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Abstract 
Protein kinase C (PKC) isozymes are vital signalling proteins in many 

intracellular processes including cell survival, proliferation and migration. As 

such, changes in their expression levels have been linked to many types of 

cancer. The various PKC family members provoke differential responses in 

cancer highlighting the need for study of individual isoforms. This investigation 

of PKC has aimed to determine how kinase domain structure, regulatory region 

interactions and binding partners confer functional specificity to individual PKC 

isoforms. X-ray crystallographic, biochemical and biophysical studies have been 

employed to explore the architecture of these PKC interactions. A panel of 

recombinant PKC kinase domains has been cloned, expressed and purified to 

characterise their maturation, activities and structures. Kinetic constants have 

been determined for several PKC kinase domains in various phosphorylation 

states. Additionally, inhibition by novel low molecular weight inhibitors provided 

by collaborators at Cancer Research Technologies (CRT) has been probed. 

The PKCζ kinase domain has been crystallised with one of the CRT inhibitors 

and the structure determined at 2.8Å resolution. A panel of PKC isoform 

regulatory regions has also been expressed and purified. The results presented 

here show it is possible to reconstitute an intact PKC holoenzyme complex after 

expression of the domains as individual polypeptides. The protocols and 

materials developed during this thesis project will be further used in the 

laboratory with the aim of crystallising a PKC holoenzyme complex. This thesis 

also presents the crystal structure of PKCε-binding partner 14-3-3 bound to an 

asymmetric PKCε di-phosphorylated peptide determined at 2.2Å resolution. The 

PKCε di-phosphorylated peptide in the crystal structure was derived from the 

PKCε V3 variable region containing one consensus 14-3-3-phospho-binding 

motif and one divergent 14-3-3-binding motif. A thermodynamic analysis of the 

interaction between 14-3-3 and the PKCεV3 di-phosphopeptide reveals an 

increased affinity more than two orders of magnitude greater than the singly 

phosphorylated species. Together, the results of this study provide a multi-

faceted examination of PKC functional specificity by isoform-specific low 

molecular weight inhibitors, regulatory domains and binding partner interactions 

and provide a solid platform for exploring further aspects of PKC regulation. 
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PE Phorbol ester 
PEG Polyethylene glycol 
PHENIX Python-based Hierarchical ENvironment for Integrated Xtallography 
PHK Phosphorylase kinase 
PHLPP PH domain and Leucine rich repeat protein phosphatase 
PIP3 Phosphatidylinositol-3,4,5-triphosphate 
PKA c-AMP-dependent protein kinase  
PKB Protein kinase B 
PKC Protein kinase C 
PKD Protein kinase D 
PMA Phorbol myristyl acetate 
PP2A Protein phosphatase 2A 
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PPF Protein Purification Facility at Cancer Research UK 
PRK2 Protein kinase N 2 
PTS Phosphatidylserine 
pS Phosphoserine 
pS/T Phosphoserine/threonine 
PtdIns(4,5)P2 Phosphatidylinositol 4,5-bisphosphate 
PVDF Polyvinylidene fluoride 
RACK1 Receptor for activated C-kinase 
ROCK-II Rho kinase II 
RTK Receptor tyrosine kinases  
S/T Serine/threonine 
S6K p70 S6 kinase 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel elecrophoresis 
TBS Tris buffered saline 
TCEP Tris(2-carboxyethyl) phosphine hydrochloride 
TCID50 50% tissue culture infected dose 
TEMED Tetramethylethyl-enediamine 
TGFβ Transformation growth factor beta 
TM Turn motif 
TORC Target of rapamycin complex 
V3 Variable region 3 of protein kinase C 
VEGFR Vascular Endothelial Growth Factor Receptor 
WB Western blot 
XDS X-ray Detector Software 
ZIP/p62 Sequestosome-1 
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1. Introduction 

1.1. Targeting signalling pathways in cancer 

1.1.1. The role of kinase signalling in cancer 

Hundreds of protein kinases have been identified in mammalian cells and 

propagate signals through cells by catalysing reversible transfer of the γ 

phosphate group of ATP to the hydroxyl group of a serine, threonine or tyrosine 

of protein substrate(s). Kinases work in concert in intersecting signalling 

cascades to regulate cell processes such as cell growth, division, apoptosis, 

metabolism and motility. Proper regulation of signalling cascades is vital for 

control of these cellular processes and disruption at key signalling nodes can 

have profound effects on cell fate. The accumulation of several such signalling 

disruptions can lead to uncontrolled growth and malignant transformation. 

In a landmark review published in 2000, Hanahan and Weinberg proposed six 

distinct capabilities that normal cells must acquire for their transformation to 

malignant tumour cells (Hanahan and Weinberg, 2000): 

• Proliferation in the absence of external growth signals 

• Proliferation despite the presence of anti-growth signals 

• Attenuation of apoptotic signals 

• Avoidance of senescence to multiply without limit (acquire immortality) 

• Production of pro-angiogenic (blood vessel-forming) signals 

• Migration to other tissues and invasion of those tissues 

Protein kinases are involved in each of these phases of transformation and 

constitutive activation or attenuation of signalling pathways can cause one or 

more of the six transformative capabilities to be acquired. For this reason, 

signalling pathways are a large focus in cancer research, particularly those 

pathways central to cell proliferation, survival, migration and angiogenesis. 
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1.1.2. Challenges to kinase-targeted drug development 

Targeting signalling pathways with ATP-competitive inhibitors for specific 

kinases has been a major focus of drug development in cancer research. Two 

obstacles with regard to inhibitor efficacy have long plagued researchers; 

potency and selectivity. The cellular concentration of ATP can reach 5 mM and 

most kinases have a Km for ATP in the micromolar range. This means that 

kinases are essentially saturated with ATP under physiological conditions and 

inhibitors need Ki values in the nanomolar range to effectively compete with 

ATP (Lawrence and Niu, 1998; Morin, 2000). Additionally, because there are 

more than 500 different kinases in the human genome (Manning et al., 2002), 

inhibitor selectivity is typically desirable to ensure fidelity of pathway inhibition. 

The first crystal structure of c-AMP-dependent protein kinase (PKA) bound to 

ATP was solved by Knighton and colleagues and identified residues responsible 

for ATP co-ordination (Knighton et al., 1991a). The ATP-co-ordinating residues 

are well conserved amongst kinases, presenting a substantial hurdle for drug 

development and explaining why many potent kinase inhibitors are relatively 

promiscuous. Many inhibitors initially thought to be highly selective have been 

determined to potently inhibit other protein kinases. Examples of this include 

potent protein kinase C (PKC) inhibitors, Ro318220 and GF109203X, which 

were thought to be PKC-specific (Nixon et al., 1992; Toullec et al., 1991), but 

later determined to be equally potent inhibitors of mitogen activated protein 

kinase (MAPK)-activated protein kinase 1β and p70 S6 kinase (S6K) (Alessi, 

1997). 

As a result of the challenges arising from development of ATP-competitive 

compounds, many alternatives for inhibitor design have been explored. Several 

kinase inhibitors exhibit selectivity for their target by associating with both the 

ATP-binding site and adjacent residues which are not as well conserved. 

Examples include inhibitors for p38 MAPK (Tong et al., 1997) and FGFR1K 

(Mohammadi et al., 1997) which bind directly to the ATP pocket and gain their 

respective specificities by contacting additional residues outside the nucleotide-

binding site. 
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Non-competitive inhibition also has the potential to improve selectivity and 

potency. For example, it has been demonstrated that the highly specific MAP 

kinase kinase 1 (MAPKK1) inhibitor PD098059 works by preventing activation 

of MAPKK1 by upstream kinases (Alessi et al., 1995). This is not caused by 

inhibition of upstream kinases; rather, direct binding of PD098059 to MAPKK1 

prevents its phosphorylation. The use of PD098059 to inhibit a kinase by 

trapping it in an inactive state highlights the potential in utilising this novel 

mechanism to attenuate signalling. The development of non-ATP competitive 

inhibitors is thus a promising strategy for acquiring better target selection of 

protein kinases. Non-ATP competitive inhibitors are actively being developed for 

additional MAPKs, as well as for cyclin-dependent kinases (CDKs) and receptor 

tyrosine kinases (RTKs) (see review (Kirkland and McInnes, 2009)). 

1.1.3. Targeting signalling pathways as a strategy for cancer 
therapy 

Given the difficulties associated with developing kinase inhibitors, it is 

reasonable to question whether targeting signalling pathways is worthwhile in 

the pursuit of cancer therapies. To date almost 100 kinase inhibitors have been 

investigated in some stage of clinical trials. Eleven kinase inhibitors have been 

approved as of January 2009 by the US Food and Drug Administration for 

treatment of cancer (Zhang et al., 2009). The most prominent success 

regarding kinase inhibition to treat cancer is that of Gleevec (Novartis), which 

was shown to be an inhibitor of the RTKs Abl (Buchdunger et al., 1996), PDGF 

(Druker et al., 1996) and c-kit (Heinrich et al., 2000). Clinical trials demonstrated 

that Gleevec is effective in the treatment of chronic myelogenous leukaemia 

(CML) (Druker et al., 2001; Druker et al., 1996) and gastrointestinal stromal 

tumours (Demetri et al., 2002; van Oosterom et al., 2001; Verweij et al., 2004). 

Furthermore, the toxic side effects associated with traditional chemotherapy are 

largely absent (Demetri et al., 2002; Druker et al., 2001; van Oosterom et al., 

2001). The X-ray crystal structure of the Abl:Gleevec complex shows the high 

specificity of Gleevec is likely achieved by its interaction with residues both 

inside the ATP-binding pocket and in the surrounding environment (Schindler et 

al., 2000). Other successes include the RTK inhibitor, erlotinib, which effectively 
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inhibits EGFR and has been approved by both the EU and US for use in non-

small cell lung cancer (NSCLC) treatment (Gridelli et al., 2007). 

The most successful serine/threonine (S/T) kinase inhibitor available for use in 

cancer therapy to date is temsirolimus (Wyeth), an analogue of rapamycin and 

non-ATP competitive inhibitor of the target of rapamycin complex 1 (TORC1). 

