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Abstract

Atypical protein kinase C (aPKC) isoenzymes are key modulators of insulin signalling, 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 

isoenzymes and the functionally-related protein kinase B (Akt) family of kinases. Here we show 

that aPKC is constitutively phosphorylated and, using a genetically-encoded reporter for PKC 

activity, basally active in cells. Specifically, we show that phosphorylation 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 mammalian 

target of rapamycin complex 2 (mTORC2) mediates co-translational phosphorylation of the turn 

motif, followed by phosphorylation at the activation loop by phosphoinositide-dependent kinase-1 

(PDK1). Live cell imaging reveals that global aPKC activity is constitutive and insulin 

unresponsive, in marked contrast to the insulin-dependent activation of Akt monitored by an Akt-

specific reporter. Nor does forced recruitment to phosphoinositides by fusing the pleckstrin 

homology (PH) domain of Akt to the kinase domain of PKCζ alter either the phosphorylation or 

activity of PKCζ. 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. These studies support a model wherein an alternative 
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mechanism regulates PKCζ-mediated insulin signalling that does not utilize conventional 

activation via agonist-evoked phosphorylation at the activation loop. Rather, we propose that 

scaffolding near substrates drives the function of PKCζ.

Keywords

atypical protein kinase C; insulin; mTOR complex; phosphatidylinositol signalling; 
phosphatidylserine; phosphorylation

INTRODUCTION

Atypical protein kinase C (aPKC) isoenzymes have been implicated as key modulators of 

insulin signalling and type 2 diabetes [1–3]. aPKCs are required for insulin-stimulated 

glucose transport in skeletal muscle and adipocytes [4–7]. The aPKC isoenzymes, PKCζ and 

PKCι/λ (PKCι is the human orthologue of mouse PKCλ) can function interchangeably to 

regulate glucose transport [8], although they exhibit species-specific differential expression 

[3]. Knockout of PKCλ (the predominant aPKC isoenzyme expressed in mice [9]) in 

embryonic stem cells and adipocytes impairs insulin-stimulated glucose transport [10]. Mice 

with muscle-specific knockout of PKCλ also exhibit metabolic and diabetic syndromes [11]. 

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 [12–14], yet aPKC is hyperactive in liver tissue of rodents and 

humans with type 2 diabetes [15,16]. Hepatic aPKC is known to activate lipogenic and pro-

inflammatory pathways [17,18], further exacerbating disease. Indeed, pharmacological 

inhibition of aPKC in the liver has been proposed as a treatment for type 2 diabetes and 

metabolic syndrome [2]. 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 with 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), aPKCs are not regulated by 

diacylglycerol. Conventional PKC (cPKC) and novel PKC (nPKC) isoenzymes sense 

diacylglycerol via a C1 domain, and although atypical PKCs have a C1 domain, it lacks 

determinants that allow the binding of diacylglycerol [19,20]. 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 

[21,22]. 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 [23] 

and p62 [24]. The aPKC isoenzyme PKCζ has an alternate transcript (PKMζ) preferentially 

expressed in brain tissue that contains the catalytic 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 protein kinase B (Akt) and 
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the other PKCs [25], suggesting they should be considered as a separate family in the 

kinome.

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

three 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 [21]. 

aPKCs share the first two sites, but a phosphomimetic Glu occupies the phospho-acceptor 

position in the hydrophobic motif site; this unique feature of aPKCs renders them insensitive 

to dephosphorylation by the phosphatase PHLPP which dephosphorylates this site on Akt 

[26] and on other PKCs leading to their inactivation and down-regulation, respectively [27–
29]. The activation loop of all PKCs and the related family of Akt kinases are 

phosphorylated by PDK1 [30–32]. Phosphorylation at the activation loop is constitutive for 

cPKC and nPKC isoenzymes and is likely the first phosphorylation event in the maturation 

of these PKCs [22]. However, phosphate at the activation loop becomes dispensable for 

activity in cPKC isoenzymes once the kinases are fully phosphorylated [33]. 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 isoenzymes is agonist-

evoked and leads to increased activity upon insulin stimulation [34–36]. Indeed, the 

literature commonly cites the activation of aPKC to be analogous to the mechanism of Akt 

activation in which agonist-stimulated PIP3 production by phosphoinositide 3-kinase (PI3-

