media for PDK1+/+ and -/- MEFs.  

Mammalian cells were transiently transfected using jetPrime (Polyplus Transfection).   

 

Immunoprecipitation and Immunoblotting  

  Cells transfected with HA-tagged kinases to be immunoprecipitated were 

serum starved overnight and treated with or without 100 nM insulin (Sigma) for 10 

min before rinsing in PBS and lysing in Buffer D (100 mM KCl, 50 mM Tris, 3 mM 
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NaCl, 3.5 mM MgCl2, pH 7.3) with 1% protein-grade Triton X-100 (Calbiochem), 

100 µM PMSF, 1 mM DTT, 2 mM benzamidine, 50 µM PMSF, 50 µg/ml leupeptin, 1 

µM microcystin-LR (Calbiochem) for activity assays or Buffer E (150 mM NaCl, 50 

mM Tris, 100 mM NaF, 100 mM β-glycerophosphate, 1% IGEPAL pH 7.8) with 20 

µg/ml RNaseA, 20 µg/ml DNaseI, phosphatase inhibitor cocktails #2 and #3 diluted 

1:100 (Sigma, P5726 and P0044) and protease inhibitor cocktail diluted 1:200 (Sigma, 

P8340) for immunoprecipitation prior to isoelectric focusing (IEF).  Soluble lysates 

were incubated with anti-HA antibody (Covance) for 1-2 hrs followed by incubation 

with Protein A/G resin beads (Thermo Scientific) for 1-2 hrs.  Protein-bound beads 

were washed 3 times with Buffer D and diluted in Buffer B before assaying activity or 

were washed 3 times with Buffer E, PBS, and 1 mM EGTA, 75 mM KCl, 50 mM Tris 

pH 8.5 prior to elution for IEF.  For experiments with immunoblotting only, cells were 

lysed in Buffer F (100 mM NaCl, 50 mM Tris, 10 mM Na4P2O7, 50 mM NaF, 1% 

Triton X-100, pH 7.2) with 100 µM PMSF, 1 mM DTT, 2 mM benzamidine, 50 µM 

PMSF, 50 µg/ml leupeptin, 1 µM microcystin-LR, and whole cell lysates were 

sonicated prior to adding Buffer C, boiling at 100°C and performing SDS-PAGE.  

Gels were transferred to PVDF membrane and blocked with 5% milk before 

incubating with antibodies and imaging via chemiluminescence on a FluorChemQ 

imaging system (Protein Simple).   
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Isoelectric Focusing (IEF)  

2D-IEF was performed as described (126) by immunoprecipitating HA-PKCζ 

and eluting in 7 M urea, 2 M thiourea, 2% CHAPS (pH 8.4), then loading onto the 

acidic end of 3–10 immobiline strips (GE Healthcare) with the current ramped up from 

200 V for 2 hr, 500 V for 1 hr, 800 V for 1 hr, 1000 V for 0.5 hr, 1200 V for 0.5 hr, 

1400 V for 0.5 hr, 1600 V for 0.5 hr, 1800 V for 2.5 hr, and 2000 V for 2.5 hr.  Second 

dimension was performed by soaking IEF strip in 2% SDS, 6 M urea, 75 mM Tris (pH 

8.8), 29% (wt/vol) glycerol, 10 mg/ml DTT, and 25 mg/ml iodoacetamide (Sigma 

Aldrich), and placing the strip on top of a 10% SDS-PAGE containing a single large 

well to accommodate the IEF strip with molecular weight marker side wells. 

 

Cell Fractionation and Polysome Analysis  

Cells were grown, serum starved overnight, re-stimulated with 10% serum for 

1 hour, treated with 100 mg/ml cyclohexamide for 15 min, then harvested, lysed and 

processed for fractionation as previously described (29) with the following 

modification:  lysates were layered on a 10 mL 7-47% (wt/vol) sucrose gradient (5 

layers: 7, 17, 27, 37, 47%).  Fractions were concentrated to a final volume of 100 µL 

with Amicon Ultra-4 centrifugal filter unit (EMD Millipore).  Proteins were separated 

by SDS-PAGE and detected by immunoblotting. 
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Live Cell Fluorescence Imaging  

COS-7 cells were plated onto sterilized glass coverslips in 35 mm dishes, co-

transfected with the indicated constructs, and imaged in Hanks’ balanced salt solution 

supplemented with 1 mM CaCl2 approximately 24 hours post-transfection.  For 

experiments with insulin stimulation, cells were serum starved for 4-6 hours or 

overnight prior to imaging via a 40X objective.  Kinase activity was monitored via 

intramolecular FRET of the activity reporters (CKAR or BKAR) while kinase 

translocation was monitored via intermolecular FRET between the YFP-tagged kinase 

and the plasma membrane targeted CFP using methods previously described (127).   

 

Immunofluorescence  

COS-7 cells were seeded onto 22 mm poly-D-lysine-treated glass coverslips in 

a 6-well plate, grown for approximately 20 hours, serum starved for 4 hours, and 

treated with or without 100 nM insulin for 10 min.  Cells were rinsed briefly in PBS 

and fixed with 4% paraformaldehyde for 15 min at room temperature followed by 

incubation with 100% methanol for 3 min at -20°C.  Cells were rinsed again in PBS 3 

times followed by permeabilization and blocking in PBS containing 0.25% Triton X-

100, 5% BSA and 5% goat serum for 15 min at room temperature.  Cells were 

incubated in a humidified chamber for 1 hour at room temperature with either a PKCζ-

specific antibody (Santa Cruz Biotechnology sc-216 diluted 1:40, also detects PKCλ) 

or a pan-Akt antibody (Cell Signaling 9272, diluted 1:200).  Cells were then rinsed 3 
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times in PBST and incubated in a humidified chamber protected from light for 30 min 

at room temperature with an AlexaFluor 488-conjugated secondary antibody 

(Invitrogen A110034, diluted 1:500).  Cells were rinsed a final 3 times in PBST prior 

to mounting the coverslips on glass slides and imaging via a 40X objective on a Zeiss 

Axiovert fluorescent microscope (Carl Zeiss Microimaging, In.) using a MicroMax 

digital camera (Roper-Princeton Instruments) controlled by MetaFluor software 

version 3.0 (Universal Imaging Corp.).   

 

Statistical Analysis   

All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad 

Software, Inc).   

 

2.3 Results 

Phosphorylation at the activation loop and turn motif of PKCζ is each independently 

required but not sufficient for activity  

Similar to conventional and novel PKC isoyzmes and to Akt, the atypical 

PKCζ has a Thr residue at the phospho-acceptor site of the conserved activation loop 

and turn motif.  However, contrasting with these closely-related enzymes, it contains a 

phosphomimetic Glu at the hydrophobic motif, a property shared by PKN family 

members, which have an Asp at this position (Fig 2.1a). To validate the requirement 

of phosphorylation at the key conserved Thr residues for enzyme activity using 
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purified protein, rather than immunoprecipitated protein (19), we constructed 

phospho-resistant Ala mutants at both the activation loop (T410) and the turn motif 

(T560) of human PKCζ (analogous site locations shown on structure of PKCι in Fig 

2.1b).  We purified an N-terminally tagged GST fusion construct of PKC from Sf-9 

insect cells.  Protein purity of > 90% was achieved, with yields on the order of 50 µg 

protein from 5 x 107 cells for wild-type (wt) enzyme and corresponding mutants (Fig 

2.1c).  Wild-type enzyme had a specific activity of 5 ± 1 mol phosphate per min per 

mol PKC with lipid present (Fig 2.1d), over an order of magnitude lower than that of 

conventional PKCs, which catalyze approximately 200 reactions per min with lipid 

present (128).  Both the T410A and T560A mutants had significantly reduced activity 

compared to the wild-type enzyme, with the T560A mutation being even more 

detrimental to catalytic competency (Fig 2.1d), in agreement with previous studies 

conducted on immunoprecipitated versions of these mutants (19).  Consistent with the 

lack of T410A and T560A mutants’ activity, in vitro dephosphorylation of wild-type 

enzyme with protein phosphatase 1 (PP1) decreased its activity (data not shown).  

Mutation of either site to negatively charged phospho-mimetic Glu (T410E or T560E) 

resulted in a slightly reduced specific activity that was more comparable to that of 

wild-type enzyme.  The Glu residue present at the hydropohic motif (E579) was also 

mutated to Ala to assess the requirement of negative charge at the hydrophobic motif 

on activity.  The E579A mutant had similar activity to wild-type protein (Fig 2.1d).  
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Figure 2.1: Phosphorylation at the activation loop and turn motif of PKCζ is each independently 
required but not sufficient for activity.  (a) Alignment of amino acid residues at the spine mutant, 
activation loop, turn motif and hydrophobic motif sites shown in blue text for human PKC 
(conventional PKCα, novel PKCε and atypical PKCζ) and the other related AGC kinases Akt1 and 
PKN1.  The hydrophobic motif Glu and Asp residues of PKCζ and PKN1 are notated in red.  Sequences 
for these kinases are listed in the order they appear on their branch of the kinome (11).  Specific residue 
numbers for human PKCζ are indicated.  (b) Structure of an aPKC kinase domain (human PKCι, PDB: 
3A8W) showing locations of analogous sites for PKCζ.  (c) Coomassie brilliant blue (CBB) stain of 
GST-PKCζ expressed and harvested from baculoviral-infected Sf-9 cells, isolated to >90% purity.  (d) 
Specific activity, measured in mol of phosphate (P)*min-1*mol PKCζ-1, of wild-type (wt) and various 
mutants of purified GST-PKCζ incubated in vitro with myelin basic protein (MBP) as substrate.  Error 
bars represent standard error of mean (± S.E.) for n=3 reaction experiments.  Statistical analysis was 
performed using ordinary one-way ANOVA followed by Dunnett’s multiple comparison test with wild-
type as control.  Significance notated as * (p < 0.05),  ** (p < 0.01), **** (p < 0.0001), or n.s. (not 
significant).  (e) Immunoblots showing activation loop and turn motif phosphorylationstatus of HA-
PKCζ and mutants expressed in mammalian CHO-IR cells.   
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The turn motif (T560) of PKCζ is not regulated by autophosphorylation   

To address whether T560 is an autophosphorylation site as previously 

proposed (19, 34), we constructed a catalytically-inactive “spine mutant” V266F in the 

kinase domain of PKCζ (conserved alignment with other AGC kinases showin in Fig 

2.1a, structural location in relation to other key sites shown in Fig 2.1b).  This Val 

residue was mutated to a Phe capable of inserting into the ATP-binding pocket of the 

enzyme and blocking ATP binding, a method for inactivating a kinase without 

compromising its structural integrity, recently developed by Taylor et al. (129).  

Indeed, the V266F mutant was catalytically dead (Fig 2.1d) yet was fully 

phosphorylated at T560 as demonstrated by Western blot analysis of mammalian 

CHO-IR lysates expressing this construct (Fig 2.1e).  The specificity of the phospho-

specific antibodies was confirmed and validated by the lack of significant labeling of 

the T410A or T410E constructs by the p410 antibody and the T560A or T560E 

constructs by the p560 antibody (Fig 2.1e).  Note that replacement of the activation 

loop with Ala did not affect phosphorylation of the turn motif nor did replacement of 

the turn motif site with Ala affect phosphorylation of the activation loop.  The 

phosphorylation of the V266F mutant at the turn motif reveals that the intrinsic 

catalytic activity of PKCζ is not required for phosphorylation of the turn motif.   

 

Phosphorylation at the activation loop (T410) and turn motif (T560) of PKCζ is basal 

and insensitive to phosphatase inhibition  
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To assess whether the key phospho-sites of PKCζ are phosphorylated under 

basal conditions, COS-7 cells were treated with the phosphatase inhibitor calyculin A 

(50 nM) and phosphorylation was monitored via immunoblotting for a time course up 

to 10 min after treatment.  As a control for phosphatase inhibition, phosphorylation at 

the hydrophobic motif of S6 kinase (S6K, T389, an agonist-induced phosphorylation 

site) was monitored and steadily increased over the time period (Fig 2.2a, 2.2b).  

Quantification of data from 4 separate experiments revealed no change in the 

phosphorylation state of T410 or T560 following treatment with calyculin (Fig 2.2b).   

These data reveal that phosphorylation of PKCζ at the activation loop and turn motif is 

insensitive to calyculin, reflecting either stoichiometric phosphorylation under basal 

conditions or regulation by calyculin-insensitive phosphatases.  To further investigate 

the basal phosphorylation state at T410 and T560, two dimensional isoeletric focusing 

(2D IEF) was performed on wild-type HA-PKCζ, single phosphorylation site mutants 

T410A, T560A and double phosphorylation site mutant T410A T560A 

immunoprecipitated from CHO-IR cells (Fig 2.2c).  Phosphorylation is a highly acidic 

modification that is readily resolved by 2D IEF.  Wild-type HA-PKCζ enzyme 

migrated predominantly as two acidic species.  Quantitation of the data from 3 

independent experiments revealed that the most acidic species comprised 41 ± 2% of 

the signal.  This species likely represents enzyme phosphorylated at both T410 and 

T560.  An intermediate species resolved at the same isoelectic point as each of the 

single mutants (T410A and T560A) and likely represents a mono-phosphorylated 

species.  A few times, we observed the intermediate species of the wild-type enzyme 

separate into a third species (data not shown) that resolved at the same isoelectric 
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point as the T410A T560A double mutant.  This spot likely represents enzyme that 

was dephosphorylated during the immunoprecipitation process.  These data reveal that 

doubly phosphorylated PKCζ is a significant species in cells.   