Temsirolimus appears to inhibit angiogenesis and has been successfully used 

to treat renal cell carcinoma (Hudes et al., 2007). Another rapamycin analogue, 

everolimus (Novartis), has both anti-proliferative and anti-angiogenic properties 

(Lane et al., 2009). Cancer treatment by TORC1 inhibitors is complicated by the 

fact that TORC1 inhibition induces a feedback loop activating the MAPK 

pathway (Carracedo et al., 2008). Combined treatment with both TORC1 and 

MAPK inhibitors may overcome this problem and therefore has promising 

therapeutic potential (Carracedo et al., 2008). 

The strategy of targeting signalling pathways in cancer has been validated and 

some factors that researchers considered prohibitive have been shown to be 

less important than previously assumed. It is not necessarily detrimental if a 

cancer therapy drug is not as selective as initially thought. In fact, some 

relatively unselective inhibitors have been demonstrated to be effective in 

cancer treatment and to exhibit limited toxic side effects. The small molecule 

compound dasatinib inhibits an array of Src kinases, but is an effective therapy 

for CML and well tolerated by patients (Lombardo et al., 2004; Shah et al., 

2004). Another inhibitor, sorafenib, an effective inhibitor of angiogenesis, targets 

diverse kinases such as VEGFR, PDGFR, Raf, c-kit (Karaman et al., 2008) and 

Ret (Plaza-Menacho et al., 2007). Such examples of effective drugs whose 

successful application deviate from current dogma highlight the importance of 

considering alternative approaches in the search for cancer therapeutics. 

1.2. Protein kinase C 

1.2.1. PKC structure and function 

PKC is a S/T kinase originally discovered in 1977 by Nishizuka and colleagues, 

who subsequently demonstrated that the enzyme could be activated by 
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diacylglycerol (DAG) in a Ca+-dependent manner (Inoue et al., 1977; Takai et 

al., 1979). It was later established that PKC is actually a family of related 

kinases which are classified into sub-families according to activation 

requirements. PKCα, βI, βII and γ are termed conventional PKC isoforms 

(cPKC). The novel PKC (nPKC) sub-family is comprised of PKCδ, PKCε, PKCθ 

and PKCη and the atypical PKC (aPKC) isoforms are PKCζ and PKCι (PKCλ in 

mouse). PKC isozymes consist of a single polypeptide chain with an 

autoinhibitory pseudosubstrate sequence and multiple regulatory domains at 

the amino-terminus and a catalytic kinase domain at the carboxy-terminus. Five 

variable regions (termed V1-V5) found between the various domains are 

isoform-specific and play different roles depending on the isoform. The primary 

structures of the PKC sub-families are depicted in Figure 1-1 and the functions 

of the domains are discussed in the Section 1.2.2.2. 

 

Figure 1-1: Primary structure of PKC family proteins 
The primary structure for each of the PKC sub-families is shown. PKC domains are 
depicted as coloured boxes (PB1 – Phox-Bem1, C1 – Phorbol ester/DAG-binding, C2- 
Conserved Domain 2). The pseudosubstrate sequence is indicated by a red box. The 
location of the variable region V3 is indicated for each sub-family. 

The PKC isozymes are members of the AGC family of kinases which includes 

PKA, protein kinase B (PKB/Akt) and S6K amongst others. These kinases have 
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common structural features and similar mechanisms for kinase domain 

activation. The AGC kinases typically share a requirement for multiple kinase 

domain phosphorylations to achieve full enzymatic activity. These include 

phosphorylations at the activation loop (AL), turn motif (TM) and hydrophobic 

motif (HM) and are termed ‘priming’ phosphorylations. The requirement for 

phosphorylation at these sites varies depending on the specific AGC kinase. 

PKB/Akt, for instance, is present in a catalytically incompetent conformation in 

its resting state (see review (Brazil and Hemmings, 2000)). Phosphorylation at 

the AL and HM sites serve to regulate PKB/Akt activity (Alessi et al., 1996). A 

different situation exists for PKC where the AL, TM and HM sites are generally 

constitutively phosphorylated in cells. Once PKC is fully primed, several 

mechanisms regulate its activity in the cell by promoting relief of PKC auto-

inhibition. PKC catalytic activity is therefore ultimately dependent on two main 

factors: 1) priming of the AL, TM and HM sites (Keranen et al., 1995) and 2) 

release of the autoinhibitory pseudosubstrate from the substrate-binding cleft. 

1.2.2. PKC enzymatic properties 

The enzymatic properties of PKC were initially investigated by Hannun and Bell, 

who reported a Km for ATP of 4.8 μM and determined that the PKC phospho-

transfer reaction proceeds via a sequential mechanism (Hannun and Bell, 

1990). This model was expanded with the report of an ordered mechanism 

where ATP binds first, followed by protein/peptide substrate binding. 

Subsequent phosphate transfer is followed by the release of phosphorylated 

protein/peptide and then ADP (Figure 1-2) (Leventhal and Bertics, 1991). In an 

isoform-specific study on the catalytic domain of PKCθ, the Km for ATP was 

determined to be approximately 50 μM and the authors confirmed their findings 

were consistent with the sequential-ordered mechanism described by Leventhal 

and Bertics (Czerwinski et al., 2005). 

 

Figure 1-2: Ordered sequential mechanism for PKC 
The sequence of events in a PKC kinase reaction is presented. The term substrate 
indicates either a peptide or protein and pSubstrate indicates phosphorylated substrate. 
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The PKC family kinases prefer substrate sequences with basic residues both N- 

and C-terminal to the phospho-accepting S/T (House et al., 1987). The 

positioning of basic residues relative to the S/T site appears to be highly 

flexible, the exception being a strong preference for arginine at the -3 position 

for all PKC isozymes (Nishikawa et al., 1997). The stereo-specificity of PKC 

substrate recognition is less stringent than for PKA. While PKA can only 

phosphorylate L-serine, PKC can phosphorylate substrates with either L- or D-

serine residues (Kwon et al., 1994). Though the phosphotransfer rate to 

peptides with D-serine residues is 10-fold slower than that of their L-serine 

counterparts, Km values are similar (L-serine peptide Km = 53 μM and D-serine 

peptide Km = 64 μM), indicating that substrates (particularly substrate peptides) 

might be able to bind the substrate cleft in either an N to C or C to N orientation 

(Eller et al., 1993). The relatively non-specific sequence and stereo preferences 

of PKC isoforms is reflected by the fact that there is large overlap in the 

substrates that individual isoforms can phosphorylate in vitro. 

Given the large overlap in potential PKC isoform substrates, it is becoming 

evident that the functional specificity of PKC isozymes is highly dependent on 

their spatio-temporal distributions and their access to particular substrates. 

Control of PKC isoform localisation in various contexts is controlled by second 

messengers and binding partner associations with specific PKC regulatory 

domains and variable regions. The following sections provide an overview of 

general and isoform-specific mechanisms used to regulate PKC activity. 

1.2.2.1 PKC kinase domain structure and maturation 

The first ATP-bound PKA structure solved represents a catalytically competent, 

active kinase structure (Knighton et al., 1991a; Knighton et al., 1991b). Several 

characteristics are common to the original ATP-bound PKA structure and all 

active kinase structures that have followed (review (Huse and Kuriyan, 2002)). 

• A salt bridge between ATP-co-ordinating lysine K72PKA and glutamate 

E91PKA from the αC helix is important for proper alignment of the N- and 

C-lobes of the bi-lobal kinase structure. 
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• The conserved glycine-rich loop is in a ‘closed’ position where it can 

interact with the phosphate backbone of ATP. 

• The αC helix is fully ordered and oriented to align residues correctly for 

catalysis including E91PKA. 

• Correct conformation of the AL (stabilised by phosphorylation of the AL 

threonine) is critical for substrate-binding and alignment. 

Kinase structures lacking one or more of the above requirements are 

considered to be in an inactive state (Figure 1-3). 

 

Figure 1-3: AGC kinase domain active and inactive structures 
The PKA kinase domain structure is in an active conformation in the top panel in blue 
(PDB code 1CDK (Bossemeyer et al., 1993)). An inactive kinase domain structure of PKA 
is shown in the top panel in green (PDB code 1CMK (Zheng et al., 1993)). Structural 
features are noted in black text with magenta arrows. The two conformations are 
superposed in the top centre panel. The lower panels show salt bridge (left) and lack of 
salt bridge formation (right) for the corresponding PKA structures above. All structure 
figures in this chapter were prepared using PyMOL (Delano, 2002). 
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Table 1-1: PKC domain structures 

Domain Isoform PDB 
code 

Ligand(s) Structure 
type 

Reference 

C1 PKCδ 1PTQ Zn2+ X-ray (Zhang et al., 1995) 
C1 PKCδ 1PTR Zn2+, PE X-ray (Zhang et al., 1995) 
C1 PKCγ 1TBN Zn2+ NMR (Xu et al., 1997) 
C1 PKCγ 1TBO Zn2+ NMR (Xu et al., 1997) 
C1 PKCα 2ELI Zn2+ NMR (Tochio et al., 2007) 
C1A PKCθ 2ENN Zn2+ NMR (Nagashima et al., 

2007a) 
C1B PKCθ 2ENJ Zn2+ NMR (Nagashima et al., 

2007b) 
C1 PKCγ 2E73 Zn2+ NMR (Tanabe et al., 2007) 
C1 PKCδ 2YUU Zn2+ NMR (Abe et al., 2007) 
C2 PKCβ 1A25 Ca2+, phospho-

ethanolamine 
X-ray (Sutton and Sprang, 

1998) 
C2 PKCδ 1BDY  X-ray (Pappa et al., 1998) 
C2 PKCα 1DSY Ca2+ X-ray (Verdaguer et al., 

1999) 
C2 PKCε 1GMI  X-ray (Ochoa et al., 2001) 
C2 PKCδ 1YRK Phosphotyrosine 

peptide 
X-ray (Benes et al., 2005) 

C2 PKCγ 2UZP Ca2+ X-ray (Pike et al., 2007) 
C2 PKCθ 2ENJ  NMR (Nagashima et al., 

2007c) 
C2 PKCα 3GPE Ca2+, PtdIns(4,5)P2 

P04 
X-ray (Guerrero-Valero et 

al., 2009) 

PB1 PKCι 1VD2  X-ray (Hirano et al., 2004) 
PB1 PKCι 1WMH Par6 PB1 X-ray (Hirano et al., 2005) 
Kinase PKCθ 1XJD Staurosporine X-ray (Xu et al., 2004) 
Kinase PKCι 1ZRZ BIM-1 X-ray (Messerschmidt et al., 

2005) 
Kinase PKCβII 2I0E BIM-1 X-ray (Grodsky et al., 2006) 
Kinase PKCθ 2JED Nvp-Xaa228 X-ray (Stark et al., 2007) 
NMR – Nuclear magnetic resonance 

 
Representative kinase domain structures are available for each of the PKC sub-

families (see Table 1-1 for a list of available PKC domain structures). Kinase 

domain structures have been determined for PKCβII from the cPKCs, PKCθ 

from the nPKCs and PKCι from the aPKC sub-family (Grodsky et al., 2006; 

Messerschmidt et al., 2005; Xu et al., 2004). The PKC kinase domains all 

conform to the typical bi-lobal kinase structure with an N-lobe composed of both 

α-helices and a β-sheet and the larger C-lobe composed completely of α-
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helices. The PKCβII, PKCθ and PKCι kinase domain crystal structures have all 

been solved bound to ATP competitive inhibitors and each structure exhibits the 

critical salt bridge and αC helix ordering typical of fully active protein kinases. 