K) evokes Akt translocation to the plasma membrane (PM) where its autoinhibitory 

pleckstrin homology (PH) domain binds to PIP3 and permits activation loop phosphorylation 

by PDK1 [37,38]. However, multiple studies also report data showing that insulin 

stimulation does not affect activation loop phosphorylation on aPKC in immortalized cell 

lines [39], primary rat hepatocytes [40], and even in biopsied human muscle tissue following 

insulin injection in vivo [41]. 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.

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 [42]; loss of phosphorylation at this site inactivates the enzyme 

[33,43,44]. The mTORC2 is required for the phosphorylation of the turn motif site in both 

PKC and Akt, however by different mechanisms [39,45,46]. For Akt, mTORC2 directly 

phosphorylates the nascent Akt polypeptide as it emerges from the ribosome [47,48]. In 

contrast, cPKC isoenzymes are phosphorylated post-translationally, with a half-time on the 

order of 15 min, and at a membrane fraction [49,50]. Although mTORC2 is required for 

PKC to become phosphorylated [46,51], 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 [30,33]. The turn motif of aPKC has been proposed to be regulated by 

autophosphorylation subsequent to activation loop phosphorylation [6,35], similar to the 

hydrophobic motif autophosphorylation of cPKC [52]. However, evidence for this claim is 
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also controversial, with recent studies identifying mTORC2 as responsible for 

phosphorylating the turn motif of aPKC [39].

Given the incomplete understanding of how aPKC isoenzymes 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 enzyme is co-

translationally phosphorylated by ribosome-localized mTORC2 followed by PDK1-

catalysed 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 five reactions 

per minute), our data support a model in which a mechanism other than phosphorylation is 

responsible for activating PKCζ, probably involving conformational changes and 

opportunistic localization towards substrates via protein scaffolds.

EXPERIMENTAL

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 ribosomal protein S6 kinase 

(S6K) (9205), total S6K (9202) and GFP (2555) were purchased from Cell Signaling 

Technology. The anti-p560 PKCζ antibody was purchased from AbCam (ab62372), the anti-

haemagglutinin (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 (PS), 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 +/+ murine embryonic fibroblasts (MEFs) were generously provided by 

DrWataru Ogawa, Dr Feng Liu and Dr Kun-Liang Guan. The stress-activated map kinase-

interacting protein 1 (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 whereas 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 [53,54]. The 
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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 184–592 of PKCζ) to construct 

the Akt2R-PKMζ chimaeric kinase. Human PKCζ, Akt2 and Akt2R-PKMζ constructs were 

cloned into the pDONR221 vector and subsequently recombined with various pDEST 

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

fluorescent protein (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 three times in Buffer A and then eluted three times in Buffer A 

with 10 mM glutathione. Eluent was loaded in a 30 kDa Amicon centrifugal filter unit 

(EMD Millipore) and washed/concentrated three 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.

Lipid stock preparation

PIP3 and PIP2 were dissolved in 80% chloroform and 20% methanol, whereas 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 PS, PC and PA) or water (for PIP3 and PIP2) and 

sonicated to form 10× stocks. For Triton X-100 micelle systems, dried lipids were dissolved 

in 1% protein-grade Triton X-100 (Calbiochem) and diluted to form different 10× mol% 

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 PS for standard multilamellar assay 

or 10× 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 (PerkinElmer). 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 on to P81 Whatman filters. Filters were washed 4× with 

0.4% phosphoric acid before measurement using a Beckman scintillation counter.
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In vitro phosphatase assay

25 nM purified GST-PKCζ was incubated in Buffer B with 140 μM PS, 200 μM MnCl2, 500 