 

 
 
Figure 2.2: PKCζ is basally phosphorylated and insensitive to phosphatase inhbition.  (a) 
Immunoblots of lysates from COS-7 cells treated with 50 nM calyculin A (phosphatase inhibitor) for a 
time course of 0-10 min showing degree of T410 and T560 phosphorylation on PKCζ over time in 
comparison to T389 phosphorylation on S6K. (b) Quantification of blots from (a) using n=4 separate 
experiments shown as phosphorylated protein over total protein normalized to t=0 min baseline, plotted 
as mean ± S.E.  Statistical analysis was performed using ordinary one-way ANOVA at each time point 
followed by Dunnett’s multiple comparison test with p389/S6K as control.  Significance notated as * (p 
< 0.05) or  ** (p < 0.005).  (c) Immunoblots of 2D-IEF run on immunoprecipitated HA-PKCζ wild-type 
and phosphorylation site mutants.   
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Phosphatidylserine promotes the open conformation of PKCζ, as evidenced by 

increased rate of dephosphorylation at T410 on PKCζ, and increases specific activity 

of purified PKCζ; low concentrations of phosphoinositides do not activate PKCζ   

For conventional PKC isozymes, binding to activating lipids promotes an open 

conformation that results in a two-orders of magnitude increase in phosphatase 

sensitivity at their priming sites (15).  To investigate whether binding to 

phosphatidylserine (PdS), which binds the C1 domain of all PKCs (130) also induces 

an open conformation of PKCζ, we examined the effect of PdS on the rate of 

dephosphorylation of PKCζ.  Purified GST-PKCζ was incubated in vitro with protein 

phosphatase 1 (PP1), a phosphatase known to dephosphorylate both the activation 

loop and turn motif of PKC isozymes (15).  The rate of dephosphorylation at T410 

was measured through quantitative immunoblots and was significantly increased in the 

presence of PdS lipid (Fig 2.3a, 2.3b).  To assess the effect of lipids on the specific 

activity of PKCζ, we employed 2 different in vitro lipid systems: multilamellar 

structures and Triton X-mixed micelles, used previously to examine the effects of 

lipids on the activity of conventional PKC (128, 131, 132).  The abundant lipids PdS 

and phosphatidic acid (PA) were prepared as multilamellar structures whereas the rare 

lipids PIP3 (phosphatidylinositol (3,4,5)-triphosphate) and its PI3-kinase-targeted 

precursor PIP2  (phosphatidylinositol (4,5,)-biphosphate) were solubilized with Triton 

X-100 to form mixed micelles with varying mole percent lipid, illustrated by cartoons 

in Fig 2.3c.  The latter system is particularly useful in examining lipid specificity and 

stoichiometry for activation of monomeric PKC (133-135).  The specific activity of 



45	
	

	

GST-PKCζ was increased nearly 3-fold with increasing PdS multilamellar 

concentrations up to 140 µM; PA multilamellae activated PKCζ to a more modest 

extent (Fig 2.3d). Neither PIP3 nor PIP2 activated PKCζ at concentrations up to 2.5 

mole % (corresponding to 3-4 molecules of the lipid per micelle) in the mixed micelle 

system (Fig 2.3e) revealing these lipids are not acting as specific agonists for PKCζ.  

Higher concentrations were not tested given the low abundance of these lipids in 

membranes.  These data support previous findings that the activity of PKCζ is 

stimulated by cellular phosphatidylserine but suggest that phosphoinositides and most 

notably PIP3 do not stimulate the activity of PKCζ in cells given the low abundance of 

these lipids  
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Figure 2.3: Phosphatidylserine promotes the open conformation of PKCζ and increases specific 
activity of purified PKCζ; low concentrations of phosphoinositides do not activate PKCζ.  (a) 
Time course of purified GST-PKCζ and pure PP1 incubated with or without phosphatidylserine (PS) 
lipid.  Immunoblots show degree of T410 dephosphorylation over time, with corresponding GST signal 
representing total GST-PKCζ present.  Experiements performed by Nitya Simon.  (b) Quantification of 
blots from (A) using n=4 separate experiments shown as p410 signal over GST signal normalized to t=0 
min baseline, plotted as mean ± S.E.  Statistical analysis was performed using unpaired t-tests for t=30 
min and t=60 min time points.  Significance notated as ** (p < 0.005) or n.s. (not significant).  (c) 
Diagram depicting structural presentation of lipids in multilamellar systems and Triton X-100 detergent 
soluble micelles.  (d) Specific activity, measured in mol(P)*min-1*mol PKCζ of purified GST-PKCζ 
incubated with either PS or phosphatidic acid (PA) multilamellae of variable lipid concentrations.  (e) 
Specific activity of purified GST-PKCζ incubated with Triton X-100 mixed micelles of varying mole % 
lipid present for PI(3,4,5)P3 and PI(4,5)P2.     
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event is required for phosphorylation of the turn motif is unclear.  We examined 

lysates from PDK1 knockout MEFs (PDK1-/-) vs their wild-type (PDK1+/+) 

counterparts (Fig 2.4a).  As expected, PKCζ from the PDK1 knockout MEFs had 
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MEFs.  In contrast, phosphorylation at T560 was not decreased in the PDK1 -/- MEFs, 

quantification shown in Fig 2.4b.  We also examined the insulin sensitivity of PKCζ 

phosphorylation.  Treatment of either wild-type or PDK1-/- MEFs with insulin had no 

effect on the phosphorylation of either the PDK1 site, T410, or the turn motif, T560 

(Fig 2.4a).  As a control, we examined Akt, whose activation loop (T308) 

phosphorylation is insulin dependent and regulated by PDK1, and was indeed ablated 

in the PDK1-/- MEFs.  Treatment of the PDK1+/+ MEFs with insulin produced a 

significant increase in T308 Akt phosphorylation, which was blocked by pre-treatment 

with the general kinase inhibitor staurosporine and reduced by pre-treatment with 

PDK1-specific inhibitor OSU03012 (Fig 2.4c).  Thus, under conditions where insulin 

regulates the phosphorylation of the activation loop of Akt, the phosphorylation of the 

PKCζ activation loop was insensitive to insulin.  This result was also observed in the 

insulin-sensitive CHO-IR cell line (Fig 2.4d).  Taken together, these data reveal that 

the activation loop of PKCζ is constitutively phosphorylated by PDK1 and that this 

reaction is not necessary for turn motif phosphorylation. 
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Figure 2.4: PDK1 and mTORC2 are required for constitutive phosphorylation of T410 and T560 
sites on PKCζ, respectively.  (a) Immunoblots of PDK1+/+ and PDK1-/- lysates comparing 
phosphorylation at the activation loop (p410) and turn motif (p560) sites of PKCζ along with activation 
loop phosphorylation of Akt (p308) with or without 100 nM insulin treatment for 10 min.  (b) 
Quantification of blots from (A) and (E) using n=3-4 separate experiments shown as phosphorylated 
protein over total protein normalized to corresponding +/+ MEFs, plotted as mean ± S.E.  Statistical 
analysis was performed using ordinary one-way ANOVA followed by Dunnett’s multiple comparison 
test with wild-type baseline as control.  Significance notated as * (p < 0.05),  *** (p < 0.001), **** (p < 
0.0001), or n.s. (not significant).  PDK1+/+ MEFs (c) and CHO-IR (d) were serum starved overnight 
and treated with DMSO, 1 µM staurosporine (Staur) or 10 µM OSU03012 (OSU) for 30 min prior to 
treatment with or without 100 nM insulin for 10 min.  Lysates were immunoblotted for activation loop 
phosphorylation status of PKCζ and Akt.  (e) Immunoblots of Sin1+/+ and Sin1-/- MEFs showing 
phosphorylation at the activation loop and turn motif sites of PKCζ.  (f) Immunoblots of Sin1+/+ MEFs 
treated with DMSO or 100 nM Torin 1 (mTOR inhibitor) for 1 hour or 24 hours prior to lysis showing 
phosphorylation of T560 on PKCζ.   Phosphorylation of S6K at T389 is shown as validation of mTOR 
inhibition.   
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supporting its phosphorylation of the turn motif of PKCζ (21).  To address whether 

this phosphorylation is necessary for phosphorylation of the PDK1 site, we examined 

lysates from MEFs that are deficient in Sin1, a necessary component for mTORC2 

formation (136).  Phosphorylation at T560 was ablated in Sin1-/- MEFs (Fig 2.4e) 

while phosphorylation of T410 was comparable between Sin1+/+ MEFs and Sin1-/- 

MEFs, as quantified in Fig 2.4b.  Phosphorylation of T560 was unaffected by a 1 hour 

treatment with an mTOR inhibitor, Torin 1, in Sin1+/+ MEFs (Fig 2.4f) yet was 

significantly reduced by Torin 1 treatment after 24 hours, in agreement with previous 

studies using long term mTOR inhibition (21).  In contrast, the phosphorylation at 

T389 on S6K, the agonist-evoked site of mTORC1 phosphorylation (137), was 

blocked within 1 hour, thus validating mTOR inhibition (Fig 2.4f).  These data reveal 

that phosphorylation at the turn motif is also constitutive and not necessary for 

phosphorylation at the PDK1 site. 

 

The phosphorylation of PKCζ at the turn motif but not the activation loop occurs 

during translation  

Previous studies have established that the turn motif of Akt (T450) is 

phosphorylated during translation, an event that precedes subsequent agonist-evoked 

phosphorylation of the activation loop (T308) and hydrophobic motif (S473) (29).  

These results were acquired by immunoblot analysis of polysomes obtained by 

fractionation of serum-starved and re-stimulated cells treated with cyclohexamide to 

preserve intact polysomes.  Similar fractionations (Fig. 2.5a) revealed that the PKCζ 
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associated with polysomes is phosphorylated at the turn motif (p560) but not the 

PDK1 site (p410) (Fig. 2.5b, polysome fractions 7-9).  Polysome fractions were 

devoid of significant PDK1 but had readily detectable levels of mTOR. These data 

reveal that similar to Akt, the turn motif of PKCζ is co-translationally phosphorylated 

by mTORC2 at polysomes.  
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Figure 2.5: The turn motif site of PKCζ is phosphorylated during translation.  Wild type murine 
embryonic fibroblasts (MEFs) were starved starved overnight and re-stimulated with serum for 1 hour, 
then treated with cycloheximide for 15 minutes.  (a) Absorbance (A260; y axis) versus increasing 
density (x axis) of sucrose fractions from cell lysates was monitored.  (b) Aliquots of each fraction were 
separated by SDS-PAGE followed by immunoblotting for analysis of protein expression and 
phosphorylation state of PKCζ and Akt.  Ribosomal marker proteins rpS6 and rpL23A are shown for 
validation of fractionation process.  Experiments were performed by Peter Kim.   
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The catalytic activity of PKCζ does not increase following insulin stimulation  

We employed both in vitro and live cell methods to investigate whether insulin 

stimulates the intrinsic catalytic activity of PKCζ.  Using the in vitro assay with MBP 

as a substrate that we previously validated with pure GST-PKCζ (Fig 2.1d), we 

measured the relative catalytic activity of over-expressed HA-PKCζ 

immunoprecipitated from Hep1C1C7 liver cells treated with or without 100 nM 

insulin for 10 min.  The T560A catalytically-inactive mutant was employed as a 

control for background kinase activity from the immunoprecipitate.  Fig 2.6a shows 

that wild-type HA-PKCζ had significantly higher activity than the T560A mutant yet 

there was no significant difference in activity of enzyme immunoprecipitated from 

cells treated with or without insulin.  We also examined the phosphorylation state of 

the immunoprecipitated protein and observed no changes in the phosphorylation of the 

activation loop of PKCζ (p410, Fig. 2.6b).  Under the conditions of these assays, 

insulin caused a robust increase in the activation loop phosphorylation of endogenous 

Akt (p308).  Similar results were also observed in insulin-sensitive CHO-IR cells (data 

not shown).  Using a genetically-encoded FRET reporter, C Kinase Activity Reporter 

(CKAR, (109)) previously validated for examining activity of the PKCζ catalytic 

moiety, PKMζ in real time in live cells (112), we measured the activity of N-

terminally tagged mCherry-PKCζ in live COS-7 cells.  Insulin treatment did not 

stimulate PKCζ activity as assessed using CKAR.  Under comparable conditions, 

insulin effectively stimulated Akt activity in cells expressing mCherry-Akt2 as 

assessed using the Akt reporter B Kinase Activity Reporter (BKAR, (107)); this 
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activity was reversed with the Akt active site inhibitor GDC-0068 (Fig 2.6c).  