Like all AGC kinases, the PKC isozymes’ kinase domains have little intrinsic 

ability to catalyse phosphate transfers immediately after their translation. 

Rather, the kinase domain must undergo a multi-step maturation (priming) 

process before achieving full catalytic competency. PKC priming involves the 

phosphorylation of the AL, TM and HM in cPKCs and nPKCs (only AL and TM 

phosphorylation is required for aPKC, the HM contains a phosphomimetic 

glutamate) by upstream kinases (Keranen et al., 1995). AL phosphorylation is 

catalysed in vivo by 3-phosphoinositide dependent kinase 1 (PDK1) and is 

required for maximal PKC catalytic activity (Cazaubon et al., 1994; Le Good et 

al., 1998; Orr and Newton, 1994b). Although the AL phosphorylation is 

absolutely required for the kinase activity of PKCα, at least some PKC isoforms 

are capable of low-level activity without AL phosphorylation (Stempka et al., 

1997). The TORC2 complex is likely responsible for phosphorylation of the turn 

and hydrophobic motifs in vivo (Facchinetti et al., 2008; Ikenoue et al., 2008). 

The loss of one priming phosphorylation sensitises other priming sites to 

phosphatase attack in PKCα (Bornancin and Parker, 1996; Bornancin and 

Parker, 1997). This phosphatase sensitisation is likely the result of a general 

destabilisation of the kinase domain fold since the priming phosphorylations are 

thought to contribute to formation of the active kinase structure. Phosphorylation 

of the TM stabilises HM binding to the hydrophobic cleft (Hauge et al., 2007). 

Phosphorylation-dependent alignment of the HM in the hydrophobic cleft is, in 

turn, critical for alignment of αC helix residues involved in ATP binding and 

catalysis (Yang et al., 2002a; Yang et al., 2002b). The AL can adopt a range of 

conformations, as shown in Figure 1-4 for IRK. In PKC, phosphorylation drives 

the AL to adopt a catalytically competent conformation which guides proper 

alignment of the substrate. Co-ordination of the AL phosphate also serves to 

place an aspartate (D of the conserved YRDL motif) in the correct orientation to 

interact with the substrate serine’s hydroxyl group (Knighton et al., 1991b). 

Additionally, occupation of the ATP-binding pocket by nucleotide (or inhibitor) is 
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a prerequisite for PKC priming, presumably by contributing to the stability of the 

primed PKC fold (Cameron et al., 2009). 

 

Figure 1-4: Range of activation loop conformations in protein kinases 
The activation loops of protein kinases are highly flexible and can take on a number of 
conformations depending on phosphorylation, interactions with small molecule inhibitors 
and interactions with other domains or proteins. The left panel shows the crystal structure 
of insulin receptor tyrosine kinase (IRK) in pink with the AL (red) in a conformation 
incompetent to correctly align substrate (Hubbard et al., 1994). The right panel shows the 
crystal structure of IRK in grey with a phosphorylated AL (black) in a conformation 
competent to properly align substrate (Hubbard, 1997). The centre panel shows a 
superposition of two kinase domain structures. 

The contributions provided by the priming phosphorylations and nucleotide-

binding pocket occupation to formation of competent PKC isozyme are highly 

dependent on one another; disruption of one stabilising factor promotes 

destabilisation of the others and reduces competency of the kinase domain as a 

whole. Both priming phosphorylation and occupation of the nucleotide-binding 

pocket are frequently used in X-ray crystallographic experiments to increase the 

chances of obtaining diffracting crystals of kinase domains. The coupling of 

priming and nucleotide pocket occupancy in stabilising the N- and C- lobes 

relative to one another provides a structural rationale for the success of this 

approach. 
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1.2.2.2 PKC regulatory region function and structure 

PKC typically exists in a resting state in the cytosol as a fully primed and 

competent enzyme. Additional mechanisms are therefore required to control its 

activity. In PKC’s resting state, the pseudosubstrate engages the substrate-

binding cleft of the catalytic domain and inhibits kinase activity (Makowske and 

Rosen, 1989; Orr et al., 1992; Orr and Newton, 1994a; Pears et al., 1990). The 

engagement of the PKC regulatory domain appears to stabilise the 

pseudosubstrate interaction with the kinase domain. Second messenger and 

protein-binding partner interactions drive the release of the pseudosubstrate 

from the substrate-binding cleft and thereby activate PKC. 

cPKC and nPKC isoforms contain two C1 domains (C1A and C1B). These 

domains bind the second messenger DAG, promoting their association with 

hydrophobic lipids in the plasma membrane (Kazanietz et al., 1995; Mosior and 

Newton, 1995; Quest and Bell, 1994). Phorbol ester (PE) compounds, known 

for their tumour-promotion properties, bind the C1 domain in a similar manner to 

DAG (Sharkey et al., 1984). The mechanism by which DAG/PE promotes 

membrane association was shown by the crystal structure of a C1 domain 

bound to PE (Figure 1-5). The structure reveals that PE binds a cleft found 

between two ‘unzipped’ β-strands and forms a consistently hydrophobic C1 

surface (Zhang et al., 1995). This surface is then able to associate with 

hydrophobic lipid headgroups at the plasma membrane. 

The aPKCs also contain a C1 domain, though it is unresponsive to DAG and PE 

(Ono et al., 1989; Ways et al., 1992). The aPKC C1 domain is therefore referred 

to as an atypical C1 domain. Atypical C1 domains incapable of binding DAG are 

present in several additional enzymes (Raf-1, Vav, etc.) (Kazanietz et al., 1994). 

Although no structure currently exists for an aPKC C1 domain, the Raf-1 

atypical C1 structure provides insight into why atypical C1 domains might be 

unresponsive to DAG (PDB code 1FAR (Mott et al., 1996)). In the atypical C1 

structure, the gap formed by the two ‘unzipped’ β-strands which binds PE is 

closed, thus leaving no binding surface for the substrate (Figure 1-5). 
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Figure 1-5: C1 domain structures 
A C1 domain from PKCδ is shown bound to PE between the ‘unzipped’ β-strands in the 
left panel in blue (PDB code 1PTR). An atypical C1 domain from Raf-1 is shown in the 
right panel in red where the β-strands are ‘zipped’ and incapable of binding PE or DAG 
(PDB code 1FAR). 

The cPKC and nPKC isoforms also contain a C2 domain. The C2 domain of the 

cPKCs associates with the acidic phospholipid phosphatidylserine (PTS) at the 

plasma membrane in a Ca2+-dependent manner (Bazzi and Nelsestuen, 1990; 

Luo et al., 1993). The nPKC C2 domain also associates with acidic 

phospholipids in the plasma membrane, though the nPKC C2 domain lacks a 

Ca2+-binding site and its affinity for PTS is therefore Ca2+-independent (Ponting 

and Parker, 1996). 

The PKC C2 domain structures solved to date have revealed diversity amongst 

the PKC isoforms, though each conforms to the overall ‘Greek-key’ β-sandwich 

fold typical of C2 domains found in other proteins (Table 1-1). Recent studies 

have revealed novel functions for the PKC C2 domains and the corresponding 

crystal structures have shed light on the reasons for C2 structural divergence. 

Examples include PKCδ binding to phosphotyrosine containing modules (Benes 

et al., 2005) and PKCα interaction with Phosphatidylinositol 4,5-bisphosphate 

(PtdIns(4,5)P2) (Corbalan-Garcia et al., 2003; Guerrero-Valero et al., 2009) at 

their respective C2 domains (Figure 1-6). 
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Figure 1-6: Isoform-specific interactions with PKC C2 domains 
The left panel shows the PKCδ C2 domain in green bound to a phosphotyrosine peptide 
in blue (PDB code 1YRK). The right panel shows the PKCα C2 domain in purple bound to 
PtdIns(4,5)P2, Ca2+ and the PO4 group from PTS (PDB code 3GPE). 

In both cPKC and nPKC isozymes, the second messenger-bound C1 and C2 

domains co-operate in localising PKC to the plasma membrane. This results in 

the release of the pseudosubstrate from the substrate-binding cleft. The 

pseudosubstrate then likely associates with acidic phospholipids in the plasma 

membrane, stabilising the active PKC conformation (Mosior and McLaughlin, 

1991). 

Protein-protein interactions are a large determinant of aPKC activity as both 

PKCζ and PKCι contain a Phox-Bem1 (PB1) domain which serves as an 

adaptor module (Ito et al., 2001). The aPKC PB1 domain can interact with the 

PB1 domains of ZIP/p62 (Puls et al., 1997), partitioning defective protein 6 

(Par6) (Qiu et al., 2000) and MAP-ERK kinase 5 (MEK5) (Diaz-Meco and 

Moscat, 2001). PB1 domains typically contain a conserved acidic OPCA (OPR, 

PC and AID) motif and several conserved basic residues. The negatively 

charged OPCA motif surface of one PB1 domain forms several salt bridges with 

the positively charged residues of another PB1 domain (Figure 1-7A) (Noda et 

al., 2003). The PKCιPB1 domain structure has been solved both as a single 

domain and in complex with Par6PB1 (Hirano et al., 2004; Hirano et al., 2005). 

The binding of the two domains is mediated by the negatively charged OPCA 

motif of the PKCιPB1 domain which forms salt bridges with several basic 

residues of Par6PB1 (Figure 1-7B). This PB1:PB1 association can assist in 
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activation of aPKC, presumably by promoting release of the pseudosubstrate 

from the aPKC kinase domain’s substrate-binding cleft (Yamanaka et al., 2001). 