μM CaCl2, 400 μM EDTA and 100 units/ml protein phosphatase 1 (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. Chinese hamster ovary cell 

overexpressing insulin receptor (CHO-IR) cells were grown in DMEM/F-12 50/50, 1× 

(Cellgro) supplemented with 5% dialysed 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 

1× 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 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 (IP) prior 

to isoelectric focusing (IEF). Soluble lysates were incubated with anti-HA antibody 

(Covance) for 1–2 h followed by incubation with Protein A/G resin beads (Thermo 

Scientific) for 1–2 h. Protein-bound beads were washed three times with Buffer D and 

diluted in Buffer B before assaying activity or were washed three times with Buffer E, PBS, 

and 1 mM EGTA, 75 mM KCl, 50 mM Tris pH8.5 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

2D-IEF was performed as described [55] by immunoprecipitating HA-PKCζ and eluting in 7 

M urea, 2 M thiourea, 2% CHAPS (pH 8.4), then loading on to the acidic end of 3–10 

immobiline strips (GE Healthcare) with the current ramped up from 200 V for 2 h, 500 V for 

1 h, 800 V for 1 h, 1000 V for 0.5 h, 1200 V for 0.5 h, 1400 V for 0.5 h, 1600 V for 0.5 h, 

1800 V for 2.5 h and 2000 V for 2.5 h. 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 SDS/10% 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 h, treated 

with 100 mg/ml cyclohexamide for 15 min, then harvested, lysed and processed for 

fractionation as previously described [47] with the following modification: lysates were 

layered on a 10 ml 7–47% (w/v) sucrose gradient (five 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.

Live cell fluorescence imaging

COS-7 cells were plated on to 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 h post-transfection. For experiments with insulin 

stimulation, cells were serum starved for 4–6 h or overnight prior to imaging via a 40× 

objective. Kinase activity was monitored via intramolecular FRET of the activity reporters 

(CKAR or BKAR) whereas kinase translocation was monitored via intermolecular FRET 

between the YFP-tagged kinase and the PM-CFP using methods previously described [56].

Immunofluorescence

COS-7 cells were seeded on to 22 mm poly-D-lysine-treated glass coverslips in a 6-well 

plate, grown for approximately 20 h, serum starved for 4 h, 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 three 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 h 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 three 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 three 

times in PBST prior to mounting the coverslips on glass slides and imaging via a 40× 

objective on a Zeiss Axiovert fluorescent microscope (Carl Zeiss Microimaging) using a 
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MicroMax digital camera (Roper-Princeton Instruments) controlled by MetaFluor software 

version 3.0 (Universal Imaging).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software).

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 isoenzymes 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 (Figure 1A). To validate the requirement of phosphorylation at the key 

conserved Thr residues for enzyme activity using purified protein, rather than 

immunoprecipitated protein [35], 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 Figure 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 5×107 cells for wild-type (WT) enzyme and 

corresponding mutants (Figure 1C). WT enzyme had a specific activity of 5 ± 1 mol 

phosphate/min per mol PKC with lipid present (Figure 1D), over an order of magnitude 

lower than that of conventional PKCs, which catalyse approximately 200 reactions per min 

with lipid present [57]. Both the T410A and T560A mutants had significantly reduced 

activity compared with the WT enzyme, with the T560A mutation being even more 

detrimental to catalytic competency (Figure 1D), in agreement with previous studies 

conducted on immunoprecipitated versions of these mutants [35]. Consistent with the lack of 

T410A and T560A mutants’ activity, in vitro dephosphorylation of WT enzyme with 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 WT enzyme. The Glu residue present at the hydrophobic 

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 WT protein (Figure 

1D).