Endogenous Akt activity was also stimulated by insulin in cells expressing mCherry 

vector with BKAR and inhibited by treatment with GDC-0068.  Similar results were 

obtained using a C-terminally tagged PKCζ-RFP construct, examining either cytosolic 

CKAR or plasma membrane-targeted CKAR, in both COS-7 and CHO-IR cells (data 

not shown).   
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Figure 2.6: The catalytic activity of PKCζ does not increase due to insulin stimulation.   (a) 
Activity of wild-type (wt) and kinase-dead (T560A) HA-PKCζ immunoprecipitated from Hep1C1C7 
serum starved overnight and treated with (Insulin) or without (NT, no treatment) 100 nM insulin for 10 
min prior to lysis.  Kinase-bound beads were incubated in vitro with MBP substrate and [γ-32P]ATP.  
Activity was measured as CPM normalized by total HA signal from immunoblot and plotted as mean ± 
S.E. for n=3 reaction experiments.  Statistical analysis was performed using ordinary two-way ANOVA 
followed by Dunnett’s multiple comparison test with non-treated wild-type (wt NT) as control.  
Significance notated as **** (p < 0.0001) or n.s. (not significant).  (b) Immunoblots of activation loop 
phosphorylation for immunoprecipitated HA-PKCζ from (a) along with total HA signal and activation 
loop phosphorylation of Akt from whole cell lysate.  (c) Global cytosolic kinase activity measured via 
changes in CFP over FRET ratio using Akt-specific reporter BKAR and mCherry-tagged Akt2 or vector 
(Vec) or PKC-specific reporter CKAR and mCherry-tagged PKCζ or vector in live COS-7 cells serum 
starved for 4-6 hours prior to imaging and treatment with 100 nM insulin then inhibitors (20 µM GDC-
0068 for BKAR assays or 1 µM staurosporine for CKAR assays).  The trace for each cell imaged was 
normalized to its t=0 min base-line value, and normalized FRET ratios were combined from three 
independent experiments and plotted as mean ± S.E.    
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The phosphorylation of PKCζ is neither agonist-evoked nor regulated by PI3-kinase 

through translocation to the plasma membrane in response to insulin  

Previous studies have suggested that PI3-kinase mediates agonist-evoked 

phosphorylation of aPKCs by recruiting the enzymes to the membrane through 

production of PIP3 in a similar fashion to the activation of Akt (14, 19, 138, 139).  To 

address this claim, we treated Hep1C1C7 cells with 20 µM of the PI3-kinase inhibitor 

LY294002 (LY) prior to insulin stimulation (Fig 2.7a). No change in T410 or T560 

PKCζ phosphorylation was observed with either insulin or LY treatment for either cell 

line quantified over 8 separate experiments (Fig 2.7b).  Similar results were seen with 

CHO-IR cells under the same conditions (data not shown).  As a control, immunoblot 

analysis revealed that LY abolished the robust insulin-dependent phosphoryation of 

T308 on Akt.  To directly assess whether PKCζ was recruited to the plasma membrane 

in response to insulin treatment, we monitored changes in intermolecular FRET 

between N-terminally-tagged YFP-PKCζ or YFP-Akt2 and plasma membrane-

targeted CFP (PM-CFP) in live COS-7 cells during treatment with 100 nM insulin.  

YFP-Akt2 exhibited a translocation response that was evident through the steady 

increase in FRET ratio following treatment with insulin (Fig 2.7c).  However, the 

traces for YFP-PKCζ remained flat after insulin stimulation, indicating that no 

translocation to the plasma membrane had occurred for PKCζ.  To corroborate that 

endogenous PKCζ and Akt displayed the same translocation results as their over-

expressed counterparts imaged in Fig 2.7c, we performed immunofluorescence 

imaging of COS-7 cells treated with or without insulin, fixed and stained with 
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antibodies against PKCζ or Akt.  The representative images shown in Fig 2.7d reveal 

a classic plasma membrane translocation of Akt in response to insulin, evident through 

the ruffled appearance of stained Akt in comparison to the untreated control, similar to 

translocation images from COS7 shown previously (140). However, no change in the 

localization of endogenous PKCζ was observed in any of the images taken.   
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Figure 2.7: The phosphorylation of PKCζ is not agonist-evoked nor regulated by PI3-kinase 
through translocation to the plasma membrane in response to insulin.  (a) Hep1C1C7 cells were 
serum starved for 4 hours then treated with DMSO or 20 µM LY294002 (LY) for 20 min prior to 
treatment with or without 100 nM insulin for 10 min.  Immunoblots showing phosphorylation status of 
PKCζ at the activation loop (p410), turn motif (p560) and Akt at the activation loop (p308).  (b) 
Quantification of blots from (A) using n=8 separate experiments shown as p410 or p560 over total 
PKCζ normalized to “DMSO NT” control, plotted as mean ± S.E.  (c) Translocation assay of YFP-
tagged Akt2 or PKCζ to plasma membrane (PM-CFP) in live COS-7 cells serum starved for 4-6 hours 
prior to imaging, measured as change in FRET over CFP ratio in response to 100 nM insulin.  The trace 
for each cell imaged was normalized to its t=0 min base-line value, and normalized FRET ratios were 
combined from three independent experiments and plotted as mean ± S.E.  (d) Representative images of 
COS-7 cells treated with or without 100 nM insulin for 10 min prior to fixation and staining with 
antibodies for PKCζ or Akt as described in Materials and Methods.   
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A fusion construct of the Akt2 PH domain with PKMζ translocates to the plasma 

membrane in response to insulin yet does not exhibit agonist-evoked activity nor 

phosphorylation at the activation loop  

The pleckstrin homology (PH) domain of Akt is a well characterized binder of 

activated PIP3 lipid at the plasma membrane (141, 142).  To investigate whether this 

domain was also capable of generating aPKC agonist-induced translocation, we fused 

the regulatory portion of Akt2 that contains the PH domain to the catalytic portion of 

PKCζ (PKMζ, thus lacking the N-terminal regulatory domains of PKCζ), constructing 

the chimeric kinase Akt2R-PKMζ (Fig 2.8a).  Using the plasma membrane 

translocation assay from Fig 2.7c, we monitored translocation of YFP-tagged Akt2R-

PKMζ to PM-CFP in live COS-7 cells during treatment with 100 nM insulin compared 

to YFP-Akt2 and YFP-PKCζ controls.  YFP-Akt2R-PKMζ translocated to plasma 

membrane in response to insulin slightly slower than YFP-Akt2 (half-times of 3.01 ± 

0.05 min and 2.7 ± 0.1 min, respectively).  Note a greater level of steady-state binding 

was achieved by the chimera, likely because intramolecular interactions of the PH 

domain with its native partner Akt kinase domain, but not the foreign aPKC kinase 

domain, restrain accessibility of the Akt PH domain (Fig 2.8b); consistent with this, 

the isolated PH domain translocated to a similar extent as that of the chimeric kinase 

(data not shown).   We next examined insulin-induced activity of Akt2R-PKMζ on 

CKAR, using the activity assay from Fig 2.6c.  mCherry-tagged Akt2R-PKMζ did not 

exhibit increased activity on cytosolic CKAR following insulin treatment but was 

basally active on CKAR as shown by the decrease in FRET ratio following inhibition 
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with the aPKC active site inhibitor PZ09, previously characterized to selectively 

inhibit aPKC over other PKCs in vitro (119) (Fig 2.8c).  The control of mCherry-Akt2 

showed insulin-induced activity on BKAR while the control for background CKAR 

activity (mCherry-Vec) was minimally responsive to treatment with 5 µM PZ09.  

Finally, given that the translocation of Akt2R-PKMζ to plasma membrane in response 

to PIP3 production could potentially localize the kinase domain of PKCζ to be more 

opportunistically phosphorylated at its activation loop by PDK1, we examined T410 

phosphorylation on Akt2R-PKMζ following insulin treatment.  The data in Fig 2.8d 

show no change in p410 levels of transfected YFP-Akt2R-PKMζ in response to insulin 

(within a detection limit of ± 20% S.E. for immunoblotting quantified after 4 

independent experiments) yet dramatic increases in p308 levels of transfected YFP-

Akt2.  These results reveal that the catalytic domain of PKCζ does not exhibit agonist-

induced activity nor agonist-induced phosphorylation at the activation loop even if 

dragged to a location that causes Akt to be activated and phosphorylated at its 

activation loop.   
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Figure 2.8: A fusion construct of the Akt2 PH domain with PKMζ translocates to the plasma 
membrane in response to insulin yet does not exhibit agonist-evoked activity or phosphorylation 
at the activation loop.  (a) Schematic of the domains and phosphorylation sites present in PKCζ, Akt2, 
and the chimeric kinase Akt2R-PKMζ, consisting of the PH domain of Akt2 with the catalytic moiety 
of PKCζ (PKMζ).  (b) Translocation assay of YFP-tagged Akt2, Akt2R-PKMζ or PKCζ to plasma 
membrane (PM-CFP) in live COS-7 cells serum starved prior to imaging, measured as change in FRET 
over CFP ratio in response to 100 nM insulin.  The trace for each cell imaged was normalized to its t=0 
min base-line value, and normalized FRET ratios were combined from three independent experiments 
and plotted as mean ± S.E.  (c) Global cytosolic kinase activity measured via changes in CFP over 
FRET ratio using Akt-specific reporter BKAR and mCherry-tagged Akt2 or PKC-specific reporter 
CKAR and mCherry-tagged Akt2R-PKMζ or vector in live COS-7 cells serum starved prior to imaging 
and treatment with 100 nM insulin then inhibitors (20 µM GDC-0068 for BKAR assays or 5 µM PZ09 
for CKAR assays).  The trace for each cell imaged was normalized to its t=0 min base-line value, and 
normalized FRET ratios were combined from three independent experiments and plotted as mean ± S.E.  
(d) CHO-IR cells were transfected with either YFP-Akt2 or YFP-Akt2R-PKMζ, serum starved 
overnight then treated with or without 100 nM insulin for 10 min.  Immunoblots showing 
phosphorylation status of Akt2R-PKMζ and Akt2 at their respective activation loops (p410 and p308).  
Upper bands on p410 and p308 blots indicate overexpressed YFP-tagged constructs while lower bands 
are indicative of endogenous PKCζ or Akt.   
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maintains some properties unique to Akt and other properties unique to conventional 

PKCs, placing aPKCs at the cross-roads of regulatory mechanisms for these two 

different families of lipid second messenger-regulated kinases.  Notably, regulation of 

the turn motif follows the same mechanism as that for Akt:  co-translational 

phosphorylation by ribosome-associated mTORC2.  In contrast, activation loop 

phosphorylation at T410 follows the same mechanism as that for conventional PKCs: 

post-translational, constitutive phosphorylation by PDK1, concurring with previous 

studies that have shown constitutive phosphorylation at T410 for the short transcript 

PKMζ (143), and no change in p410 on purified PKCζ when treated in vitro with 

recombinant PDK1 (144).  Thus, unlike Akt but like conventional PKC, aPKCs are 

constitutively phosphorylated, but differ in that the first phosphorylation occurs co-

translationally at the ribosome rather than post-translationally on a membrane 

compartment. Coupled with their lack of regulation by diacylglycerol, these results 

suggest that aPKCs should be considered as a separate family of kinases from the 

cPKCs and nPKCs.  

Previous reports have suggested that aPKC autophosphorylates at the turn 

motif (19, 145).  More recently, this site has been shown to be phosphorylated by 

mTORC2 in vitro and that phosphorylation of this site in cells depends on the integrity 

of mTORC2 with dephosphorylation occurring within 24 hours of mTOR inhibition 

via Torin 1 treatment (21).  Here we show that a construct of aPKC (V266F) that 

maintains a native kinase domain fold but is incapable of binding ATP (129) is 

phosphorylated to the same level as the wild-type protein.  These data reveal that the 



62	
	

	

turn motif is not regulated by autophosphorylation on aPKCs; rather, the site is 

modified as newly-synthesized polypeptide emerges from the ribosome by ribosome-

associated mTORC2.  This co-translational phosphorylation by mTORC2 likely 

accounts for why acute treatment with Torin 1 does not affect the steady-state 

phosphorylation at the turn motif (because the bulk PKC was previously co-

translationally processed by phosphorylation) and why prolonged treatment does 

(because loss of p560 immunoreactivity reflects turn-over of the protein).  Our data 

also reveal that phosphorylation of the turn motif precedes that of the activation loop, 

similar to the order for Akt and contrasting with the order for conventional PKCs.  

Also contrasting with conventional PKCs, phosphorylation of the turn motif is not 

required for subsequent phosphorylation of the activation loop as the T560A mutant is 

fully phosphorylated at the activation loop.  Conversely, phosphorylation of the 

activation loop is not required for phosphorylation of the turn motif.   

Several recent studies reveal that aPKCs are regulated by autoinhibition 

through their pseudosubstrate segment (44, 146) as are cPKCs and nPKCs.  For 

conventional and novel PKCs, binding of diacylglycerol and its analogues to their C1 

domains releases the pseudosubstrate from the substrate-binding cavity.  Although 

aPKCs have diacylglycerol-insensitive C1 domains, recent evidence suggests that their 

C1 domains contribute to autoinhibition (44, 146).  In support of this, our data show 

that PS and PA, lipids that bind the C1 domain (130), increase the catalytic activity of 

PKCζ, consistent with previous studies showing activation of PKCζ by these anionic 

membrane lipids (103, 147).  Supporting conformational changes upon anionic lipid 
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binding, in vitro assays reveal that the rate of dephosphorylation of PKCζ by PP1 is 

increased in the presence of PS, a result observed for conventional PKCs (15).  Thus, 

the enhanced activity and phosphatase sensitivity of aPKC by anionic lipids likely 

reflects engagement of the C1 domain on membranes promoting the open 

conformation of aPKCs, as it does for other PKCs.  Because there is no high affinity 

ligand of the aPKC C1 domain, this interaction with anionic lipids is unlikely to 

provide any regulation beyond possibly stabilizing the open conformation of any 

aPKC scaffolded near membranes.   