 

Figure 1-7: Structure of the PKCι:Par6 PB1 interaction interface 
A) A sequence alignment is shown of several PB1 domains with basic and acidic 
interacting residues in blue and red boxes, respectively. The proposed interacting residue 
is indicated with a star (see discussions in Section 4.6.3 and Section 6.3.2). B) The 
crystal structure of the PKCιPB1:Par6PB1 domain complex is shown in the left panel with 
Par6PB1 in yellow and PKCιPB1 in grey. The interaction interface involving the conserved 
acidic residues of the PKCι OPCA motif (grey) and conserved basic residues from Par6 
(yellow) is shown on the right. Dashed magenta lines indicate distances of less than 3.0Å. 

Once a PKC kinase domain is disengaged from its regulatory domains and 

pseudosubstrate, there are a number of events that can take place (Figure 1-8). 

For cPKC and nPKC isozymes, once DAG is metabolised, the PKC regulatory 

domains can be released from the plasma membrane and once again allow 

autoinhibition of PKC in the cytosol (Bazzi and Nelsestuen, 1989). PKC is also 

susceptible to proteolytic cleavage when membrane-bound, which produces a 

constitutively active PKC kinase domain (Inoue et al., 1977). Additionally, the 

PKC kinase domain phosphorylations are susceptible to phosphatase attack by 

PP2A (Hansra et al., 1996) and PHLPP (Gao et al., 2008) at the membrane. 

Dephosphorylation of all three priming sites results in ubiquitination and 

degradation of the PKCα enzyme (Lee et al., 1996). 
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Figure 1-8: The lifecycle of PKC 
The schematic shows PKC post-translational priming by PDK1 and TORC2, followed by 
engagement of the regulatory domains to produce a competent, inactive PKC enzyme in 
the cytosol. Reversible binding by cofactors DAG and Ca2+ results in PKC association 
with the lipid bilayer components as indicated to activate PKC. PKC at the membrane is 
susceptible to protease attack leading to a constitutively active kinase domain or PP2A 
and PHLPP dephosphorylation followed by ubiquitination and degradation (degradation 
can also be dephosphorylation-independent). 
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1.2.3. PKC physiological function 

PKC family members are involved in diverse signalling pathways and are 

therefore central to many physiological functions in cells. Although some 

redundancy in PKC isoform function has been observed, opposing roles have 

also been determined even for PKC isozymes with high sequence identity. The 

opposing roles for closely related PKC isoforms highlight the importance of 

investigating functional specificity of individual isoforms. Specificity can partly be 

explained by the fact that PKC isoforms are expressed in different abundancies 

according to cell/tissue type. Additionally, isoform specificity is largely driven by 

PKCs location at particular time points in the cell’s life-cycle as controlled by 

interactions with binding partners. 

A series of reviews was published in the Journal of Biochemistry, in which each 

review was dedicated to summarising the information available for a single PKC 

isoform (Akita, 2002; Altman and Villalba, 2002; Hirai and Chida, 2003; 

Kashiwagi et al., 2002; Kawakami et al., 2002; Kikkawa et al., 2002; 

Nakashima, 2002; Saito and Shirai, 2002; Suzuki et al., 2003). Because of the 

vast quantity of data available for the 10 PKC isoforms, the following sections 

introducing PKCs physiological roles will not present a comprehensive review of 

the field, but will rather focus on the physiological roles of those PKC isoforms 

central to this thesis, PKCε, PKCζ and PKCι. 

1.2.3.1 Physiological roles of PKCε 

PKCε is involved in an array of signalling pathways controlling cell function 

including proliferation, apoptosis, differentiation and migration. Its sub-cellular 

localisation and activity is controlled by a variety of second messengers 

including DAG, arachidonic acid and phosphatidylinositol-3,4,5-triphosphate 

(PIP3) and protein binding partners such as RACK1 and 14-3-3 (Besson et al., 

2002; Graness et al., 1998; Moriya et al., 1996; Saurin et al., 2008; Shirai et al., 

1998). As a member of the nPKC family, PKCε is localised to the plasma 

membrane by DAG and PTS binding (Kazanietz et al., 1995; Mosior and 

Newton, 1995). PKCε can also be translocated to the Golgi in response to 

arachidonic and linoleic acids (Shirai et al., 1998). PKCε is the only PKC 
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isoform with an actin-binding site and can be localised to the actin cytoskeleton 

and catalytically activated by F-actin binding (Prekeris et al., 1998). 

PKCε regulates the MAPK signalling cascade and the role it plays can differ 

depending on cell type and context. The Raf-1/MEK/ERK pathway is activated 

by PKCε in erythropoietin stimulated erythroid cells, resulting in the induction of 

gene expression (Chen and Sytkowski, 2001). It has been demonstrated that 

PKCε activates Raf-1 by direct phosphorylation in some cells (Carroll and May, 

1994), however, activation of Raf-1 may also be achieved by PKCε induction of 

TGFβ secretion leading to stimulation of the Raf-1/MEK/ERK pathway (Ueffing 

et al., 1997). Conversely, PKCε can attenuate MAPK signalling as is the case in 

its promotion of MAPK phosphatase 1 activation (Valledor et al., 2000). PKCε 

also appears to exert control over transcription of proteins involved in cell cycle 

progression such as cyclin D1 via a Raf-1/MEK/ERK mechanism (Kampfer et 

al., 2001). 

PKCε also plays a role in cell motility. Integrins are key components in cell 

migration as they form new adhesion sites at the leading edge (Hynes, 2002). A 

vital part of this process is the continual transport of integrins from the cell’s 

trailing edge to its leading edge (Bretscher, 1996). The process of internalising 

β1-integrin from the trailing edge is controlled by PKCα (Ng et al., 1999). 

Cycling of β1-integrin to a migrating cell’s leading edge appears to be controlled 

by PKCε. Migration of mouse embryonic fibroblast (MEF) PKCε knockout cells 

was increased upon transient expression of PKCε, an effect found to be 

dependent on PKCε kinase activity (Ivaska et al., 2002). PKCε phosphorylates 

the intermediate filaments composed of vimentin in highly motile cells. This 

leads to the transport of β1-integrin-containing vesicles to the plasma 

membrane and completes the cycling of β1-integrin necessary for motility 

(Ivaska et al., 2005). 

1.2.3.2 Physiological roles of atypical PKCs 

Of the PKC isoforms, PKCζ and PKCι appear to share the most overlap in 

terms of physiological function. Despite the fact that many of their roles appear 
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to be redundant, differences clearly exist in light of results obtained in knockout 

mice. PKCζ knockout in mice results in a mild phenotype with mice displaying 

weakened immunity (Leitges et al., 2001). Conversely, PKCλ (the PKCι mouse 

homologue) knockout is embryonic lethal at an early stage of development 

(Soloff et al., 2004). Thus, it is likely that aPKCs either have non-redundant 

roles at the developmental stage or that expression of aPKC isoforms differ in 

development. 

PKCζ has also been found to be involved in MEK/ERK signalling in response to 

mitogenic activators in the MAPK pathway. Constitutively active PKCζ can 

stimulate MEK1/ERK1 signalling in a Raf-1-independent pathway (in contrast to 

cPKCs and nPKCs) (Schonwasser et al., 1998). This PKCζ activation of MAPK 

signalling can be stimulated by several factors including lipopolysaccharides 

(Monick et al., 2000) and epidermal growth factor (EGF) (Diaz-Meco and 

Moscat, 2001). Following EGF stimulation of HEK293 cells, PKCζ and MEK5 

interact via their respective PB1 domains (as demonstrated by mutations of the 

MEK5 OPCA motif) and activate ERK (Diaz-Meco and Moscat, 2001). PKCζ 

involvement in the EGF stimulated pathway does not require PKCζ kinase 

activity, as PKCζ kinase inactive mutants are equally capable of causing ERK 

activation (Diaz-Meco and Moscat, 2001). The PKCζ isoform’s function as an 

adaptor protein via its PB1 domain is therefore critical in the EGF response of 

HEK293 cells. 

Atypical PKCs play a central role in establishing cell polarity (Suzuki et al., 

2001). Par6 and aPKC associate via their PB1 domains and localise to the site 

of tight junctions and the apical membrane in epithelial cells (Knust and 

Bossinger, 2002). Subsequent binding of Cdc42 to the Par6/aPKC complex 

complements Par6 binding and activates the catalytic domain of aPKC 

(Yamanaka et al., 2001). Additionally, Par3 participates in a ternary complex 

with Par6 and aPKC by direct interaction with the aPKC kinase domain to 

inactivate aPKC (Lin et al., 2000). Studies with kinase inactive PKCζ mutants 

and mutants defective in PB1 binding indicate that both PKCζ’s kinase activity 

and adaptor function are necessary for the formation of tight junctions (Gao et 
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al., 2002; Suzuki et al., 2001), highlighting the key role of the PB1 domain in 

conferring functional specificity on aPKC isoforms. 

1.2.4. PKC and cancer 

PKC’s involvement in tumourigenesis was first proposed upon discovery that 

PKC is activated by the carcinogenic PE family of compounds (Castagna et al., 

1982). The often conflicting roles of individual PKC isoforms in cancer biology 

have made elucidation of their contributions to oncogenesis challenging. Over a 

decade had passed after the oncogenic potential of PKC had originally been 

proposed before solid evidence was provided for the role of any PKC isoform in 

tumourigenesis (Mischak et al., 1993). Although researchers have made 

significant progress in unravelling the complex web of PKC involvement in 

cancer, it has become evident that PKC isoforms play unique roles depending 

on cell type and context. The following sections give a brief overview of what is 

known about individual PKC isoforms’ roles in cancer to date. 