The turn motif (T560) of PKCζ is not regulated by autophosphorylation

To address whether T560 is an autophosphorylation site as previously proposed [6,35], we 

constructed a catalytically-inactive ‘spine mutant’ V266F in the kinase domain of PKCζ 

(conserved alignment with other AGC kinases shown in Figure 1A, structural location in 

relation to other key sites shown in Figure 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. [58]. Indeed, the V266F mutant was catalytically dead (Figure 

1D) yet was fully phosphorylated at T560 as demonstrated by Western blot analysis of 
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mammalian CHO-IR lysates expressing this construct (Figure 1E). The specificity of the 

phospho-specific antibodies was confirmed and validated by the lack of significant labelling 

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

by the p560 antibody (Figure 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

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 (Figures 2A and 2B). Quantification of data from 

four separate experiments revealed no change in the phosphorylation state of T410 or T560 

following treatment with calyculin (Figure 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, 2D 

IEF was performed on WT HA-PKCζ, single phosphorylation site mutants T410A, T560A 

and double phosphorylation site mutant T410A T560A immunoprecipitated from CHO-IR 

cells (Figure 2C). Phosphorylation is a highly acidic modification that is readily resolved by 

2D IEF. WT HA-PKCζ enzyme migrated predominantly as two acidic species. 

Quantification of the data from three independent experiments revealed that the most acidic 

species comprised 41 ± 2% of the signal. This species probably represents enzyme 

phosphorylated at both T410 and T560. An intermediate species resolved at the same 

isoelectric point as each of the single mutants (T410A and T560A) and probably represents 

a mono-phosphorylated species. A few times, we observed the intermediate species of the 

WT enzyme separate into a third species (data not shown) that resolved at the same 

isoelectric point as theT410A T560A double mutant. This spot probably represents enzyme 

that was dephosphorylated during the IP process. These data reveal that doubly 

phosphorylated PKCζ is a significant species in cells.

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 isoenzymes, binding to activating lipids promotes an open 

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

their priming sites [33]. To investigate whether binding to PS, which binds the C1 domain of 

all PKCs [59] also induces an open conformation of PKCζ, we examined the effect of PS on 

the rate of dephosphorylation of PKCζ. Purified GST-PKCζ was incubated in vitro with PP1, 

a phosphatase known to dephosphorylate both the activation loop and turn motif of PKC 
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isoenzymes [33]. The rate of dephosphorylation at T410 was measured through quantitative 

immunoblots and was significantly increased in the presence of PS lipid (Figures 3A and 

3B). To assess the effect of lipids on the specific activity of PKCζ, we employed two 

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 [57,60,61]. 

The abundant lipids PS and PA were prepared as multilamellar structures whereas the rare 

lipids PIP3 and its PI3-K-targeted precursor PIP2 were solubilized with Triton X-100 to form 

mixed micelles with varying mole percent lipid, illustrated by cartoons in Figure 3(C). The 

latter system is particularly useful in examining lipid specificity and stoichiometry for 

activation of monomeric PKC [62–64]. The specific activity of GST-PKCζ was increased 

nearly 3-fold with increasing PS multilamellar concentrations up to 140 μM; PA 

multilamellar activated PKCζ to a more modest extent (Figure 3D). Neither PIP3 nor PIP2 

activated PKCζ at concentrations up to 2.5 mol% (corresponding to 3–4 molecules of the 

lipid per micelle) in the mixed micelle system (Figure 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 PS but suggest that phosphoinositides and most 

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

lipids.

PDK1 is required for constitutive phosphorylation of the PKCζ activation loop but not the 
turn motif

PDK1 phosphorylates the activation loop of PKCζ [30–32], but whether this event is 

required for phosphorylation of the turn motif is unclear. We examined lysates from PDK1 

knockout MEFs (PDK1−/−) compared with their WT (PDK1+/+) counterparts (Figure 4A). 