 Akt and aPKC both exhibit overlapping functions in insulin signaling, most 

prominently being their requirement for insulin-stimulated glucose transport as shown 

through knockout models (123, 148). As for Akt, the catalytic activity of aPKC is 

required for its effect on insulin-regulated biological functions as determined using 

either kinase-dead aPKC acting as a dominant negative (80, 81, 83-85, 88-90) or 

aPKC inhibitors (80, 84, 85, 90, 91), both of which impair insulin-stimulated glucose 

transport. However, the pathophysiological modulation of Akt vs aPKC displays 

tissue-dependent differences, suggesting that the regulation of these enzymes is 

divergent even if they exhibit similar functions.  Akt is defective in the livers of 

diabetic mice and humans yet aPKC is hyperactive in these hepatic tissues (102, 125) 

while remaining dysfunctional in diabetic skeletal muscle (99, 100).  Our data show 

that the canonical mechanism of activation for Akt involving agonist-evoked 

phosphorylation facilitated by PIP3 production by PI3-K in response to growth factors 

is not the mechanism of activation for aPKC.  In all of the cell types studied, no 



64	
	

	

significant increase in activation loop phosphorylation at T410 on PKCζ was ever 

observed following insulin treatment as assessed using a phospho-specific antibody 

that does not detect a T410A mutant.  Yet under the same conditions and in the same 

cells, dramatic increases in activation loop phosphorylation at T308 on Akt were 

observed. Most strikingly, forced insulin-dependent recruitment of PKCζ by 

replacement of its regulatory moiety with the PH domain of Akt did not cause any 

change in the T410 phosphorylation or catalytic activity.  Concurrently, addition of the 

phosphatase inhibitor calyculin did not result in increased phosphorylation at either of 

the two priming sites, but did cause an increase in the activation loop phosphorylation 

of S6K.  Although it is possible the T410 site is dephosphorylated by calyculin-

insensitive phosphatases, 2D gel analysis reveals that a substantial amount of PKCζ is 

modified by phosphorylation at two sites.  Additionally, treatment of cells with the 

PI3-K inhibitor LY294002 (LY) had no effect on the phosphorylation of T410 when 

treated within a time frame (20 min) that effectively blocked the insulin-induced 

phosphorylation of Akt at T308.  A recent study reported a moderate reduction in 

basal phosphorylation of T410 with no change in phosphorylation of T560 following 

60 min treatment with an increased dosage of LY (30 µM, (21)).  This could reflect 

off-target effects of more prolonged LY treatment that are potentially affecting T410 

phosphorylation through an indirect route not involving the canonical PI3-K/Akt 

pathway.  Thus, insulin acutely regulates the location, phosphorylation, and global 

activity of Akt but has no detectable effect on any of these parameters for aPKC. 
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Live cell imaging studies also revealed no insulin-stimulated activity of aPKC.  

In contrast, insulin stimulated robust activation of Akt as assessed using the Akt 

activity reporter, BKAR.  Correspondingly, we did not observe insulin-dependent 

translocation of PKCζ to the plasma membrane under conditions that caused readily 

detectable plasma membrane translocation of Akt and the chimeric kinase Akt2R-

PKMζ that contains the PIP3-binding PH domain.  These data indicate that the 

production of PIP3 by agonist-evoked PI3-K activity does not affect PKCζ to change 

its proximity relative to membrane-bound PIP3.  By not reaching PIP3 or the plasma 

membrane where other growth factor-stimulated lipids may be present, PKCζ cannot 

undergo the conformational change to relieve autoinhibition that occurs for Akt to 

yield activity as suggested recently (145).  We also show that no increase in the 

specific activity measured in vitro occurs for PKCζ immunoprecipitated from cells 

treated with insulin compared to no insulin.  This observation contrasts with early 

studies reporting insulin-dependent increases in PKCζ activity (19, 34) and supports 

other studies showing no increases in activity of PKCζ immunoprecipitated from 

insulin-treated cells (21, 149) along with no increases in the phosphorylation of T410 

for either tagged or endogenous PKCζ (21-23).   

The lack of insulin-induced changes in aPKC location, phosphorylation, or 

activity begs the question of how aPKCs transduce the insulin signal.  We have 

recently shown that an acidic surface on the PB1 domain of the scaffold p62 tethers 

the basic pseudosubstrate of bound aPKCs to maintain the enzyme in an open and 

active conformation (43).  Similarly, another scaffold, PAR6 has been shown to lock 
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aPKC in an open and active conformation (44) and to facilitate its phosphorylation of 

localized substrates such as PAR3 and Lgl1 (36, 48, 50, 52, 150).  Given the 

exceptionally low catalytic rate of PKCζ (5 mol phosphate per min per mol PKC), in 

our study and 42 mol phosphate per min per mol PKC with MBP substrate reported 

previously (103), compared with cPKCs (200 mol phosphate per min per mol PKC) 

(128), it is likely that coordination of the enzyme next to substrates on protein 

scaffolds drives its signaling.  By this mechanism, the constitutive presence of aPKC 

on scaffolds allows it to phosphorylate substrates that may be recruited to these 

scaffolds in an insulin-dependent manner, thus mediating the biological functions of 

insulin signaling such as induced glucose transport.  Thus, the aPKC-regulating 

mechanism may derive from the insulin dependence of substrate recruitment or 

substrate conformation.  This model is analogous to the regulation of PDK1 signaling: 

the enzyme is constitutively active but substrate phosphorylation is dictated by 

substrate conformation or accessibility (151).   

The foregoing data reveal that PKCζ is primed by phosphorylation to yield a 

constitutively-phosphorylated, catalytically-active enzyme.  First, the enzyme is co-

translationally phosphorylated at the ribosome by mTORC2, followed by 

phosphorylation at the activation loop by PDK1.  Phosphorylation at both sites is 

required for catalytic activity.   Phosphorylations are relatively stable and insensitive 

to agonists such as insulin or levels of PIP3.  Although the activity of kinase moiety 

PKMζ is readily detectable using the genetically-encoded activity reporter CKAR, 

insulin-stimulated global PKCζ activity on this cytosolic substrate reporter cannot be 
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detected.  Our data support a model in which the coordination of aPKCs next to 

substrates on protein scaffolds drives the biological function for this class of PKC 

enzymes.   

Chapter 2 in its entirety is published as “Protein kinase Cζ exhibits constitutive 

phosphorylation and phosphatidylinositol-3,4,5-triphosphate-independent regulation.” 

Tobias IS, Kaulich M, Kim PK, Simon N, Jacinto E, Dowdy SF, King CC, Newton 

AC in Biochem J, 2016; 473: pg. 509-23.  The dissertation author was the primary 

investigator and author of this work.  
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3.1 Introduction 

The coordination of signal transduction by protein scaffolds controls 

downstream signaling for a multitude of protein kinases (115).  Protein scaffolds 

locally enrich the kinase, positioning it near, or sequestering it away, from substrates 

to allow specificity and fidelity in cell signaling.  In addition, binding to scaffold 

proteins can impact the conformation of kinases, tuning their signaling output.  The 

atypical PKC isozymes (aPKC) are an example of a kinase whose interaction with a 

scaffold tethers them in a signaling-competent conformation.  

aPKCs comprise one of three classes of the PKC family of enzymes.  These 

classes are the canonical diacylglycerol-regulated conventional (Ca2+-dependent; α, β, 

γ) and novel (Ca2+-independent but also diacylglycerol-regulated; δ, ε, η, θ) PKCs, and 

the aPKCs (ζ, ι/λ), which are regulated by neither diacylglycerol nor Ca2+ (1, 2, 116).  

aPKCs share the same general architecture of other family members, with a C-terminal 

kinase domain whose function is controlled by determinants in the N-terminal 

regulatory moiety.  Specifically, all PKCs have an autoinhibitory pseudosubstrate 

segment immediately preceding a C1 domain that masks the kinase domain to 

maintain the enzyme in an autoinhibited conformation.  In addition, all PKCs are 

constitutively phosphorylated following their biosynthesis (2, 106).  aPKCs differ 

from the diacylglycerol-regulated PKCs in that 1] they are not regulated by second 

messengers, 2] their catalytic activity is an order of magnitude lower than the 

diacylglycerol PKCs (106), and 3] they have a protein:protein interacting Phox and 

Bem1 (PB1) domain at their N-terminus.  Additionally, they have a Type III PDZ 

ligand at the end of their C-terminus (2).  For the diacylglycerol-regulated PKCs, 
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binding of second messengers results in release of the pseudosubstrate.  In the case of 

aPKCs, binding to protein scaffolds promotes the release of the atypical 

pseudosubstrate.   

Two scaffolds that regulate the activity of aPKCs are p62 (also known as 

sequestosome 1, SQSTM1) (43) and partitioning-defective protein 6 (Par6), a cell 

polarity regulator (44).  Binding to these scaffolds promotes the open and active 

conformation of the aPKCs.  In the case of p62, an acidic surface unique to its PB1 

domain binds the basic pseudosubstrate of aPKCs, tethering it away from the substrate 

binding cavity to engage aPKC in an active conformation (43).  Binding of aPKC to 

Par6 also displaces the pseudosubstrate to tether aPKC in an open and signaling-

competent conformation (44).  Par6 is well characterized as a signaling platform to 

localize aPKC near substrates such as the cell polarity regulators Par3 and Lgl (47, 86, 

95, 97, 148, 152).  As a signaling hub with multiple interacting domains and partners 

(57, 98), p62 may also function to localize aPKC near its targets, though specific 

substrates on this platform remain to be identified.   

A key function of aPKC is the regulation of insulin-stimulated glucose 

transport (80-83, 85, 87), yet the mechanism for how it transduces this signal is poorly 

understood.  We have recently shown that PKCζ is not regulated by the insulin-

induced PI3-kinase pathway that activates Akt (106), a mechanism previously 

proposed to regulate aPKC activity (18-20).  Rather, scaffold interactions may be the 

critical regulator of aPKC function in insulin signaling.  In this regard, insulin 

promotes a multitude of phosphorylation-dependent protein interactions, many 
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centralized around the insulin receptor substrate (IRS-1/2) (153).  The p62 scaffold has 

recently been shown to interact with IRS-1 in an insulin-dependent manner (60, 61) 

and is also known to have functions in metabolism as p62-deficient mice exhibit an 

insulin-resistant, obese and diabetic phenotype (58, 101).  A metabolic phenotype is 

also observed in mice lacking microtubule affinity regulating kinase 2 (MARK2), an 

aPKC substrate (66, 67).  These animals are insulin-hypersensitive and resistant to 

weight gain when placed on a high fat diet (74, 75).  MARK2 has a well-characterized 

role in mediating cell polarity, but the mechanism by which it regulates insulin 

signaling is less understood.  How aPKCs control substrate phosphorylation and 

downstream signaling in response to insulin remains to be elucidated. 

Here we address the role of protein scaffolds in controlling the activity of 

aPKCs.  Specifically, we examine the scaffold-associated activity of full-length PKCζ 

or constructs lacking the pseudosubstrate, PB1, or entire N-terminal regulatory moiety 

using the C Kinase Activity Reporter (CKAR, (109)) fused to the PB1 domain of p62 

or Par6.  Basal activity at each scaffold is assessed by monitoring the drop in activity 

following addition of a validated aPKC active site inhibitor, PZ09.  Our data reveal 

that aPKC is differentially bound and activated on the two PB1 scaffolds: it binds with 

higher affinity to Par6, which tethers it in a fully active conformation, compared with 

binding to p62 which is of lower affinity and which tethers a partially active enzyme.  

Furthermore, we demonstrate the ability of IRS-1 to regulate the phosphorylation and 

localization of the aPKC substrate MARK2.  Lastly, a fluorescent resonance energy 

transfer (FRET) assay reveals that insulin promotes the association of PKCζ with p62 
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in addition to p62 and PKCζ with IRS-1.  Our data support a model in which scaffolds 

regulate aPKC signaling by not only providing a signaling platform, but by 

differentially tuning activity. 

 

3.2 Materials and Methods 

Materials 

Staurosporine, forskolin and Gö6983 were purchased from Calbiochem. PZ09 

was a kind gift from Dr. Christopher Hulme and Dr. Sourav Ghosh.  Insulin was 

purchased from Sigma.  The following antibodies were purchased from Santa Cruz 

Biotechnology: anti-p410 PKCζ (sc-12894-R), anti-total PKCζ (sc-216), and anti-

MARK2 (sc-98800).  Antibodies for p308 Akt (9275), total Akt (9272), PKC serine 

substrate (2261 Lot #18), and GAPDH (2118) were purchased from Cell Signaling 

Technology.  The anti-HA (MMS-101P) antibody was from Biolegend.  The anti-p595 

MARK2 antibody was from AbCam (ab34751).  The anti-GFP antibody was from 

Clontech (#632376).  The pSer24 p62 antibody was a kind gift from Dr. George 

Baillie.  HRP-conjugated goat anti-mouse IgG and goat anti-rabbit IgG were from 

Calbiochem (#401215 and #401315).   

   

Cell Lines and Plasmid Constructs 

Human PKCζ and PKCα cDNA were gifts from Dr. Tony Hunter.  Human p62 

was a gift from Dr. Jorge Moscat.  Human MARK2 and human IRS-1 were purchased 
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from Addgene (plasmid #66706 and plasmid #11025, respectively) while human 

Par6α was a gift from Dr. Sourav Ghosh, originally from Addgene (plasmid #15474).  

The C-kinase activity reporter (CKAR) construct was described previously (107, 109).  

Human PKCζ, PKCα, MARK2, Par6α, IRS-1 and p62 constructs were cloned into the 

pDONR vector and subsequently recombined with various pDEST vectors constructed 

in-house to make fusion proteins with HA, mCherry, CKAR, CFP or YFP tags at the 

N-terminus in pCDNA3 vectors for mammalian cell expression using the Gateway 

cloning system (Invitrogen).  Human PKMζ (residues 183 through 592) of PKCζ was 

inserted into pDONR for Gateway recombination.  The PB1 domains of both human 

p62 (residues 3 through 102) and human Par6α (residues 1 through 101) were cloned 

into pDONR and inserted into a Gateway expression vector for expression with CFP 

and CKAR N-terminal tags. Domain deletion mutations were constructed in PKCζ as 

follows: ΔPS (deleted pseudosubstrate, residues 113-130) and ΔPB1 (deleted aPKC 

PB1 domain, residues 25-106).  Point and domain mutations were made using 

Quikchange site-directed mutagenesis (Stratagene).  The catalytically-inactive spine 

mutant (V266F, (106)) was used for the kinase-dead controls of PKCζ and PKMζ.   

 

Cell Culture and Transfection 

Mammalian cells were maintained at 37°C in 5% CO2.  CHO-IR cells were 

grown in DMEM/F-12 50/50, 1X (Cellgro) supplemented with 5% dialyzed fetal 

bovine serum (FBS, Atlanta Biologics), 1% penicillin/streptomycin (P/S) and 50 

µg/ml geneticin (Gibco).  COS7 cells were grown in DMEM 1X supplemented with 
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10% FBS and 1% P/S.  Mammalian cells were transiently transfected using jetPrime 

(Polyplus Transfection).   