1.2.4.1 PKCε is an oncogene 

The first evidence to identify PKCε as an oncogene came from Mishak et al., 

who demonstrated that overexpression of PKCε in NIH-3T3 cells promoted 

extensive proliferation in cell culture and tumour development when injected 

into mice (Mischak et al., 1993). The PKCε isoform’s transformative potential 

has since been confirmed in a range of cell types (Cacace et al., 1993; Perletti 

et al., 1996) (for a recent review see (Gorin and Pan, 2009)). Though it is 

unclear whether specific PKCε mutations are transformative, there is ample 

evidence that PKCε overexpression promotes tumourigenesis in a range of 

cancer types including breast cancer (Pan et al., 2005), non-small cell lung 

cancer (Bae et al., 2007), head and neck squamous cell carcinoma (Martinez-

Gimeno et al., 1995), and prostate cancer (Cornford et al., 1999). Moreover, 

PKCε overexpression in cancer cells promotes an aggressive metastatic 

phenotype (Pan et al., 2005) and is correlated to poor long-term survival rates 

(Martinez-Gimeno et al., 1995). 
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The oncogenic potential of PKCε is related to its central role in signalling 

pathways controlling growth, apoptosis and motility. Evidence for the pro-

proliferative properties of PKCε has been provided in studies linking it to 

activation of Raf-1 kinase in the Ras signalling pathway (Cacace et al., 1996; 

Perletti et al., 1998). PKCε has also been shown to inhibit cell death in both 

DNA-damage responses and receptor-mediated apoptotic pathways (review 

(Basu and Sivaprasad, 2007)). PKCε can interfere with the PKB/Akt signalling 

pathway’s control of apoptosis and has been demonstrated to inhibit activation 

of the pro-apoptotic protein Bax (McJilton et al., 2003; Wu et al., 2004). 

PKCε also has the ability to exert control over the migration and invasion of 

cancer cells. Several studies have provided evidence that knockdown of PKCε 

in aggressive cancer cell lines can decrease their metastatic potential and/or 

proliferative ability (Bae et al., 2007; Pan et al., 2005; Pan et al., 2006). 

Evidence of PKCε’s contribution to cytoskeletal rearrangements necessary for 

cell motility has helped explain the strong connection between PKCε and 

metastasis. Unique amongst the PKC isoforms, PKCε contains an actin-binding 

domain and contributes to the assembly of actin filaments (Hernandez et al., 

2001; Prekeris et al., 1998). Additionally, PKCε phosphorylation of the 

intermediate filament vimentin is required for the release of recycled β1-

integrins to the plasma membrane (Ivaska et al., 2005; Ivaska et al., 2002). This 

recycling of β1-integrins is vital for the leading edge of a motile cell to advance 

(Hynes, 2002) and overexpression of PKCε may thereby promote inappropriate 

cell migration. 

1.2.4.2 Specific involvement of other PKC isoforms in tumourigenesis 

Elevated levels of PKCι expression and/or gene locus amplification have been 

linked to ovarian cancer and NSCLC (Eder et al., 2005; Regala et al., 2005; 

Zhang et al., 2006). PKCι overexpression has been correlated with poor 

prognoses in both of these cancers and in the case of NSCLC, PKCι level is 

elevated in both early and late stage cancers (Regala et al., 2005; Zhang et al., 

2006). PKCι has also recently been identified as an oncogene in glioblastoma 
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and appears to play a role not only in proliferation and attenuating apoptosis, 

but also in migration and invasion (Baldwin et al., 2008; Patel et al., 2008). 

PKC isoform overexpression can also have anti-oncogenic effects. For 

example, the effect of PKCδ overexpression can be in direct contrast to that of 

other PKC isoforms under similar conditions. Following their finding that PKCδ 

overexpression can reduce tumour promotion (Reddig et al., 1999), the Verma 

group demonstrated that different PKC isoforms have differential effects on 

tumourigenesis in mouse models (Jansen et al., 2001; Reddig et al., 2000). 

Transgenic mice overexpressing PKCδ and treated with the PE-derivative 

phorbol myristyl acetate (PMA) were found to have decreased incidence of 

squamous-cell carcinoma compared to wildtype mice. The opposite was seen in 

a parallel experiment where mice overexpressing PKCε displayed enhanced 

metastatic tumour promotion. Moreover, mice overexpressing PKCα in these 

experiments showed no change in tumour promotion following PMA treatment 

compared to wildtype mice. Although some experiments have shown that PKCδ 

overexpression can have anti-proliferative effects in some epithelial and 

fibroblast cell lines (Mischak et al., 1993; Perletti et al., 1999), PKCδ 

overexpression has been demonstrated to have an anti-apoptotic effect in 

breast and lung cancer cell lines (Clark et al., 2003; McCracken et al., 2003). 

These findings show that the role of PKCδ in cancer is highly dependent on cell 

type and context and highlights the importance of determining roles of distinct 

PKC isoform action in individual cell lines. 

1.2.5. PKC inhibition 

The development of PKC inhibitors is important both in terms of developing 

cancer treatments and for use in the laboratory to better understand PKC 

biology and its role in tumourigenesis. The two hurdles to developing kinase-

specific inhibitors described in Section 1.1.2, potency and selectivity, have been 

a particular challenge because PKC-specific inhibitors need to be specific for 

individual isozymes. Because there are very few PKC isoform-selective 

inhibitors available, determining the roles of individual isoforms has been 

exceedingly difficult. Furthermore, given that even closely related PKC isoforms 
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such as PKCδ and PKCε can have opposing effects in cancer, it is important in 

terms of drug development to have isoform-selective inhibitors. 

The first small molecules shown to potently inhibit PKC activity were ATP-

competitive bisindolyl maleimide (BIM) compounds. Staurosporine, the first 

such compound and its derivative Ro318220 were later determined to potently 

inhibit a large number of additional kinases including S6K1 and MAPKAP-K1β 

(Alessi, 1997; Tamaoki et al., 1986). A new group of BIM inhibitors (BIM-1, BIM-

2, etc) were developed which are also potent for PKCs, but show only partial 

selectivity. BIM-1, for example, inhibits activity of MAPKAP-K1β by 

approximately 91% at 1μM inhibitor concentration in vitro, compared to 96% for 

PKCα (Davies et al., 2000). Gö6976, another commonly used PKC inhibitor was 

shown to inhibit CHK1, PHK, MSK1 and MAPKAP-K1β with similar efficacy to 

PKCα in in vitro studies. Two exceptions are ruboxistaurin and enzastaurin, 

which selectively inhibit PKCβ and retain potency (Green et al., 2006; Jirousek 

et al., 1996). Other ATP competitive inhibitors reported to be potent and show 

some selectivity have been developed. AEB071 is a picomolar inhibitor which 

appears to be selective for PKCs, though it inhibits all cPKCs and nPKCs 

potently (Skvara et al., 2008). A potent PKCζ inhibitor was recently reported 

(Whitson et al., 2008) and a combination of high throughput screening and 

structure-based optimisation was successful in developing highly selective 4-

arylamino-3-pyridinecarbonitrile PKCθ inhibitors (Cole et al., 2008b). Many 

selective inhibitors are currently in clinical trials and it remains to be seen how 

effective they are in treating disease (see review (Roffey et al., 2009)). 

Several non-ATP competitive inhibitors have also been identified or developed, 

though limited success has been obtained regarding PKC isoform selectivity. 

Peptide substrate inhibitors are unsurprisingly non-specific given the 

overlapping substrate sequence preferences for PKC isoforms (House et al., 

1987; Nishikawa et al., 1997). Bryostatin and calphostin C target the C1 

domains of cPKC and nPKC isozymes (Kobayashi et al., 1989; Smith et al., 

1985), though it is unclear whether they also bind C1 domains of other proteins. 

The inhibitor dequolinium targets the cPKC and nPKC C2 domains (Rotenberg 

et al., 1990; Rotenberg and Sun, 1998). Gold compounds aurothioglucose and 
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aurothiomalate target the aPKC PB1 domain and have been shown to confer 

sensitivity to tumour cells overexpressing PKCι (Regala et al., 2008; Stallings-

Mann et al., 2006). Though there is currently much interest in gold-based 

inhibitors, they have poor selectivity (they target a variety of kinase and non-

kinase enzymes), their mechanisms of action are unclear and their in vivo 

effects require further assessment before a judgement can be made on their 

promise as anti-cancer therapeutics (reviews (Kean and Kean, 2008; Tiekink, 

2008)). 

1.3. 14-3-3 proteins 

1.3.1. 14-3-3 function 

The 14-3-3 family of proteins is involved in a number of diverse cellular 

processes and PKCε has recently been identified as a 14-3-3-binding partner 

(Saurin et al., 2008). 14-3-3 proteins are found in all eukaryotic species and the 

family in mammals is composed of seven different isoforms; 14-3-3β, γ, ε, ζ, η, τ 

and σ. Both the importance of 14-3-3 in cell function and the isoforms’ potential 

for redundancy were demonstrated, where knockout of one of the two yeast 14-

3-3 isoforms had no effect on cell viability, but knockout of both 14-3-3 isoforms 

was lethal (van Heusden et al., 1995). The 14-3-3 proteins have no known 

intrinsic enzymatic activity, however, a number of roles for 14-3-3 have been 

identified. Bridges and Moorhead (review (Bridges and Moorhead, 2005)) have 

summarised the ways 14-3-3 proteins can act on their target proteins as follows: 

• Change the target protein’s conformation to lock the protein in an active 

or inactive conformation or otherwise alter the target’s structure. 

• Mask specific regions of the target protein such as localisation signals or 

binding partner docking sites. 

• Act as an adaptor or scaffold to mediate complex formation. 

Many 14-3-3-binding partners have been identified and 14-3-3 involvement has 

been implicated in a number of physiological processes including apoptosis 
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(LeBron et al., 2006), motility (Han et al., 2001) and proliferation (Peng et al., 

1997). 

The 14-3-3 isoforms are phosphoserine/threonine (pS/T)-binding modules that 

recognise protein targets containing either a mode 1 (RSXpSXP where pS 

indicates phosphorylated serine) or mode 2 (RXF/YXpSXP) motif (Muslin et al., 

1996; Yaffe et al., 1997). The 14-3-3 proteins are additionally able to recognise 

non-phosphorylated targets and pS/T-containing sequences distinct from the 

canonical mode 1 and 2 motifs, generating a large and diverse array of potential 

binding partners (Fuglsang et al., 1999; Henriksson et al., 2002; Waterman et 

al., 1998). 