As expected, PKCζ from the PDK1 knockout MEFs had significantly reduced T410 

phosphorylation compared with the PKCζ in the WT MEFs. In contrast, phosphorylation at 

T560 was not decreased in the PDK1−/− MEFs, quantification shown in Figure 4(B). We 

also examined the insulin sensitivity of PKCζ phosphorylation. Treatment of either WT or 

PDK1−/− MEFs with insulin had no effect on the phosphorylation of either the PDK1 site, 

T410, or the turn motif, T560 (Figure 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 (Figure 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 (Figure 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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mTORC2 is required for constitutive phosphorylation of the PKCζ turn motif but not the 
activation loop

mTORC2 has previously been shown to be required for phosphorylation at the turn motif 

sites on both conventional PKC and Akt [46], with a recent study also supporting its 

phosphorylation of the turn motif of PKCζ [39]. 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 [65]. Phosphorylation at 

T560 was ablated in Sin1−/− MEFs (Figure 4E) whereas phosphorylation of T410 was 

comparable between Sin1+/+ MEFs and Sin1−/− MEFs, as quantified in Figure 4(B). 

Phosphorylation of T560 was unaffected by a 1 h treatment with an mTOR inhibitor, Torin 

1, in Sin1+/+ MEFs (Figure 4F) yet was significantly reduced by Torin 1 treatment after 24 

h, in agreement with previous studies using long-term mTOR inhibition [39]. In contrast, the 

phosphorylation at T389 on S6K, the agonist-evoked site of mTORC1 phosphorylation [66], 

was blocked within 1 h, thus validating mTOR inhibition (Figure 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) [47]. 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 (Figure 5A) revealed that the PKCζ associated with polysomes is 

phosphorylated at the turn motif (p560) but not the PDK1 site (p410) (Figure 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.

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 (Figure 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. Figure 

6(A) shows that WT 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, Figure 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 
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a genetically-encoded FRET reporter, CKAR [53] previously validated for examining 

activity of the PKCζ catalytic moiety, PKMζ in real time in live cells [67], 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 BKAR [54]; this activity was reversed with the Akt active site inhibitor 

GDC-0068 (Figure 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 PM-targeted CKAR, in both COS-7 and CHO-IR cells (data not shown).

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-K 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 [32,35,68,69]. To address this claim, we treated Hep1C1C7 

cells with 20 μM of the PI3-K inhibitor LY294002 (LY) prior to insulin stimulation (Figure 

7A). No change in T410 or T560 PKCζ phosphorylation was observed with either insulin or 

LY treatment for either cell line quantified over eight separate experiments (Figure 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 

phosphorylation of T308 on Akt. To directly assess whether PKCζ was recruited to the PM 

in response to insulin treatment, we monitored changes in intermolecular FRET between N-

terminally-tagged YFP-PKCζ or YFP-Akt2 and PM-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 (Figure 

7C). However, the traces for YFP-PKCζ remained flat after insulin stimulation, indicating 

that no translocation to the PM had occurred for PKCζ. To corroborate that endogenous 

PKCζ and Akt displayed the same translocation results as their overexpressed counterparts 

imaged in Figure 7(C), we performed immunofluorescence imaging of COS-7 cells treated 

with or without insulin, fixed and stained with antibodies against PKCζ or Akt. The 

representative images shown in Figure 7(D) reveal a classic PM translocation of Akt in 

response to insulin, evident through the ruffled appearance of stained Akt in comparison 

with the untreated control, similar to translocation images from COS7 shown previously 

[70]. However, no change in the localization of endogenous PKCζ was observed in any of 

the images taken.

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 PH domain of Akt is a well-characterized binder of activated PIP3 lipid at the PM 

[71,72]. 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 chimaeric kinase Akt2R-PKMζ (Figure 8A). Using the PM 

Tobias et al. Page 12

Biochem J. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



translocation assay from Figure 7(C), we monitored translocation of YFP-tagged Akt2R-

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

YFP-Akt2 and YFP-PKCζ controls. YFP-Akt2R-PKMζ translocated to PM 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 chimaera, 

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 (Figure 8B); consistent with this, the isolated PH domain translocated to a similar 

extent as that of the chimaeric kinase (data not shown). We next examined insulin-induced 

activity of Akt2R-PKMζ on CKAR, using the activity assay from Figure 6(C). 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 with the aPKC active site inhibitor PZ09, previously characterized to 

selectively inhibit aPKC over other PKCs in vitro [73] (Figure 8C). The control of mCherry-

Akt2 showed insulin-induced activity on BKAR although 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 PM 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 Figure 8(D) show no change in p410 levels of 

transfected YFP-Akt2R-PKMζ in response to insulin (within a detection limit of ± 20% 

S.E.M. for immunoblotting quantified after four 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.