 

Immunoprecipitation and Immunoblotting 

 Cells transfected with HA-tagged kinases were rinsed in PBS and lysed in 

Buffer A (100 mM KCl, 50 mM Tris, 3 mM NaCl, 3.5 mM MgCl2, pH 7.3) with 

freshly added 1% protein-grade Triton-X (Calbiochem), 100 µM PMSF, 1 mM DTT, 2 

mM benzamidine, 50 µg/ml leupeptin, 1 µM microcystin-LR and 1 mM sodium 

orthovanadate.  Soluble lysates were incubated with anti-HA antibody (Biolegend) for 

1-2 hrs followed by incubation with Protein A/G resin beads (Thermo Scientific) for 

1-2 hrs at 4°C.  Protein-bound beads were washed 3 times with Buffer A prior to 

adding 25% sample buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 20 µg/ml 

bromophenol blue, 2.86 M 2-mercaptoethanol), boiling at 100°C and performing SDS-

PAGE.  For experiments with immunoblotting only, cells were lysed in Buffer B (100 

mM NaCl, 50 mM Tris, 10 mM Na4P2O7, 50 mM NaF, 1% Triton-X, pH 7.2 plus 

inhibitors) and whole cell lysates were sonicated prior to adding 25% sample buffer, 

boiling at 100°C and performing SDS-PAGE.  Gels were transferred to PVDF 

membrane and blocked with 5% BSA before incubating in antibodies.   
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Live Cell Fluorescence Imaging 

 COS-7 cells were plated onto sterilized glass coverslips in 35 mm imaging 

dishes, co-transfected with the indicated constructs, and imaged in Hanks’ balanced 

salt solution supplemented with 1 mM CaCl2 approximately 24 hours post-

transfection.  For experiments with insulin stimulation, cells were serum-starved 

overnight prior to imaging via a 40X objective.  For experiments with forskolin 

treatment, cells were treated approximately 24 hrs prior to imaging and transfected the 

day before.  Kinase activity was monitored via intramolecular FRET of the activity 

reporters (CKAR or CKAR-PB1) while protein translocation was monitored via 

intermolecular FRET between the YFP-tagged protein and the CFP-tagged target 

using methods previously described (43, 127).   

 

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism software.   

 

3.3 Results 

PZ09 inhibits atypical PKCs but not conventional PKCs in cells  

The toolbox of inhibitors that selectively inhibit atypical PKCs is scant 

compared to the collection of compounds that can effectively inhibit conventional and 

novel PKCs for pharmacological studies (111).  Additionally, certain compounds 
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previously claimed to be inhibitors of aPKC from in vitro studies (ZIP and 

chelerytherine (105, 108)) have been shown to be ineffective at inhibiting aPKC in 

cells (112).  Given the need for an effective aPKC modulator to investigate its 

biochemical regulation, and the history within the field of in vitro efficacy not 

concurring with efficacy in cells, we set out to validate an active site inhibitor of 

aPKC, PZ09 (Fig 3.1a), previously shown to inhibit aPKC in vitro (119) and already 

used for studies in vivo (120) for selective modulation of aPKC substrate readouts in 

cells.  Using a genetically-encoded FRET reporter, C Kinase Activity Reporter 

(CKAR,(109)) previously validated for measurement of basal aPKC activity in real 

time in live cells (43, 106, 112), we examined inhibition of mCherry-tagged PKMζ 

basal activity by increasing PZ09 concentrations (Fig 3.1b).  PKMζ, an alternate 

transcript of PKCζ preferentially expressed in brain tissue that contains the kinase 

domain, was effectively inhibited by PZ09, with an IC50 of approximately 3 µM.  The 

addition of inhibitor caused a small drop in FRET readout in mCherry-Vector (Vec)-

transfected control cells, reflecting inhibition of endogenous aPKCs and background 

activity on CKAR by other kinases sensitive to PZ09. (Fig 3.1b).  As an additional 

control, a kinase-dead version of mCherry-PKMζ with a catalytically-inactive spine 

mutation V266F (106) was tested on CKAR and displayed the same response as the 

mCherry-Vec control (data not shown).  To examine the selectivity of PZ09 in cells 

for aPKC vs conventional PKCs, cells expressing CKAR and mCherry-PKCα were 

treated with 200 nM phorbol dibutyrate (PdBu) to stimulate cPKC activity then treated 

with either 5 µM PZ09 or 250 nM Gö6983, a potent inhibitor of cPKCs and nPKCs 

(Fig 3.1c).  Gö6983 reversed stimulated PKCα activity (blue trace); in contrast 5 µM 
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PZ09 had no effect on PKCα activity in cells (red trace), confirming previous 

selectivity results performed in vitro (119).  Thus, monitoring PZ09-sensitive 

phosphorylation of CKAR is an effective tool to measure aPKC activity in cells.   
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Figure 3.1: PZ09 inhibits atypical PKCs but not conventional PKCs in cells.  (a) Chemical structure 
of PZ09.  (b) Basal kinase activity measured via changes in CFP over FRET ratio using PKC-specific 
substrate reporter CKAR and mCherry-tagged PKMζ vs mCherry-Vector (Vec) control in live COS-7 
cells treated with increasing concentrations of aPKC inhibitor PZ09.  The trace for each cell imaged 
was normalized to its t=0 min baseline value, and normalized FRET ratios were combined from 3-5 
independent experiments and plotted as mean ± S.E.  Dose response curve is plotted as amplitude of 
drop from baseline activity at 15-minute time point vs PZ09 concentration. (c) Stimulated kinase 
activity on CKAR of mCherry-PKCα after treatment with 200 nM PdBu followed by treatment with 
either cPKC/nPKC specific inhibitor Gö6983 (250 nM) or PZ09 (5 µM). The trace for each cell imaged 
was normalized to its t=0 min baseline value, and normalized FRET ratios were combined from 3 
independent experiments and plotted as mean ± S.E.  (d) COS-7 cells were serum-starved overnight and 
treated with either DMSO, staurosporine (1 µM) or increasing concentrations of PZ09 for 30 minutes 
prior to stimulation with 100 nM insulin for 10 minutes before lysis.  Immunoblots show endogenous 
substrate phosphorylation representing aPKC inhibition (p595 MARK2), PDK1 inhibition (insulin-
stimulated p308 Akt) and cPKC inhibition (pSer sub, using an antibody for a PKC-specific serine 
substrate sequence).  Quantification of phosphorylated protein substrate over total protein normalized to 
DMSO +insulin control using n=5 separate experiments plotted as mean ± S.E. vs inhibitor 
concentration (PZ09 or staurosporine).   Phosphorylated PKC serine substrate was quantified as the 
intensity of the total band ensemble detected between 50 and 250 kDa divided by tubulin signal and 
normalized to DMSO +insulin control.   
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Higher concentrations of PZ09 have off-target effects on endogenous PDK1 in cells 

While in vitro inhibition studies of PZ09 have demonstrated its selectivity for 

aPKC over other PKCs (119), PZ09 also inhibited several other non-PKC kinases 

including PDK1, PKA and p70 S6K when used at 10 µM concentration.  To examine 

the effects of increasing concentrations of PZ09 on endogenous readouts of aPKC, 

PDK1 and cPKC, we pre-treated cells with PZ09 followed by stimulation with insulin 

prior to lysis to achieve optimal readout of PDK1 activity on the agonist-induced site 

p308 Akt (lane 2 vs lane 1, Fig 3.1d).  We then blotted for p595 MARK2 (aPKC 

substrate, (66, 67)), p308 Akt (PDK1 substrate, (38)) or phosphorylated PKC serine 

substrate using an antibody specific for the PKC substrate recognition sequence and 

quantified each phosphorylation relative to total protein.  As a control for general 

kinase inhibition, we also treated cells with 1 µM staurosporine (lane 3), an inhibitor 

we have previously used to examine aPKC activity in cells (112).  Both aPKC and 

PDK1 were inhibited to the same extent by increasing concentrations of PZ09 up to 10 

µM (lanes 4-6 compared to lane 2 control, p595 and p308 readouts, respectively) 

while cPKC experienced significantly less inhibition by PZ09 (pSer PKC substrate 

readout).  However, off-target effects of PZ09 on PDK1 and cPKC were considerably 

less than those of the general kinase inhibitor staurosporine used at 1 µM 

concentration (quantification, Fig 3.1d).    
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PKCζ is constitutively active on CKAR substrate reporter tethered to interacting PB1 

domains of scaffold proteins p62 and Par6  

To investigate the role of scaffolds in regulating the localized activity of PKCζ, 

we fused CKAR to either the PB1 domain of p62 or the PB1 domain of Par6α (Fig 

3.2a).  We have previously used a fusion construct of CKAR tethered to full-length 

p62 to measure aPKC activity (43).  Because this reporter had a tendency to form 

large clusters of aggregated p62 within the cells, we fused CKAR to just the PB1 

domain of p62 or the PB1 of Par6α (which also forms aggregates when expressed in 

full length form (44)), as the PB1 domain of each scaffold is the principle surface for 

aPKC binding (35, 36).  Untethered CKAR was expressed throughout the cell; the 

CKAR-PB1p62 reporter became excluded from the nucleus, localizing within the 

cytosol in the same regions as PKCζ, with minimally visible puncta (Fig 3.2a).  The 

CKAR-PB1Par6 construct was only partially excluded from the nucleus.  We next 

examined the PZ09-sensitive activity globally or on the p62 or Par6 scaffolds (Fig 

3.2b) in cells expressing either mCherry-Vec (panel i) or full-length mCherry-PKCζ 

(panel ii).  Cells chosen for analysis had the same range of expression for the reporter 

and mCherry.  PZ09 caused a small drop in the activity of endogenous global PKC 

activity (CKAR, panel i) and activity on the p62 scaffold (CKAR-PB1p62, panel i), and 

a more significant drop in the activity measured on the Par6 scaffold (CKAR-PB1Par6, 

panel i).  In cells overexpressing PKCζ, the greatest inhibitor-sensitive activity was 

observed on the Par6 scaffold (CKAR-PB1Par6, panel ii).   Curiously, lower basal 

activity was detected on the CKAR-PB1p62 reporter compared to CKAR alone, 
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although there was a pronounced drop in activity compared to its vector-transfected 

control (panel ii vs panel i).  The pronounced difference in basal activity readout by 

the two PB1 domain-tagged reporters prompted us to investigate whether the PB1 

domain of Par6 was binding more tightly to PKCζ, thus recruiting more of the 

overexpressed enzyme to phosphorylate CKAR.  Co-immunoprecipitation (co-IP) 

experiments shown in Fig 3.2c revealed that PKCζ pulled down significantly more 

CKAR-PB1Par6 (lane 3) than CKAR-PB1p62 (lane 2) (2.5 ± 0.5 fold, p=0.0187) as 

determined through quantification of anti-GFP signal (detecting CKAR) over anti-

PKCζ signal from four independent experiments.  PKCζ did not pull down the CKAR 

reporter alone (lane 1), confirming its non-interaction with the untethered substrate 

and reliance on the PB1 domain for scaffolding.  These results reveal that aPKC is 

basally active at both the Par6 and p62 scaffolds, with significantly more effective 

binding and thus activity at the Par6 scaffold.    
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Figure 3.2: PKCζ is constitutively active on CKAR substrate reporter tethered to interacting PB1 
domains of scaffold proteins p62 and Par6.  (a) Cartoon diagram of reporters constructed to measure 
aPKC activity: CKAR, CKAR-PB1p62 and CKAR-PB1Par6, with corresponding images of COS-7 cells 
transfected with each reporter showing its localization. (b) Basal kinase activity of mCh-Vec (panel i) 
and mCh-PKCζ (panel ii) on each reporter shown in (a) after treatment with 5 µM PZ09 in live COS-7 
cells.  The trace for each cell imaged was normalized to its t=0 min baseline value, and normalized 
FRET ratios were combined from 3-5 independent experiments and plotted as mean ± S.E.  (c) HA-
PKCζ was co-expressed with CKAR, CKAR-PB1p62 or CKAR-PB1Par6 in COS-7 cells, 
immunoprecipitated (IP) from soluble lysates using anti-HA antibody and blotted for co-IP of CKAR 
tag using anti-GFP antibody, whole cell lysate loaded at 10% input.    
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PKCζ and activity on CKAR-PB1Par6 

A protein kinase A (PKA)-mediated phosphorylation site present in the PB1 
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dismantled the ability of aPKC to bind the p62 scaffold (154).  Intriguingly, the 

sequence surrounding the S24 site of p62 is present in the PB1 domain of the Par6 

isoforms, except that an Ala occupies the position of the Ser for Par6α (residue A30) 

but not for Par6β and Par6γ (Fig 3.3a).  To address whether negative charge at this 

position in the PB1 domain of Par6α would dismantle capacity to bind PKCζ, we 

constructed an A30D mutant in our CKAR-PB1Par6 reporter.  Indeed, co-IP studies 

revealed that PKCζ binding to the A30D mutant was dramatically reduced compared 

with binding to wild-type Par6α PB1 (Fig 3.3b; 95 ±1 % reduction, p< 0.0001 from 3 

independent experiments).  Subsequently, we compared the activity of full-length 

mCherry-PKCζ on CKAR-PB1Par6 in which the PB1 domain was wild-type or had the 

A30D mutation (Fig 3.3c).  In accordance with the co-IP results, the basal activity of 

PKCζ was significantly reduced on the A30D mutant compared to the wild-type (WT) 

version of the Par6α PB1 reporter and comparable to its vector-transfected control.  