1.3.2. 14-3-3 structure 

All 14-3-3 isoforms are 28-33 kDa in size and form either homodimers or cross-

isoform heterodimers. The structures of all human 14-3-3 isoforms have been 

solved by X-ray crystallography (Benzinger et al., 2005; Xiao et al., 1995; Yaffe 

et al., 1997; Yang et al., 2006) and are similar to non-human homologues (Liu 

et al., 1995; Wurtele et al., 2003). The dimeric structure of 14-3-3 is well 

conserved and forms a relatively rigid horseshoe-shaped protein composed of 

α-helices (Liu et al., 1995; Xiao et al., 1995) (Figure 1-9A). All crystallographic 

studies to date have presented 14-3-3 dimers which are either unbound or 

symmetrically bound to ligand. A wide variety of ligands have been used in co-

crystallisation experiments including pS-containing peptides, dimeric protein 

partners, acetylated peptides and toxin compounds (see Table 1-2 for selected 

14-3-3 structure information and references). 

Structural investigations with the consensus mode 1 and mode 2 motif 

sequences showed that binding to 14-3-3 is mediated by salt bridge formation in 

pockets found on opposite sides of the horseshoe-shaped 14-3-3 dimer cleft 

(Figure 1-9A) (Rittinger et al., 1999; Yaffe et al., 1997). The conserved 14-3-3 

residues K49, R56, R127 and Y128 co-ordinate the phosphomoieties of both 

mode 1 and mode 2 motif peptides (Figure 1-9B). Additionally, both mode 1 and 

mode 2 peptide backbones make specific contacts with N173 and N224 of 14-3-

3. Using a phosphoserine oriented peptide library, Yaffe et al. demonstrated 
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that a key contribution to 14-3-3 binding affinity is made by arginine at either the 

-3 or -4 position relative to the phosphomoiety (Yaffe et al., 1997). The same 

study reported no electron density for this vital arginine residue and a follow-up 

study showed the arginines at -3 and -4 positions bound in different 

conformations with high B-factors (Rittinger et al., 1999; Yaffe et al., 1997). This 

indicates that the highly conserved arginine at these positions may adopt a 

number of conformations to associate with the numerous acidic residues 

available (Yaffe et al., 1997). Additionally, the authors showed that proline at the 

+2 position was capable of adopting both cis and trans conformations, both 

inducing a sharp turn and orienting the peptide chain toward the central cleft of 

14-3-3 (Figure 1-9B) (Rittinger et al., 1999). 

 

Figure 1-9: 14-3-3ζ structure bound to consensus phosphoserine peptides 
A) 14-3-3ζ is depicted in dark green symmetrically bound to a mode 1 consensus 
sequence peptide shown as ivory-coloured sticks (PDB code 1QJB) on the left. A mode 2 
peptide (pale blue, PDB code 1QJA) is shown bound to 14-3-3 on the right. B) Close-up 
views of the phosphopeptide-binding pockets are shown. Left panel shows 14-3-3 mode 
1 binding with the phosphopeptide ligand in ivory. Right panel shows the mode 2 
consensus sequence bound to 14-3-3ζ. Dashed magenta lines indicate distances less 
than 3.0Å. 
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Table 1-2: Selected 14-3-3 structures from the PDB database 

Isoform PDB 
code 

Ligand Ligand type Ligand 
residues 

Reference 

14-3-3ζ 1A40    (Liu et al., 1995) 

14-3-3ζ 1QJA Consensus peptide Phosphorylated 
Mode 2 

12 (Rittinger et al., 
1999) 

14-3-3ζ 1QJB Consensus peptide Phosphorylated 
Mode 1 

12 (Rittinger et al., 
1999) 

14-3-3ζ 1A38 Raf-1 R18 peptide Non-
phosphorylated 

20 (Petosa et al., 
1998) 

14-3-3ζ 1IB1 Serotonin N-
Acetyltransferase 

Phosphorylated 
domains, 
homodimerised 

204 (Obsil et al., 
2001) 

14-3-3-
like* 
protein C 

1O9F H+-ATPase peptide 
Fusicoccin 

Non-
phosphorylated 
peptide and toxin 

9 (Wurtele et al., 
2003) 

14-3-3ζ 2C1N Histone H3 peptide Phosphorylated, 
acetylated 

12 (Macdonald et 
al., 2005) 

14-3-3σ 1YZ5    (Benzinger et al., 
2005) 

14-3-3σ 1YWT Consensus peptide Phosphorylated 16 (Wilker et al., 
2005) 

14-3-3β 2C23 Exoenzyme S 
peptide 

Non-
phosphorylated 

11 (Yang et al., 
2006) 

14-3-3ε 2BR9 consensus peptide Phosphorylated 11 (Yang et al., 
2006) 

14-3-3τ 2BTP Consensus peptide Phosphorylated 10 (Yang et al., 
2006) 

14-3-3η 2C63 Consensus peptide Phosphorylated 10 (Yang et al., 
2006) 

14-3-3γ 2B05 Peptide Phosphorylated 10 (Yang et al., 
2006) 

14-3-3-
like* 
protein C 

2o98 H+-ATPase C-
terminal region 

Non-
phosphorylated 

52 (Ottmann et al., 
2007) 

14-3-3ζ 2V7D Integrin β2 peptide Phosphorylated 14 (Takala et al., 
2008) 

* 14-3-3-like protein C is a plant homologue of 14-3-3 

 

1.3.3. Role of 14-3-3/PKCε binding in cytokinesis 

We have previously described the functional importance of a multiply 

phosphorylated PKCε V3 region that generates a competent 14-3-3-binding site 

(Saurin et al., 2008). PKCε binding to 14-3-3 results in lipid-independent 

activation of PKCε and is mediated by two sites. The first is a consensus mode 

1 motif at residues 343PKCε-348PKCε (RSKpSAP). This motif is phosphorylated at 

S346 by glycogen synthase kinase 3β (GSK3β) (Saurin et al., 2008) following 
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creation of the GSK3β recognition motif (SXXXpS) (Fiol et al., 1990) by p38 

MAP kinase at S350. The second site mediating 14-3-3:PKCε binding is a 

divergent mode 2 motif at residues 364PKCε-370PKCε (RKALpSFD) which lacks 

both an aromatic residue at the -2 position and a proline at the +2 position in the 

consensus sequence (Saurin et al., 2008). Phosphorylation of the divergent 

mode 2 site S368 is catalysed by auto-/trans-phosphorylation (Durgan et al., 

2008).  

In vivo complex formation between 14-3-3 and PKCε likely depends on both of 

the pS-binding sites as mutation of either S346A or S368A renders 14-3-

3:PKCε interaction undetectable (Saurin et al., 2008). The bidentate interaction 

mediated by these two motifs is critical for exit from cytokinesis. Knockout or 

knockdown of PKCε results in an increase of binucleated HEK293 cells caused 

by a defect in the abscission step of cytokinesis. Cells expressing 

PKCε mutants S346A/S368A or R343A which prevent the ability of PKCε to 

interact with 14-3-3 fail to recover cytokinesis defects following PKCε knockout 

or knockdown (Saurin et al., 2008). 

1.3.4. The gatekeeper tandem binding hypothesis 

Though some 14-3-3 binding partners appear to contain a single binding motif, 

there are several known 14-3-3 substrates that have multiple confirmed 14-3-3-

binding sites including Raf-1 (Tzivion et al., 1998), FOXO4 (Obsil et al., 2003), 

Cdc25 (Zeng et al., 1998) and PKCε (Saurin et al., 2008). The presence of 

multiple 14-3-3-binding motifs within a single target raises the possibility of 

generating a highly specific 14-3-3 site that engages both binding clefts within a 

14-3-3 dimer. A study by Yaffe et al. showed that chemically linked 14-3-3-

binding motifs display positive co-operativity and bind with 30-fold higher affinity 

over individual mono-phosphorylated motifs (Yaffe et al. 1997). For two-site 14-

3-3 ligands, phosphorylation of one of the binding sites has been proposed to 

act as a “gatekeeper” insofar as it is required for 14-3-3 binding but is not 

sufficient by itself (Yaffe, 2002). Despite considerable biological evidence that 

14-3-3 binding might commonly be mediated by intramolecular pS-sites on 

target proteins (Obsil et al., 2003; Saurin et al., 2008), there has been no 
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structural or thermodynamic description of physiologically relevant tandem 

intrachain 14-3-3-binding sites thus far. 

1.4. Project aims and objectives 

A large body of evidence has accumulated describing the PKC family and its 

role in cell signalling. Though it has been clear for some time that individual 

PKC isoforms have distinct roles in cells, the work of dissecting roles for 

individual PKC isoforms has historically been stymied by a lack of selective 

inhibitors. The common use of siRNA knockdown has provided a mechanism 

for investigating PKC isoform-specific pathways and recent years have seen a 

significant increase in isoform-specific research. Additionally, many PKC 

domain structures have been solved providing a better overview of the 

structural diversity within the PKC family. 

Despite the substantial progress that has been made, there are still many 

questions that remain to be answered. 

• How is functional specificity achieved for individual PKC isoforms? 

• How does the intrinsic architecture of the PKC holoenzyme contribute to 

this functional specificity? 

• How do PKC isoform interactions with binding partners modulate PKC 

activity, localisation and access to substrate or upstream effectors? 

• What specific features of individual PKC isoforms can be exploited in the 

development of selective inhibitors? 

This thesis project has used structural, biophysical and biochemical approaches 

to address each of these questions. The results presented here provide insight 

into both common features of PKC family enzymes and those of individual PKC 

isoforms, particularly PKCε, PKCζ and PKCι, with regard to their functional 

specificity. Additionally, experimental tools developed for use in this project 

provide a strong basis from which to expand our knowledge in the field. To 

better understand some of the underlying mechanisms governing PKC 

functional isoform specificity, an investigation of PKC kinase domains as 
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individual entities and analysis of interactions with their respective regulatory 

regions has been conducted. Additionally, the interaction of PKCε with 14-3-3 

has been characterised to better understand how PKC function can be 

modulated by binding partners. Chapters 2-5 describe the results of this thesis 

project and explore the findings in the context of PKC isoform function. 
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2. PKC kinase domain production, phosphorylation 
and enzymatic activity 

2.1. Aims 

One of the keys to understanding PKC isoform specificity is investigation of the 

PKC kinase domains responsible for catalytic phosphotransferase activity. 

Studies of individual heterologously expressed PKC isoforms have typically 

been hampered by incomplete phosphorylation at PKC priming sites and large 

amounts of insoluble protein. Additionally, the lack of selective and potent 

chemical inhibitors against specific PKC family members has complicated 

efforts to elucidate the roles of individual PKC isoforms. The aim for this part of 

the project was to express and purify large amounts of soluble, homogeneously 

phosphorylated novel and atypical PKC kinase domain proteins and to examine 

similarities and differences between those PKC family members. 