DISCUSSION

On the kinome tree, atypical PKCs occupy a position on the AGC branch that lies between 

Akt and conventional PKCs [25]. Here we show that the atypical PKCζ maintains some 

properties unique to Akt and other properties unique to conventional PKCs, placing aPKCs 

at the crossroads 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 [74], and no change in p410 on purified PKCζ when treated in 
vitro with recombinant PDK1 [75]. 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.
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Previous reports have suggested that aPKC autophosphorylates at the turn motif [35,76]. 

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 h of mTOR inhibition via Torin 1 treatment [39]. 

Here we show that a construct of aPKC (V266F) that maintains a native kinase domain fold 

but is incapable of binding ATP [58] is phosphorylated to the same level as the WT protein. 

These data reveal that the 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 probably 

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 previous studies reveal that aPKCs are regulated by autoinhibition through their 

pseudosubstrate segment [23,77] 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, previous evidence suggests that their C1 domains contribute to 

autoinhibition [23,77]. In support of this, our data show that PS and PA, lipids that bind the 

C1 domain [59], increase the catalytic activity of PKCζ, consistent with previous studies 

showing activation of PKCζ by these anionic membrane lipids [78,79]. Supporting 

conformational changes upon anionic lipid 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 [33]. Thus, the enhanced activity and phosphatase sensitivity of aPKC 

by anionic lipids probably 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 signalling, most prominently 

being their requirement for insulin-stimulated glucose transport as shown through knockout 

models [10,80]. 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 [4,5,7–9,81–83] or aPKC inhibitors [4,5,7,83,84], 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 [15,16] while 
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remaining dysfunctional in diabetic skeletal muscle [12,13]. 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 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, [39]). 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.

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 

PM under conditions that caused readily detectable PM translocation of Akt and the 

chimaeric 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 PM 

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 [76]. We also show that no increase in the specific activity measured in 
vitro occurs for PKCζ immunoprecipitated from cells treated with insulin compared with no 

insulin. This observation contrasts with early studies reporting insulin-dependent increases 

in PKCζ activity [6,35] and supports other studies showing no increases in activity of PKCζ 

immunoprecipitated from insulin-treated cells [39,85] along with no increases in the 

phosphorylation of T410 for either tagged or endogenous PKCζ [39–41].

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 [24]. Similarly, another 

scaffold, PAR6 has been shown to lock aPKC in an open and active conformation [23] and 
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to facilitate its phosphorylation of localized substrates such as PAR3 and Lgl1 [86–90]. 

Given the exceptionally low catalytic rate of PKCζ (5 mol phosphate/min per mol PKC) in 

our study and 42 mol phosphate per min per mol PKC with MBP substrate reported 

previously [78], compared with cPKCs (200 mol phosphate per min per mol PKC) [57], it is 

likely that coordination of the enzyme next to substrates on protein scaffolds drives its 

signalling. 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 signalling 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 signalling: the enzyme is constitutively active but substrate 

phosphorylation is dictated by substrate conformation or accessibility [91].

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 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.

Acknowledgments

We thank Emily Kang for technical assistance with protein purification.

FUNDING

This work was supported by the National Institute of Health [grant numbers P01DK054441 (to A.C.N.), 
1R21CA169849 (to S.F.D.) and CA154674 (to E.J.)]; and I.S.T. was supported in part by the UCSD Graduate 
Training Program in Cellular and Molecular Pharmacology through Institutional Training Grant T32 GM007752 
from the NIGMS, National Institutes of Health.