We also examined whether mutating the Ser24 site on the PB1 domain of p62 affected 

PKCζ binding and activity.  Activity readout by the S24A CKAR-PB1p62 reporter 

demonstrated no difference in overexpressed or endogenous PKCζ basal activity 

compared to the wild-type version (Fig 3.3d) and did not differ in its ability to bind 

PKCζ in co-IP (data not shown).  The S24D CKAR-PB1p62 also did not change the 

basal activity response of PKCζ though was previously shown to displace binding of 

aPKC in co-IP (154).  To examine the effect of S24 phosphorylation on PKCζ binding 

to p62, cells were treated with forskolin (24 hrs at 50 µM) prior to lysis, previously 

shown to induce PKA-mediated phosphorylation of S24 (154).  Treatment with 

forskolin increased pSer24 on CFP- PB1p62 and diminished binding to PKCζ (40 ± 8% 
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reduction, p = 0.005) as demonstrated through co-IP from six independent 

experiments (Fig 3.3e).   

 

 

Figure 3.3: Negative charge at S24/A30 in the PB1 domains of p62 and Par6α impairs binding of 
PKCζ and activity on CKAR-PB1Par6.  (a) Cartoon diagram showing consensus within the PB1 
domain for the S24 site of p62 vs the A30 site of Par6α and corresponding Ser sites in Par6β and Par6γ.  
(b) HA-PKCζ was co-expressed with either wild-type (WT) or A30D mutation of CKAR-PB1Par6 in 
COS-7, IPd from soluble lysates using anti-HA antibody and blotted for co-IP of CKAR tag using anti-
GFP antibody, whole cell lysate loaded at 10% input.  (c,d) Basal kinase activity of mCherry-PKCζ vs 
mCherry-Vec on either WT or A30D CKAR-PB1Par6 (c) or WT, S24A or S24D CKAR-PB1p62 (d) after 
treatment with 5 µM PZ09 in live COS-7 cells.  The trace for each cell imaged was normalized to its 
t=0 min baseline value, and normalized FRET ratios were combined from 4-6 independent experiments 
and plotted as mean ± S.E.  (e) HA-PKCζ was co-expressed with WT CFP-PB1p62, treated for 24 hours 
prior to lysis with either DMSO or 50 µM forskolin (Fsk) in COS-7, immunopricipitated from soluble 
lysates using anti-HA antibody and blotted for co-IP of CKAR tag using anti-GFP antibody along with 
a phosphospecific antibody for pSer24, whole cell lysate loaded at 10% input.   
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The basal activity of PKCζ is regulated by a combination of autoinhibition and 

scaffold-regulated localization or sequestration 

We next investigated the role of the N-terminal regulatory domains, namely 

the PB1 domain and the pseudosubstrate (PS), in regulating the scaffolded activity of 

PKCζ on the various CKAR reporters examined in Fig 3.2.  The alternate transcript 

PKMζ lacks the N-terminal regulatory domains (PB1, pseudosubstrate and atypical C1 

regions) and consists of the kinase domain, the C-terminal region, and the PDZ ligand 

(Fig 3.4a).  In addition to PKMζ, we constructed two deletion mutants, PKCζ ΔPS 

(deleted pseudosubstrate) and PKCζ ΔPB1 (deleted PB1 domain) to investigate the 

role of these domains in regulating the activity of PKCζ on scaffolds (Fig 3.4a).  Co-

expressing these constructs first with non-tethered CKAR and measuring basal activity 

after treatment with PZ09 (Fig 3.4b), PKMζ demonstrated the most pronounced basal 

activity on CKAR.  The ΔPS and ΔPB1 constructs displayed equal basal activity to 

full length PKCζ, which was significantly increased from the vector-transfected 

control.  Next, we examined the basal activity of the PKCζ constructs on the CKAR-

PB1p62 reporter, this time showing equal activity between PKCζ ΔPS and PKMζ that 

was more pronounced than full length PKCζ and PKCζ ΔPB1 (Fig 3.4c).  On CKAR-

PB1Par6, PKCζ ΔPS and PKMζ once again displayed equal basal activity but were 

slightly less active than full length PKCζ and more active than PKCζ ΔPB1 (Fig 

3.4d).  To compare the binding of PKCζ vs PKMζ on the reporters, we 

immunoprecipitated HA-PKCζ or HA-PKMζ co-expressed with CKAR-PB1 or 

CKAR and examined co-IP of the reporters using the αGFP antibody for detection 
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(Fig 3.4e).  Intriguingly, PKMζ was capable of binding the untethered version of 

CKAR while PKCζ did not (lane 4 vs lane 3, note identities of bands in αGFP blot of 

the immunoprecipitate indicated in red arrows as the αGFP antibody also recognized 

HA-aPKC signal), in addition to binding CKAR-PB1Par6 (lane2).  This binding 

interaction was confirmed to be between PKMζ and the CFP/YFP fluorophores 

present in CKAR, as PKMζ also co-IPd CFP alone but not Myc-PB1Par6 (data not 

shown), thus confirming the expected non-interaction between PKMζ and PB1.     
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Figure 3.4: The basal activity of PKCζ is regulated by a combination of autoinhibtion and 
scaffold-regulated localization or sequestration.  (a) Domain schematic of PKCζ, PKMζ and deletion 
constructs ΔPS (deleted pseudosubstrate) and ΔPB1 (deleted PB1 domain) used in basal activity assays.  
(b,c,d) Basal kinase activity of mCherry-PKCζ vs mCherry-tagged deletion constructs and mCherry-
Vec control on CKAR (b), CKAR-PB1p62 (c) and CKAR-PB1Par6 (d) in COS-7 cells treated with 5 µM 
PZ09. The trace for each cell imaged was normalized to its t=0 min baseline value, and normalized 
FRET ratios were combined from 3-5 independent experiments and plotted as mean ± S.E.  (e) HA-
PKCζ or HA-PKMζ were co-expressed with CKAR-PB1Par6 or CKAR in COS-7.  aPKC was 
immunoprecipitated from soluble lysates using anti-HA antibody and blotted for co-IP of CKAR using 
anti-GFP antibody, whole cell lysate loaded at 10% input.  The band sizes of CKAR-PB1, HA-PKCζ, 
CKAR and HA-PKMζ detected in the overexposed anti-GFP blot are indicated with red arrows, as the 
αGFP antibody detected overexpressed aPKC as well as the fluorophores.   

 

 

e

 HA-aPKC:

CKAR-PB1 
Par6

PKCζ PKMζ

CKAR

PKCζ PKMζ

PKCζ
CKAR-PB1

CKAR

PKMζ

75
100

75

50

37

75

50

GFP

PKCζ

GFP

GAPDH

PKCζ

W
ho

le
 C

el
l L

ys
at

e
α 

H
A 

IP

0.90

0.94

0.98

1.02

0 5 10 15

Ki
na

se
 A

ct
iv

ity

Time (min)

+ 5 μM PZ09

CKAR-PB1Par6 +
Vec

PKCζ

PKCζ ΔPS
PKCζ ΔPB1

PKMζ

d

0.95

0.97

0.99

1.01

0 5 10 15

Ki
na

se
 A

ct
iv

ity

Time (min)

+ 5 μM PZ09

CKAR-PB1p62 +

Vec

PKCζ

PKCζ ΔPS

PKCζ ΔPB1

PKMζ

b

0.90

0.94

0.98

1.02

0 5 10 15

Ki
na

se
 A

ct
iv

ity

Time (min)

+ 5 μM PZ09

CKAR +
Vec

PKCζ
PKCζ ΔPS

PKCζ ΔPB1

PKMζ

c

a

N T410	 T560	 E CPKMζ	

PKCζ	 N T410	 T560	 E Catypical	C1		PB1		

PDZ		PS		

PKCζ	ΔPS	 N T410	 T560	 E Catypical	C1		PB1		

PKCζ	ΔPB1		 N T410	 T560	 E Catypical	C1		PB1		



88	
	

	

PKMζ is more sensitive to dephosphorylation at the activation loop, T410 than PKCζ 

We have previously used the general kinase inhibitor staurosporine to inhibit 

the basal activity of PKMζ on CKAR (112).  The inhibitory action of staurosporine on 

PKMζ is mostly indirect through its potent active site inhibition of PDK1 thus 

reducing basal phosphorylation on the PDK1 site of PKMζ, the activation loop T410 

(112).  Inhibition of PDK1 permits conquest of PKMζ by opposing phosphatases 

acting basally on T410, a phosphorylation site necessary for aPKC catalytic activity 

(19, 106).  To investigate the role of N-terminally-interacting aPKC scaffolds in 

regulating dephosphorylation of PKCζ at T410, we transfected COS-7 cells with either 

mCherry-PKMζ or mCherry-PKCζ and treated them with 1 µM staurosporine for 2 

hours prior to lysis (Fig 3.5a).  Phosphorylation of T410 was significantly reduced by 

2-fold for PKMζ (lane 2 vs lane 1, p410 PKCζ vs total PKCζ blots) whereas 

staurosporine treatment of PKCζ had no effect on p410 levels (lane 4 vs lane 3).  Thus 

p410 on full length PKCζ is less sensitive to PDK1 inhibition than PKMζ, indicating a 

protective mechanism against dephosphorylation provided by the N-terminal 

regulatory domains of PKCζ.   
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Figure 3.5: PKMζ is more sensitive to dephosphorylation than PKCζ and active on global 
substrates while both are basally active on MARK2 substrate.  (a) Immunoblots showing activation 
loop phosphorylation (p410 PKCζ) of mCherry-PKMζ vs mCherry-PKCζ expressed in COS-7 cells 
treated with either DMSO vehicle or 1 µM staurosporine (staur) for 2 hours prior to lysis. The 
p410/total PKCζ ratios were quantified from 4-5 independent experiments, normalized to DMSO 
controls and plotted as mean ± S.E.  Statistical analysis was performed using 2 separate t-tests 
comparing staurosporine treatment vs DMSO control for each protein.  Significance notated as *** (p < 
0.001) or n.s. (not significant).  (b) Immunoblots of COS-7 co-expressing mCherry-MARK2 and either 
vector, HA-tagged wild-type (WT) PKMζ or PKCζ or kinase-dead (KD) PKCζ.  The p595/total 
MARK2 ratios were quantified from 4-6 independent experiments, normalized to Vec-transfected 
control and plotted as mean ± S.E.  Statistical analysis was performed using ordinary two-way ANOVA 
followed by Dunnett’s multiple comparison test with Vec as control.  Significance notated as **** (p < 
0.0001), *** (p < 0.001) or n.s. (not significant).  (c) Images of live COS-7 expressing mCherry-
MARK2 alone or co-expressed with YFP-tagged WT or KD versions of PKMζ or PKCζ.   
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PKMζ but not PKCζ is active on global substrates while both are basally active on 

MARK2 substrate 

PKCζ is known to phosphorylate and interact with microtubule-affinity 

regulating kinase 2 (MARK2) (66, 67), a phosphorylation event at the T595 site of 

MARK2 which results in the translocation of phosphorylated, inactive MARK2 away 

from the plasma membrane and into the cytosol (66, 67).  However, the activity of 

aPKC on other non-interacting substrates that contain a PKC phosphorylation site is 

unclear.  Using p595 MARK2 as a read-out for aPKC activity in cells, we compared 

the catalytic activities of over-expressed PKMζ vs full length PKCζ on global PKC 

substrates, using an antibody for PKC serine substrate (Fig 3.5b).  Expression of 

PKMζ (lane 2) revealed an ensemble of induced serine substrate bands (including a 

higher molecular weight band previously seen with PKMζ, (112)) that were not 

present in lysates transfected with PKCζ (lane 3), indicating catalytic activity of PKMζ 

on multiple substrates inaccessible to PKCζ.  Both kinase constructs were fully active 

basally to the same extent on co-expressed mCherry-MARK2 as quantified in Fig 

3.5b, while the kinase-dead (KD) form of PKCζ showed no effect on p595 MARK2 

(lane 4).  Additionally, both YFP-tagged aPKC constructs revealed the same ability to 

induce translocation of MARK2 from the plasma membrane to the cytosol (panels ii 

and iv, Fig 3.5c), a feature that was absent when co-expressed with KD versions of 

PKCζ and PKMζ (panels iii and v, Fig 3.5c).   
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Scaffold proteins differentially regulate the phosphorylation and localization of the 

aPKC substrate MARK2  

Using the MARK2 co-expression system validated for PKCζ catalytic activity 

and MARK2 cellular localization from Fig 3.5, we set out to examine the effects of 

PKCζ-regulating scaffolds on MARK2 phosphorylation and localization.  In addition 

to the PB1 domains of p62 and Par6 that directly interact with PKCζ (35, 36), we also 

examined the effects on MARK2 localization of insulin receptor substrate 1 (IRS-1), a 

large scaffold protein known to interact with PKCζ through its agonist-induced 

interaction with p62 (60, 61).  Intriguingly, co-expression of IRS-1 with MARK2 

resulted in a decrease of p595 MARK2 levels (Fig 3.6a, compare lanes 1 and 3), 

contrasting with the increased p595 levels produced with PKCζ co-expression (Fig 

3.6a, compare lanes 1 and 2).  Additionally, co-expression of the PB1 domain of p62 

had no effect on p595 MARK2 (lane 4) while the PB1 domain of Par6 increased p595 

levels (lane 5), similar to PKCζ effects (quantification in Fig 3.6a).  We also examined 

the concordant effects on MARK2 cellular localization for each of the scaffolds used 

in Fig 3.6a.  In agreement with phosphorylation results, co-expression of PKCζ 

resulted in localization of MARK2 into the cytosol (panel ii).  Expression of the PB1 

domain of p62 did not change MARK2 localization (panel iv), whereas co-expression 

of IRS-1 resulted in even more MARK2 at the plasma membrane (as evidenced by the 

enhanced staining at membrane and absence of visible nuclei for mCherry-MARK2 

stained cells when expressed with CFP-IRS-1, Fig 3.6b (panel iii) compared with 

membrane/cytosolic staining for mCherry-MARK2 expressed alone (panel i)).  
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Curiously, co-expression of the Par6 PB1 domain did not change MARK2 localization 

relative to the plasma membrane (panel v) even though elevated p595 levels were 

observed.  Similar results were also seen when conducted in polarized epithelial 

MDCK cells (data not shown).   
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Figure 3.6: Scaffold proteins differentially regulate the phosphorylation and localization of the 
aPKC substrate MARK2.  (a) Immunoblots of COS-7 co-expressing mCherry-MARK2 and either 
vector, HA-PKCζ, CFP-IRS-1, CFP-PB1p62 or CFP-PB1Par6. The p595/total MARK2 ratios were 
quantified from 4-6 independent experiments, normalized to Vec-transfected control and plotted as 
mean ± S.E.  Statistical analysis was performed using separate t-tests between each co-expression 
(PKCζ, IRS-1, PB1p62, PB1Par6) and Vec control. Significance notated as *** (p < 0.001), ** (p < 0.01) 
or n.s. (not significant). (b) Images of live COS-7 expressing mCherry-MARK2 alone or co-expressed 
with YFP-tagged PKCζ, CFP-IRS-1, CFP-PB1p62 or CFP-PB1Par6.    
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p62 and an insulin-induced YXXM phosphorylation motif on IRS-1 (60).  