In this chapter, results are presented for the production and characterisation of 

several novel and atypical PKC family members’ catalytic domains. Expression 

of soluble protein in milligram amounts for four of the five PKC kinase domains 

attempted was achieved and homogeneous PKC kinase domain preparations in 

distinct phosphorylation states were obtained by establishing an optimised 

purification protocol. In addition, full phosphorylation of the PKC kinase domain 

AL by co-expression of PDK1 was achieved, providing higher yields of the fully 

phosphorylated PKC kinase domain species. The isolation of individual PKC 

kinase domain isoform phosphospecies allowed an investigation of their relative 

activities and substrate binding properties. A coupled ATP-activity assay was 

employed to gain insight into how AL phosphorylation promotes PKC kinase 

activity and affects substrate interactions. Finally, we used compounds provided 

by collaborators at Cancer Research Technologies (CRT) to probe inhibition of 

aPKC and have shown these compounds to be potent for their respective PKC 

targets. 
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2.2. Production of PKC kinase domains 

2.2.1. Rationale for expressing a panel of PKC kinase domains in 
the baculovirus system 

An expression system utilising baculovirus (BV) infection of Sf9 insect cells 

derived from pupal ovarian tissue of Spodoptera frugiperda was employed for 

the expression of all PKC constructs used in this study. Though some previous 

studies have used Escherichia coli systems to express recombinant PKC kinase 

domains (Cazaubon et al., 1990; Czerwinski et al., 2005; Filipuzzi et al., 1993; 

Stempka et al., 1997), the protein products tend to have low levels of priming 

phosphorylation, owing to the lack of S/T kinases in the E. coli host. The 

phosphorylation of the PKC kinase domains in E. coli is therefore dependent on 

autophosphorylation, presumably a highly inefficient process given that PDK1 is 

the well established in vivo AL kinase (Chou et al., 1998; Dutil et al., 1998; Le 

Good et al., 1998) and recent evidence has revealed TORC2 as the major 

priming kinase for the TM and HM (Facchinetti et al., 2008; Ikenoue et al., 

2008). The low level of PKC kinase domain priming in E. coli is likely the main 

factor responsible for high levels of PKC aggregation when E. coli expression 

systems are used. Although the use of a eukaryotic expression system such as 

BV infection of Sf9 insect cells is more complex, expensive, time consuming 

and may yield less protein overall, higher levels of phosphorylation and the 

resultant increased solubility means more structurally and functionally 

homogeneous protein can be recovered. In anticipation of our goal to explore 

PKC kinase domain structure by X-ray crystallography, we chose to exploit the 

BV system for protein production. 

The least predictable step in many X-ray crystallography experiments is the 

production of protein crystals. The time and effort required to obtain diffracting 

crystals can vary greatly, even between proteins with high sequence identity. 

We therefore chose to express a panel of PKC kinase domain isoforms rather 

than a single isoform to increase the likelihood of obtaining at least one PKC 

kinase domain crystal structure. This approach was ultimately successful in 

producing crystal structures for both PKCζ (see Chapter 3) and PKCι kinase 
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domains (crystallised by Dr. Svend Kjaer and refined by Dr. Andrew Purkiss, 

also described in Chapter 3). Expressing a panel of PKC kinase domain 

isoforms also allowed direct comparison of novel and atypical PKC kinase 

domain characteristics such as enzymatic activity and sensitivity to chemical 

inhibition as presented in this chapter. 

2.2.2. PKC kinase domain expression levels can be improved by 
infection with homogeneous recombinant virus 

Baculoviruses expressing PKC isoform kinase domains with N-terminal 

Glutathione S Transferase (GST) affinity tags were provided by Dr. Svend Kjaer 

for use in this study (see Table 8-5). The viruses promoted expression of novel 

and atypical PKC kinase domains; GST-PKCεk, GST-PKCηk, GST-PKCθk, GST-

PKCιk and GST-PKCζk (where a subscript k denotes the kinase domain). Virus 

stocks were polyclonal and required optimisation as described in Sections 8.4.4 

and 8.4.5 to produce quantities of protein useful for the crystallographic studies 

which can require several milligrams of highly purified protein. Recombination of 

a gene from the transfer vector into a viral expression vector produces multiple 

viruses of which some have incorporated the gene of interest and some contain 

only the parental vector (Kitts et al., 1990; Kitts and Possee, 1993). The 

expression efficiency of a virus can often be greatly enhanced by isolating 

recombinant virus from the initial polyclonal virus pool. 

Recombinant virus for bvGST-PKCεk, bvGST-PKCηk, bvGST-PKCθk, bvGST-

PKCιk and bvGST-PKCζk was isolated by end-point dilution as described in 

Section 8.4.4. Infection of Sf9 cells with amplified virus from the end-point 

dilutions resulted in improved expression yield of up to 10-fold. In PKCηk for 

example, expression improved from < 0.1 mg/l (undetectable by SDS-PAGE) to 

0.7 mg/l (Figure 2-1). Given that the polyclonal pool of virus contains two 

strains, recombinant and non-recombinant parental virus, it is expected that 

protein expression would be either maximal or non-existent for individual 

clones. In fact, variability exists in the expression levels for the end-point diluted 

baculoviruses, as can be seen by SDS-PAGE analysis of protein expression for 

the isolated bvGST-PKCηk virus pools (Figure 2-1). It is possible that end-point 
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dilution is not 100% efficient at isolating individual virus clones and thus some 

virus isolated by this method contains both recombinant and non-recombinant 

clones. The expression levels likely reflect the relative ratios of the two types of 

virus. For the purposes of this study, we have assumed the end-point diluted 

virus pools which display high expression levels are homogenous, although this 

may not be true in the strictest sense. For each PKC kinase domain, viral pools 

producing the greatest soluble expression were amplified and used for all 

further infections. 

 

Figure 2-1: Expression of GST-PKCηk from virus isolated by end-point dilution 
BV expression levels for different bvGST-PKCηk isolates are shown. Each virus was 
isolated by end-point dilution and amplified as described in Section 8.4.4. Cells were 
incubated for 72 hours after infection then lysed and GST-tagged proteins were purified 
with glutathione Sepharose resin followed by SDS-PAGE. 

2.2.3. Optimisation of PKC isoform kinase domain expression and 
GST-tag removal 

In addition to optimisation by isolating homogeneous virus pools with high 

expression levels, the multiplicity of infection (MOI), time of infection and density 

of cells used was optimised for each PKC kinase domain (Figure 2-2A). Of the 

five PKC isoforms attempted, good expression (> 0.5 mg per litre culture) was 

achieved for GST-PKCεk, GST-PKCηk, GST-PKCιk and GST-PKCζk, whereas 

no detectable improvement in GST-PKCθk expression was observed using 

these techniques (Table 2-1). 
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Figure 2-2: PKC kinase domain expression and cleavage 
Sf9 cells (1.0X106 to 1.5X106 cells/ml) were infected with virus corresponding to 1.0-3.0 
MOI and incubated at 27ºC for 72–96 hours. GST-tagged kinase domains were purified 
with glutathione Sepharose resin. A) Expression levels of several PKC kinase domains 
are shown after affinity purification. B) The results of a 3C-protease cleavage reaction are 
shown. Approximately 20 μg of GST-3C protease was added to affinity purified GST-
PKCζk and incubated at 4ºC for 16 hours. 

Table 2-1: PKC kinase domain expression 

Protein Expression notes Yield* 
GST-PKCθk Low yield < 0.1 mg/l 
GST-PKCεk Good yield, soluble 0.5 mg/l 
GST-PKCηk Good yield, soluble 0.7 mg/l 
GST-PKCιk Very good yield, soluble 1.4 mg/l 
GST-PKCζk Very good yield, soluble 1.2 mg/l 
* Yield estimated after affinity purification by comparison to endogenous GST 
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Each of the PKC kinase domain viruses encoded an amino-terminal GST tag 

which had several advantages in terms of protein purification. The GST affinity 

tag provided a good means of affinity purification for the PKC domain proteins 

because the glutathione Sepharose (GS) resin to which it binds does not bind 

many other proteins non-specifically as is the case with commonly used affinity 

resins such as nickel-nitriloacetic acid (Ni-NTA) agarose. The specificity of GS 

resin for GST therefore allowed rapid purification of recombinant protein with 

little contaminating protease and phosphatase (Figure 2-2B, Section 8.5.1.1). 

The presence of endogenous GST protein in the Sf9 insect cells provided an 

internal reference which allowed estimation of expression yield by SDS-PAGE 

analysis. Additionally, we used a GST-tagged protease to remove the GST tag 

from the PKC kinase domain protein while eliminating the need to remove the 

protease, endogenous GST and the cleaved GST tag in a separate step since 

they remained bound to the GS resin (Section 8.5.1.1). 

The enzyme used for GST-tag cleavage was 3C protease which targeted the 

3C recognition sequence between the GST tag and PKC kinase domain of each 

recombinant protein product. Cleavage efficiency was observed to be near 

100% for each PKC kinase domain isoform with no adverse effects on protein 

solubility. Because these domains were intended for protein crystallisation, it 

was vital that cleavage be efficient and not occur at non-specific sites. Only one 

cleavage product was observed for each PKC kinase domain, owing to the high 

specificity of 3C protease for its target sequence (Figure 2-2B). 

2.3. Maturation of PKC kinase domains in the BV system 

As discussed in Section 1.2.2.1, maturation of PKC by priming phosphorylation 

is an important process that affects both protein stability and activity. The main 

purpose of employing an insect cell host was to utilise the folding and post-

translational modification capabilities of a higher eukaryote in the production of 

recombinant PKC domains. There are naturally several differences to be 

expected compared to the normal maturation process in human cells. First, 

PDK1 kinase and TORC2 complex proteins involved in PKC priming, though 

highly conserved between species, may be less efficient in phosphorylating a 

non-endogenous PKC kinase domain. Second, the over-expression of the PKC 
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kinase domains by means of a virus creates more PKC protein in the insect 

cells than is endogenously expressed, thus the ratio of priming kinases to PKC 

is expected to be lower than in human cells. Third, the lack of a regulatory 

domain which potentially stabilises the primed, functional catalytic domain via 

intramolecular interactions may affect the steady state phosphorylation and/or 

maturation process. Lastly, the presence of a GST-tag on the amino-terminus of 

the PKC kinase domain may alter PKC priming by interfering with its interaction 

with upstream kinases. One foreseeable consequence of each of these 

changes is that the heterologously expressed PKC kinase domains may not be 

fully primed as they have less access to upstream kinases and are more 

susceptible to attack by phosphatases than under physiological circumstances. 