Abbreviations

Akt protein kinase B

aPKC atypical protein kinase C

BKAR B-kinase activity reporter

CHO-IR Chinese hamster ovary cell overexpressing insulin receptor

CKAR C-kinase activity reporter

cPKC conventional protein kinase C

HA haemagglutinin

IEF isoelectric focusing
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IP immunoprecipitation

MBP myelin basic protein

MEF murine embryonic fibroblast

mTORC2 mammalian target of rapamycin complex 2

nPKC novel protein kinase C

NT no treatment

PA phosphatidic acid

PDB Protein Data Bank

PDK1 phosphoinositide-dependent kinase-1

PH domain pleckstrin homology domain

PI3-K phosphoinositide 3-kinase

PIP2 phosphatidylinositol-4,5-biphosphate

PIP3 phosphatidylinositol-3,4,5-triphosphate

PM plasma membrane

PP1 protein phosphatase 1

PS phosphatidylserine

S6K ribosomal protein S6 kinase

Sin1 stress-activated map kinase-interacting protein 1

WT wild-type

YFP yellow fluorescent protein.
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Figure 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 [25]. 

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 WT and various mutants of purified GST-

PKCζ incubated in vitro with MBP as substrate. Error bars represent ± S.E.M. for n = 3 

reaction experiments. Statistical analysis was performed using ordinary one-way ANOVA 

followed by Dunnett’s multiple comparison test with WT 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 phosphorylation status of HA-PKCζ and mutants 

expressed in mammalian CHO-IR cells.
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Figure 2. PKCζ is basally phosphorylated and insensitive to phosphatase inhibition
(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 with 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.M. 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 WT and 

phosphorylation site mutants.

Tobias et al. Page 24

Biochem J. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 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. (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.M. 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 PA multilamellar of variable lipid concentrations. (E) Specific 

activity of purified GST-PKCζ incubated with Triton X-100 mixed micelles of varying mole 

% lipid present for PIP3 and PIP2.
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Figure 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.M. Statistical analysis was performed using ordinary one-way ANOVA followed 

by Dunnett’s multiple comparison test with WT baseline as control. Significance notated as 

* (P < 0.05), *** (P < 0.001), **** (P < 0.0001) or n.s. (not significant). PDK1+/+ MEFs 

and (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 h or 24 h 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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Figure 5. The turn motif site of PKCζ is phosphorylated during translation
MEFs were serum starved overnight and re-stimulated with serum for 1 h, then treated with 

cycloheximide for 15 min. (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.
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Figure 6. The catalytic activity of PKCζ does not increase due to insulin stimulation
(A) Activity of 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.M. for n = 3 reaction experiments. 

Statistical analysis was performed using ordinary two-way ANOVA followed by Dunnett’s 

multiple comparison test with 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 h 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 baseline value, and normalized FRET ratios were combined from three independent 

experiments and plotted as mean ± S.E.M.

Tobias et al. Page 28

Biochem J. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. The phosphorylation of PKCζ is not agonist-evoked nor regulated by PI3-K through 
translocation to the PM in response to insulin
(A) Hep1C1C7 cells were serum starved for 4 h 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.M. (C) Translocation assay of YFP-tagged Akt2 

or PKCζ to plasma membrane (PM-CFP) in live COS-7 cells serum starved for 4–6 h 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 baseline value, and normalized 

FRET ratios were combined from three independent experiments and plotted as mean ± 

S.E.M. (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 

Experimental.
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Figure 8. A fusion construct of the Akt2 PH domain with PKMζ translocates to the PM 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 

chimaeric 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 baseline value, and normalized FRET ratios 

were combined from three independent experiments and plotted as mean ± S.E.M. (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 

baseline value, and normalized FRET ratios were combined from three independent 

experiments and plotted as mean ± S.E.M. (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 show phosphorylation status of Akt2R-PKMζ and Akt2 

at their respective activation loops (p410 and p308). Upper bands on p410 and p308 blots 

indicate over-expressed YFP-tagged constructs whereas lower bands are indicative of 

endogenous PKCζ or Akt.
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