Additionally, insulin stimulates increased binding of PKCζ to p62 (61) and subsequent 

PKCζ engagement to IRS-1 through p62, also shown through co-IP (155).  To 

investigate these interactions in real-time translocation assays, we examined 

combinations of various YFP, CFP and mCherry-tagged versions of p62, PKCζ, and 

IRS-1 in CHO-IR cells serum-starved overnight.  The YFP tag was placed on the 

translocating protein (p62 or PKCζ), the CFP tag was placed on the destination protein 

(IRS-1 or p62), and the mCherry tag was placed on the third protein to confirm 

expression (cartoon diagram shown in Fig 3.7a).  Analysis of FRET as a measure of 

translocation (described previously (43)) revealed that insulin stimulation caused 

translocation of both YFP-p62 and YFP-PKCζ to CFP-IRS-1, in addition to 

translocation of YFP-PKCζ to CFP-p62 (Fig 3.7b).  We note that the increase in 

FRET upon insulin stimulation was only observed in a sub-fraction of the CHO-IR 

cells imaged in each time; an increase was observed for 26% (n=94 cells), 40% (n=50 

cells), and 52% (n=31 cells) of cells imaged for the FRET from PKCζ to IRS-1, PKCζ 

to p62, and p62-IRS-1, respectively.   
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Figure 3.7: Insulin regulates the localization of scaffolded PKCζ.  (a) Schematic showing of FRET-
based translocation assay.  CFP is tagged to the destination protein (IRS-1 or p62), YFP is tagged to the 
translocating protein (p62 or PKCζ), and mCherry is tagged to the third protein to confirm cellular 
expression.  (b) CHO-IR cells expressing the indicated proteins were serum-starved overnight and 
FRET over CFP was measured before and after treatment with 100 nM insulin: 1) YFP-p62 with CFP-
IRS-1 and mCherry- PKCζ (p62 to PKCζ), 2) YFP- PKCζ with CFP-IRS-1 and mCherry-p62 (PKCζ to 
IRS-1) and 3) YFP- PKCζ with CFP-p62 and mCherry-IRS-1 (PKCζ to p62).  The trace for each 
responding cell imaged was normalized to its t=0 min baseline value, and normalized FRET ratios were 
combined from 3-4 independent experiments and plotted as mean ± S.E.  (c) Model showing regulation 
of the localization and activity of aPKC by protein scaffolds.  Non-scaffolded aPKC is effectively 
autoinhibited by intramolecular interactions that mask the active site of the kinase domain (cyan circle).  
Binding through the PB1 domain (purple) of scaffolds such as p62 (light blue) or Par6 (dark blue) 
results in partial or complete removal of the pseudosubstrate (green triangle) from the substrate binding 
cavity, resulting in low (p62) to maximal (Par6) activity at the scaffold.   Agonists such as insulin 
relocalize these scaffolds, for example recruiting the aPKC:p62 complex to IRS-1 where it can 
phosphorylate proximal substrates to affect downstream signaling.   

 

 

 

0.99

1.01

1.03

1.05

0 5 10 15

Tr
an

sl
oc

at
io

n

Time (min)

p62 to IRS-1
PKCζ to IRS-1
PKCζ to p62

+insulin

b

YF
P

p62

CFP

IRS-1

PKCζmCh

insulin

a

c

aPKC 

IRS-1
substrate

Insulin

p62

aPKC 

substrate

PAR6

aPKC 

substrate



96	
	

	

3.4 Discussion 

The lack of regulation by either phosphorylation or second messengers (2, 93, 

156)), including the Akt activator, PIP3 (38, 106, 157)), has confounded the 

understanding of how aPKCs signal in cells.  Here we show that protein scaffolds 

relocalize aPKC in response to insulin, and that the binding to specific scaffolds 

differentially tunes the activity of aPKCs.  Using FRET-based technologies to study 

the real time dynamics of aPKC activity and location in live cells, we show that p62 

and Par6 tether PKCζ in a partially active or completely active, respectively, 

conformation to enhance signaling on these PB1 domain scaffolds.  Translocation 

experiments reveal that insulin enhances the interaction of aPKC to p62, in turn 

recruiting the complex to IRS-1.  Additionally, we show that IRS-1 can sequester 

aPKC away from phosphorylating the membrane substrate MARK2.  As part of this 

study, we validate the use of a suitable, newly available aPKC-specific active site 

inhibitor, PZ09, for study of aPKC regulation in live cells with PKC-specific 

substrates, noting that its inhibition of other non-PKC kinases such as PDK1 may 

cloud its utility for studying aPKC-specific function in vivo.  These findings 

underscore the importance of scaffold interactions in controlling the cellular function 

of aPKCs and are particularly relevant as the exceptionally low catalytic activity (5 

mol phosphate per min per mol PKC, (106) compared to 200 mol phosphate per min 

per mol PKC for cPKCs (128)), would require localization of substrates in the vicinity 

of aPKC for effective phosphorylation. 
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The PB1 domain mediates multiple protein interactions primarily through 

electrostatic interactions between acidic and basic residues of heterodimerizing PB1 

domains (37).  p62 and Par6 are the two most characterized PB1 binding partners of 

aPKC and are thought to regulate separate downstream pathways of aPKC signaling 

(120).  Here we demonstrate that the basal activity of PKCζ is differentially regulated 

by these two scaffolds, with maximal signaling when scaffolded to Par6α compared to 

p62, which tethers a conformation that relieves significant autoinhibition.  In addition, 

we show that the PB1 domain of Par6α binds more tightly to PKCζ than the PB1 

domain of p62, indicating that the increased population of PKCζ localized to CKAR-

PB1Par6 contributes to the considerably high basal activity on this scaffold.  However, 

the attenuated activity response of PKCζ on bound CKAR-PB1p62 compared to 

unbound CKAR may also reflect greater PKCζ resistance to active site inhibitors when 

scaffolded to p62 but not to Par6, a feature known to impede the efficacy of other 

active site inhibitors on scaffolded PKC (39).   

Investigation of the enhanced binding of PKCζ to Par6 compared to p62 led us 

to identify another key regulatory residue on the PB1 domain: Ser vs Ala at the 

position corresponding to Ser24 and Ala30 on p62 vs Par6, respectively, tunes the 

affinity for the aPKC PB1 domain.  This residue is within a consensus region present 

only in the PB1 domains of p62 and the Par6 isoforms and not other human PB1 

domain proteins (37).  Previous work by Christian et al demonstrated that Ser24 on 

p62 is phosphorylated by PKA, a modification that disrupts the interaction of p62 with 

aPKC (154).  Consistent with phosphorylation at this site controlling protein 
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interactions, we show that introduction of a negative charge at the comparable position 

on Par6α (A30D mutation) disrupts the binding of PKCζ to this PB1 domain and 

significantly reduces the basal activity of PKCζ on CKAR-PB1Par6.  The Ala residue is 

only present on the Par6α isoform and is Ser at the corresponding site on Par6β and 

Par6γ.  While previous work has shown that aPKC binds to all three Par6 isoforms, 

yeast two-hybrid screens demonstrated the most significant interaction of aPKC to 

Par6α (also known as Par6C) (36), in agreement with the Ala favoring aPKC binding.  

Curiously, mutation of Ser24 to either Asp or Ala on the p62 PB1 domain did not 

affect PKCζ activity.  One possibility is that Asp is a poor phosphomimetic for this 

site on p62.  However, mutation to Asp has been shown to inhibit aPKC binding 

(154), thus any drop in activity may be below the detection limit of our cellular 

activity assays.   Importantly, extended forskolin stimulation to promote PKA 

phosphorylation at this site decreased the binding of PKCζ to PB1 p62.  Taken 

together, these data support a model wherein the unique Ser at position 24 on p62 

provides a consensus phosphorylation site that regulates the binding and activity of 

aPKC.    

The deletion of the PB1 domain (ΔPB1), the pseudosubstrate (ΔPS) or both 

(PKMζ) allows dissection of how scaffold interactions relieve the autoinhibition of 

aPKC to tune its the level of localized basal activity.  For the non-scaffolded CKAR, 

PKMζ demonstrates the highest basal activity of all the constructs as it is neither 

autoinhibited (no PS) nor sequestered on an endogenous scaffold (no PB1), therefore 

unrestricted to phosphorylate a globally expressed substrate such as CKAR.  
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Supporting the model of PKMζ’s unrestricted access to CKAR, co-IP results reveal 

that PKMζ interacts with CKAR whereas PKCζ does not, suggesting sequestration of 

the full-length kinase on a scaffold thus restricting its interaction with CKAR.  

Similarly, analysis with an antibody to PKC phosphorylation sites reveals that PKMζ 

exerts highly enhanced phosphorylation of global endogenous PKC substrates 

compared with PKCζ.  However, PKCζ still has the ability to phosphorylate 

interactive specific substrates such as MARK2 with equal capacity as PKMζ and to 

regulate its localization from the plasma membrane into the cytosol.  Deletion of either 

the PS or the PB1 domain did not significantly affect the basal activity of PKCζ on 

non-scaffolded CKAR.  In contrast, activity at the protein scaffolds was sensitive to 

deletion of the PB1 domain and, depending on the scaffold, the pseudosubstrate.  On 

CKAR-PB1p62, deletion of the pseudosubstrate significantly enhanced basal activity, 

revealing some autoinhibition by the pseudosubstrate when PKCζ is bound to p62.  

This is consistent with our previous study showing that full length PKCζ displays 

~25% of its maximal, unrestrained activity on p62 as assessed with a p62-scaffolded 

CKAR (43).  Deletion of the pseudosubtrate had no significant effect on the activity 

on the Par6 scaffold, revealing that the majority of the PKCζ bound to Par6 is in the 

open conformation, as reported previously (44), with the pseudosubstrate tethered 

away from the substrate-binding cavity. Activity on both scaffolds was sensitive to 

deletion of the PB1 domain, consistent with release of the enzymes from the scaffolds.  

These results reveal that interaction with regulatory determinants autoinhibit PKCζ, 

and that these inhibitory constraints are differentially relieved by binding to protein 

scaffolds.     
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Further supporting autoinhibitory constraints of PKCζ, we show that PKMζ is 

more sensitive to dephosphorylation at its activation loop phosphorylation site, T410 

(19, 106), compared to PKCζ (19, 106).  Thus, similar to conventional PKCs (15), 

intramolecular autoinhibitory interactions with regulatory domains mask this 

phosphorylation site not only in vitro (106), but also in cells.  Additionally, binding to 

scaffolds may sequester aPKCs from phosphatases, although localization of 

phosphatases to protein scaffolds also serves as mechanism to control signaling output 

of kinases (41).   

 Lastly, we show that scaffold interactions can regulate the sequestration or 

localization of PKCζ to restrict its phosphorylation of physiological substrates.  

Specifically, overexpression of IRS-1 inhibited the aPKC-dependent phosphorylation 

of MARK2, thus preventing the release of this substrate from the plasma membrane.  

In contrast, overexpression of the PB1 domain of Par6 enhanced the phosphorylation 

on the aPKC-regulated site of MARK2, suggesting that this scaffold may localize 

aPKC near MARK2.  Note that this Par6-induced MARK2 phosphorylation did not 

displace the substrate from the plasma membrane, likely because shuttling 

phosphorylated MARK2 away from the apical surface of polarized cells depends on a 

second step, binding to the polarity regulator Par5 (also known as 14-3-3) (51, 67).  

Overexpression of Par6 may indeed localize more endogenous aPKC to phosphorylate 

MARK2 yet interfere with the Par5 ability to bind MARK2.   

 How insulin controls aPKC function has been difficult to reconcile with the 

inability of this agonist to alter the phosphorylation state or activity of aPKC (106).  
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Live cell imaging studies reveal that insulin promotes the association of PKCζ to both 

p62 and PKCζ, with a half-time on the order of 5 min under the conditions of our 

assays.  This time frame agrees with aPKC-dependent changes in functions such as 

glucose transport, observed within 5-15 minutes of insulin stimulation (81, 83, 87).  

The insulin-dependent association of aPKC with these scaffolds supports previous co-

IP results (60, 61).  IRS-1 is a large docking hub for downstream insulin signaling 

events to occur (153), and possesses Ser/Thr phosphorylation sites previously shown 

to be regulated by aPKC (62-65).  Taken together, these results suggest that the major 

effect of insulin on controlling aPKC function is by re-localizing the kinase to cellular 

signaling hubs such as IRS-1, poising it next to relevant downstream substrates. 

In summary, our data support a model in which aPKC is regulated by binding 

to specific protein scaffolds that differentially control its activity.  When unscaffolded, 

aPKC has low basal activity because of efficient autoinhibition by its regulatory 

domains, such as the pseudosubstrate (green triangle, Fig 3.7c) masking the kinase 

domain (cyan circle).  Binding to Par6 tethers the kinase in an open conformation, 

with the pseudosubstrate removed from the substrate-binding cavity in the kinase 

domain to allow maximal activity.  Lower affinity binding to p62 results in less 

effective tethering of the pseudosubstrate, so that the scaffolded enzyme has 

approximately 25% maximal activity (43).  This sequestration on protein scaffolds can 

either enhance phosphorylation of co-localized substrates or suppress phosphorylation 

of other substrates (e.g. the inhibition of MARK2 phosphorylation upon sequestration 

of aPKC by IRS-1 overexpression).  The particularly low catalytic activity of aPKCs 
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ensures that signaling is kept at a minimum in the absence of regulated scaffold 

interactions, which poise the enzyme for stoichiometric phosphorylation of substrates 

recruited to the same signaling platform. 

Chapter 3 in its entirety is published online as “Protein scaffolds control 

localized Protein Kinase Cζ activity,” Tobias IS and Newton AC in J Biol Chem with 

expected print publication in July 2016.  The dissertation author was the primary 

investigator and author of this work.   
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Chapter 4: 

Conclusions and Future Work 
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4.1 Conclusions 

In this dissertation work, we show how aPKC relies on scaffolding interactions to 

regulate its localized activity towards specific substrates rather than the previously 

thought mechanism of agonist-induced phosphorylation for activation.  It shares 

important mechanisms and functions with related AGC kinases such as constitutive 

phosphorylation at its activation loop and turn motif exhibited by cPKC and regulation of 

insulin-induced glucose transport executed by Akt.  However, its unique composition of 

N-terminal domains, particularly its protein-interacting PB1 domain, causes aPKC to be 

principally regulated by localized interactions with scaffold proteins rather than the lipid 

second messengers that control cPKC and Akt activity.  aPKC can indeed respond to the 

agonist insulin, but in a mechanism that changes its subcellular localization and scaffold-

regulated conformation rather than a change in phosphorylation state to transduce the 

signal and functional output.   

In Chapter 2, we demonstrate how PKCζ is constitutively phosphorylated at both 

its activation loop and turn motif, sites previously thought to be agonist-induced and 

autophosphorylated, respectively.  Phosphorylation at the turn motif occurs first during 

the process of translation and is mediated by mTORC2 while secondary post-translational 

phosphorylation occurs at the activation loop by PDK1 (Fig 4.1).  Additionally, we show 

that PKCζ has a relatively low rate of basal activity, nearly 50-fold less than PKCα.  Our 

data also show that PKCζ activity is not insulin-stimulated through the PIP3-activated 

pathway that induces plasma membrane translocation and activation loop 

phosphorylation of Akt, as previously thought in the literature.  Our conclusion that the 
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accepted literature model of aPKC insulin-induced activation was incorrect led us to 

pursue a more thorough investigation into the molecular mechanisms of aPKC regulation 

presented in Chapter 3.  Our hypothesis was that aPKC is principally regulated by 

scaffolding interactions that induce conformational changes and promote substrate 

localization given the composition of its regulatory N-terminal domain structure.    

The data presented in Chapter 3 dissect the differences in the molecular regulation 

of PKCζ by the PB1 domain scaffolds p62 and Par6, both which bind the PB1 domain of 

aPKCs.  The PB1 domain of Par6α is shown to bind PKCζ with higher affinity than the 

PB1 domain of p62, to induce displacement of the pseudosubstrate more effectively than 

p62, and to promote phosphorylation of the aPKC substrate MARK2, an effect shown to 

be lacking by the PB1 domain of p62.  The full length PKCζ is also shown to lack 

activity on global substrates exhibited by its short transcript PKMζ that lacks the N-

terminal regulatory domains, indicating its sequestration on scaffolds as a mechanism of 

regulating its activity towards specific substrates.  The ability of the insulin-regulated 

scaffold IRS-1 to sequester PKCζ away from phosphorylating MARK2 and regulating its 

subcellular localization is also demonstrated.  Finally, we show that insulin stimulates 

translocation of PKCζ to p62 and IRS-1, indicating a shuttle mechanism for p62 transport 

of aPKCs to IRS-1 (Fig 4.1).  This translocation to an alternate signaling platform may 

allow aPKC to phosphorylate substrates localized to IRS-1 and potentially relieve any 

remaining autoinhibition.  This complex forms in an intracellular location, as PKCζ was 

not found to translocate to the plasma membrane in response to insulin.  Additionally, the 

insulin receptor is known to be rapidly internalized following insulin stimulation and 
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binds to IRS-1 in endosomal compartments (158), thus will no longer be present at the 

plasma membrane at the time which IRS-1 binds to the p62/PKCζ complex (Fig 4.1).  

Our conclusions from Chapter 3 support a model for aPKC regulation by insulin in which 

scaffolds mediate insulin-induced translocation and localization of aPKC towards 

specific substrates and sequestration away from other substrates.  Thus, downstream 

signaling of aPKC in response to insulin depends on more subtle effects of substrate 

localization and kinase conformation rather than the dramatic changes in the catalytic 

activity of Akt induced by insulin-stimulated phosphorylation.   
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Figure 4.1: Model of Atypical PKC Signaling.  Phosphorylation of the aPKC turn motif occurs first, as a 
constitutive process during translation mediated by mTORC2 with subsequent constitutive phosphorylation 
at the activation loop by PDK1.  Insulin signaling induces internalization of the insulin receptor where it 
recruits binding of IRS-1 to be phosphorylated at tyrosine residues.  Insulin stimulation also induces the 
binding of aPKC to p62 and partially relieves autoinhibition.  p62 then shuttles aPKC to IRS-1 where it 
binds the phosphorylated tyrosine residues on IRS-1 and provides a potential platform for aPKC to 
experience further relief from autoinhibition and access to localized substrates.   

 

4.2 Future Work 

 An important question to direct future work of this project centers on the 

downstream mechanisms of aPKC-regulated glucose transport, which remain poorly 

understood.  More specifically, which substrates become localized towards aPKC direct 

phosphorylation when stimulated by insulin, and how do they connect the signal towards 

translocation of GLUT4 to the plasma membrane for glucose transport?  IRS-1 has 
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several Ser/Thr phosphorylation sites, some which have been identified as substrates of 

PKCζ (Ser323, Ser503, Ser574 and Ser616 on human IRS-1 (63, 64) and can either have 

positive or negative feedback towards the insulin signal downstream of IRS-1 (153).  

Given the identified insulin-induced recruitment of PKCζ to IRS-1, these sites are 

attractive localized substrate candidates for further investigation.  Does aPKC have 

differential selectivity for one IRS-1 site over another, and does this preference change 

over the temporal course of insulin stimulation?  More specifically, does aPKC 

phosphorylate the positive feedback site first (Ser323) then later transition towards 

phosphorylating the negative feedback sites to shut off the signal at the appropriate time?  

Do scaffolding interactions also regulate the switch of aPKC from one substrate site to 

another?   

Vesicle-associated membrane protein 2 (VAMP2), a component of the vesicle 

that transports GLUT4 has also been identified as a substrate of PKCζ in one study (89), 

although follow-up studies for this effect have not been as extensive as those validating 

MARK2 as an aPKC substrate.  VAMP2 interacts with syntaxin-4 to fuse the vesicle with 

the plasma membrane and deliver GLUT4 to uptake glucose from the bloodstream (159-

161).  Thus, phosphorylation by aPKC to activate VAMP2 for GLUT4 translocation is a 

logical proposed mechanism for aPKC regulation of insulin-induced glucose transport.  

However, studies that further validate this substrate and how it may be regulated by 

scaffold localization towards aPKC are required.   

aPKC may also regulate glucose transport not only through its catalytic activity 

on substrates but also through protein-binding interactions.  An insulin-stimulated 
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interaction between PKCζ and the 80K-H protein was identified to form a complex with 

munc18c, a known component of the GLUT4 vesicle trafficking pathway (162).  This 

interaction is thought to regulate GLUT4 vesicle fusion with the plasma membrane by 

unlocking the clamping interaction of munc18c with syntaxin-4, allowing VAMP2 to 

bind syntaxin-4 and fuse the vesicle to deliver GLUT4 for glucose uptake.  Future 

investigation as to how insulin-induced scaffolding interactions may regulate the 

formation of the PKCζ-80K-H-munc18c is proposed, and whether aPKC-mediated 

phosphorylation of VAMP2 is also regulated by the formation of this complex.   

Another attractive mechanism for continued investigation is aPKC’s effects on 

MARK2 and how they may contribute to insulin-stimulated downstream signaling.  

Knockout of MARK2 has a metabolic phenotype in mice, yielding animals that are 

hypersensitive to insulin and resistant to weight gain (75).  Phosphorylation of MARK2 

by aPKC inactivates it and relocalizes it from the plasma membrane into the cytosol (66).  

One hypothesis for aPKC signaling to MARK2 is that the insulin-induced sequestration 

of aPKC by IRS-1 away from MARK2 may decrease phosphorylation of MARK2 and 

allow it to become active, thus transducing the signal.  More active MARK2 localized at 

the plasma membrane may allow the kinase to phosphorylate other target proteins that 

could signal to induce glucose transport or other insulin-stimulated functional outputs.   

As a well-validated substrate of aPKC that can show clear phosphorylation effects 

even when used in an overexpression system, the substrate recognition sequence of 

MARK2 might also be useful for constructing a novel reporter specific to aPKC activity.  

Specifically, the PKC peptide sequence present in the PKC-specific reporter CKAR could 
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be replaced with a peptide sequence from MARK2 containing the T595 site that is 

phosphorylated by aPKC.  This reporter might be able to show even higher basal activity 

of aPKC and perhaps agonist-induced activity effects of aPKC when tethered to an 

appropriate scaffold while reducing background activity effects from the other PKCs.   

The atypical C1 domain present on aPKCs is another topic for future 

investigation, as little is known about its effects on aPKC regulation, other than it binds 

phosphatidylserine and induces aPKC activity in vitro but does not bind to diacyglycerol, 

a function of the tandem C1 domains present in cPKC and nPKC.  One study has shown 

that the atypical C1 domain has autoinhibitory effects by enhancing the binding of the 

pseudosubstrate into the active site of the kinase (44).  Deletion of the C1 domain 

moderately enhanced the activity of aPKC in vitro, although deletion of only the 

pseudosubstrate caused aPKC to exhibit the same activity as the kinase domain alone, 

indicating that the autoinhibitory effects of the C1 domain work in conjunction with the 

pseudosubstrate and not through an alternate, independent mechanism.  However, little is 

known regarding the regulatory effects of lipids on aPKC through the C1 domain 

occurring in live cells or whether inducible lipid second messengers can signal through 

the C1 domain to mediate aPKC signaling.   

 Further study of insulin-regulated effects on scaffolds other than p62 and IRS-1 

should also be performed.  Par6 has mainly been defined as a cell polarity regulator but 

the question of whether or not it functions in insulin signaling requires future 

examination.  For example, the translocation assays performed in Fig 3.7 could also be 

performed with replacement of full length p62 for Par6, thus examining whether or not 
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Par6 translocates to IRS-1 or if PKCζ translocates to Par6 or potentially away from Par6 

in response to insulin.  Results from such studies could help better define the divergence 

in aPKC signaling through the p62 vs the Par6 platforms and how they may perpetuate 

different cell function outputs.  Another scaffold to investigate is Grb14, an adaptor 

protein that has identified scaffolding interactions with p62 (163) and is also known to 

exhibit binding to the insulin receptor when stimulated by insulin (164).  Grb14 may 

provide an additional platform for localized aPKC substrates to become phosphorylated 

when stimulated by insulin.   

 The PKN (Protein Kinase N) family of AGC kinases may be another interesting 

and relevant group of enzymes to study with regards to their mechanism of activation and 

how it may relate to that of aPKCs.  PKNs (consisting of 3 isozymes, PKN1, PKN2 and 

PKN3) are next to the aPKCs on the kinome tree and share the same feature of a 

negatively charged phosphomimetic residue present at the hydrophobic motif (Fig 1.2, 

(11)).  This residue is a phosphorylatable Ser or Thr on the surrounding Akt, SGK, S6K, 

MSK, nPKC and cPKC kinases present on the same branch.  PKN1 has also been noted 

to have functions in insulin-stimulated glucose transport (165, 166) and insulin-

stimulated actin cytoskeletal reorganization (167).  The kinase domain of PKN shares 

homology with PKC and Akt and is capable of phosphorylating similar substrate 

sequences in vitro (168).  The activation loop of PKN is also phosphorylated by PDK1 

and is required for enzyme activity (167, 169).  However, like aPKC, the agonist-induced 

nature of the PDK1 site on PKN remains controversial (166).  Regulation of the PKN 

turn motif remains largely unstudied: investigation into whether this site shares many of 
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the aPKC regulation traits (such as requirement for catalytic activity and phosphorylation 

during translation mediated by mTORC2) would be intriguing to investigate.   

PKN also has proposed regulation by autoinhibition through the C-terminus of its 

Ca2+-independent C2-like domain (which shares subtle homology with the novel C2 

domain of the nPKCs, (166)) that may function akin to a pseudosubstrate (170).  Indeed, 

conformational changes induced by agonists have also been proposed to be a mechanism 

of activation for PKN (171-173).  The structure of PKN does not contain a PB1 domain, 

instead harboring the presence of 3 antiparallel coiled-coil fold (ACC) domains that bind 

the small GTPase RhoA (174-177), an event proposed to trigger the unmasking of the 

active site (178).  Also akin to aPKCs, PKN has a relatively low rate of basal catalytic 

activity (170, 172, 179) that could indicate a similar reliance on scaffolding interactions 

to localize the kinase near specific substrates.  Therefore, a better understanding of this 

non-canonically insulin-stimulated family of AGC kinases and how they specifically 

induce glucose transport would help to complete the understanding of non-Akt-like 

insulin-activated pathways, their similarities, and their divergences in downstream 

signaling.   
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