In the following sections, properties concerning the maturation of PKC kinase 

domains expressed in the BV system are reported and discussed. 

2.3.1. PKCεk and PKCηk differ from one another in priming 

phosphorylation and stability 

To establish whether the PKC priming in Sf9 insect cells was carried out and to 

determine the efficiency of priming phosphorylation, the PKC kinase domains 

were purified by anion exchange chromatography after affinity purification and 

tag cleavage (Section 8.5.1.3). Anion exchange has the resolving power to 

separate protein species that differ by a single phosphate group. Isolation of the 

PKC kinase domains with discreet phosphorylation states was readily achieved 

by this method and allowed analysis of the resultant anion exchange peaks. 

Anion exchange purification of the novel sub-family members PKCηk and PKCεk 

resulted in very different profiles. PKCεk contained one main protein peak and 

two minor protein peaks, whereas PKCηk contained two main protein peaks 

(Figure 2-3A). Phospho-specific antibodies for PKCεk sites at the AL (pT566), 

TM (pT710) and HM (pS729) allowed determination of phosphorylation states 

for each PKCεk anion exchange peak. The largest peak showed high levels of 

phosphorylation for each priming site; pT566, pT710 and pS729 (labelled peak 

2 and termed PKCεk
AL/TM/HM in Figure 2-3). Neither peak 1 nor peak 3 had 

significant priming phosphorylation as observed in peak 2. Low phosphorylation 
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levels were observed at the TM and HM sites of peak 1 (Figure 2-3A&B, termed 

PKCεk
(TM)/(HM) where parentheses indicate a weakly phosphorylated site) and 

peak 3 showed low levels of phosphorylation at the AL and HM (Figure 2-3A&B, 

termed PKCεk
(AL)/(HM)). A schematic summarising the phosphorylation states and 

names used to identify PKCεk phospho-species is presented in Figure 2-3C. 

The findings from PKCεk expression in Sf9 cells are consistent with a model in 

which the stability of PKCεk is contingent on full priming phosphorylation. 

Approximately 90% of the protein recovered from anion exchange purification 

eluted as fully primed PKCεk. The other 10% of PKCεk (comprised of anion 

exchange peaks 1 and 3, Figure 2-3A) showed either no phosphorylation or low 

phosphorylation levels at the three priming sites. The PKCεk species recovered 

in the two minor anion exchange fractions each migrated as two bands when 

analysed by Western blot (WB) (Figure 2-3B). The weaker band’s migration rate 

was analogous to that observed for the fully primed PKCεk protein and a 

significantly stronger band migrated at a rate corresponding to that of unprimed 

PKCεk (Figure 2-3B). This indicates that the two minor peaks are not discrete 

PKCεk phospho-species, but are likely structurally distinct species in 

conformations that can be adopted by either unprimed or partially primed PKCεk 

proteins. 

Low recovery of PKCεk
AL/TM/HM prevented extensive crystal trials with the 

protein. The sub-optimal PKCεk yields may be associated with low levels of 

priming. Less than 50% of the PKCεk recovered by affinity purification could 

subsequently be recovered following GST-tag removal and anion exchange 

chromatography, significantly lower than the 80% recovery regularly obtained 

for PKCιk and PKCζk. The GST-tag may be able to partially stabilise the 

unprimed PKCεk conformation sufficiently for affinity purification, but upon loss 

of the tag PKCεk would lose this stability and aggregate or precipitate. 

Additionally, the loss of PKCεk before affinity purification may be significant if a 

large proportion of the PKCεk expressed is not adequately stabilised by the 

GST-tag interaction. 
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Figure 2-3: Phosphorylation profiles of the novel PKC kinase domains 
A) Anion exchange purification of PKCεk and PKCηk was carried out after affinity 
purification of the GST-tagged proteins and GST tag removal as described in Section 
8.5.1.3. The red trace shows the salt gradient. No protein was detected in the third PKCηk 
peak. B) WB of peaks from anion exchange probed sites indicated to the right of the 
blots. Phospho-specific anti-PKCε antibodies were used for all blots which cross-reacted 
with PKCη sites. Equivalent amounts of protein were loaded for each sample. C) 
Schematic showing phosphorylation states of the corresponding peaks. Full red circles 
indicate high levels of phosphorylation, half-full red circles indicate low phosphorylation 
level and empty circles indicate no detected phosphorylation, ( ) in the phospho-species 
name indicates low phosphorylation of the site in parentheses. 
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PKCηk exhibited a different anion exchange profile from that observed for 

PKCεk. Only two peaks were present in the anion exchange elution and these 

two peaks corresponded to two distinctly phosphorylated species. The peak 

eluting at lower salt concentration was primed at only the TM (PKCηk
TM). The 

presence of such a phospho-species indicates that the TM of PKCηk is stably 

phosphorylated and potentially less susceptible to phosphatase attack than the 

TM of PKCεk. The observation that PKCεk and PKCηk are differentially primed in 

Sf9 cells may indicate that the PKCηk has characteristics allowing it to uncouple 

TM and HM phosphorylations. A similar observation was reported for PKCδ 

expressed in bacteria which lacked both AL and HM phosphorylations, but 

retained partial solubility (Stempka et al., 1997). These results suggest that 

individual nPKC isoforms have differing stabilities, sensitivities to phosphatase 

and/or tendencies to autophosphorylate the TM in the absence of abundant 

upstream priming kinase. 

Similar to PKCεk, relatively low PKCηk yields prevented preparation of a large 

number of crystallisation screens. Several proposals for increasing the yields of 

both PKCεk and PKCηk are presented in detail in Section 6.1.2. 

2.3.2. Atypical PKC isoforms lacking AL phosphorylation maintain 
structural stability 

Though structural stability as conferred by priming has been examined in 

several studies for cPKC and nPKC isoforms such as PKCα (Bornancin and 

Parker, 1996), PKCβII (Keranen et al., 1995), and PKCδ (Rankl et al., 1994), 

less is known about aPKC stability. The aPKC isoforms have a phosphomimetic 

glutamate at the HM and therefore unsurprisingly exhibited different anion 

exchange profiles to that observed for PKCεk. The PKCιk and PKCζk anion 

exchange profiles are similar to each other in that each exhibits two species 

eluting at equivalent ionic strengths, respectively (Figure 2-4A). Peak 1 in each 

case corresponds to a PKC kinase domain species lacking phosphorylation at 

the AL, but with high levels of phosphorylation at the TM (termed PKCζk
TM/HM* 

and PKCιk
TM/HM*, where an asterisk indicates a site with a phosphomimetic 

glutamate). The second peak for each PKCιk and PKCζk contains protein highly 
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phosphorylated at both the AL and TM (termed PKCζk
AL/TM/HM* and 

PKCιk
AL/TM/HM*, Figure 2-4B) and represents the fully primed species for each. 

Schematic representations of the priming phosphorylation states of the aPKC 

kinase domains are shown in Figure 2-4C. No aggregate or degradation was 

observed for either PKCιk
TM/HM* or PKCζk

TM/HM* by WB analysis, suggesting that 

lack of AL phosphorylation does not compromise domain solubility. All isolated 

PKCζk and PKCιk phosphospecies were stable in solution and concentration to 

at least 10 mg/ml was achieved without compromising monodispersity as 

judged by dynamic light scattering (DLS). 

The lack of an aPKC kinase domain species without full TM phosphorylation 

indicates either that PKC kinase domains lacking this phosphorylation are 

insoluble and lost in the first stage of purification or that the aPKC TM is highly 

resistant to phosphatase attack in insect cells following the initial maturation 

process. We predict that the high level of TM phosphorylation observed for both 

aPKC species is mainly due to phosphatase resistance. Successive treatment 

of PKCζk
TM/HM* and PKCιk

TM/HM* with PP2A phosphatase and calf intestinal 

alkaline phosphatase produced little detectable dephosphorylation at the TM, 

indicating poor phosphatase access to the TM site. Constitutive HM association 

with the hydrophobic cleft promoted by the phosphomimetic glutamate therefore 

likely serves a protective function for TM phosphorylation by stabilising a C-

terminal tail conformation in which the TM is inaccessible to phosphatase. 

The ratio of protein present in the respective anion exchange peaks for PKCιk 

and PKCζk was consistent through different protein preparations, though the 

PKCιk and PKCζk peak profiles differ from one another (Figure 2-4A). Given the 

high sequence identity between PKCιk and PKCζk and the fact that their 

regulatory domains are not present, this difference is unlikely due to inherent 

stability of the AL phosphorylation. Rather, the difference may be due to the fact 

that the bvGST-PKCιk infected Sf9 cells express more protein than bvGST-

PKCζk infected cells. A greater ratio of PKCιk to the AL kinase, PDK1 would 

allow endogenous phosphatase attack to shift the equilibrium of the 

PKCιk
AL/TM/HM*:PKCιk

TM/HM* ratio towards PKCιk
TM/HM*. 
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Figure 2-4: Phosphorylation profiles for atypical PKC kinase domains 
A) Anion exchange chromatograms for PKCιk and PKCζk. Anion exchange 
chromatography was carried out on PKC kinase domain samples after affinity purification 
of the proteins and GST tag removal as described in Section 8.5.1.3. The red trace 
shows the salt gradient. B) WB analysis of peaks from anion exchange probed the sites 
indicated to the right of the blots. Phospho-specific anti-PKCζ antibodies were used for all 
blots which cross-reacted with PKCι sites. Equivalent amounts of protein were used for 
each sample. C) A schematic shows phosphorylation states of the PKCιk and PKCζk 
peaks. Full red circles indicate a high level of phosphorylation and empty circles indicate 
no detected phosphorylation. An asterisk in the phospho-species name indicates a 
phosphomimetic glutamate. 
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2.3.3. PKC kinase domain activation by PDK1 co-expression 

We predicted that the ratio of exogenous PKCk to endogenous PDK1 in BV 

infected Sf9 cells exceeded the normal ratio and was a factor in incomplete 

priming. Thus, it should be possible to increase yields of fully primed PKCk by 

co-infecting Sf9 cells with bvHis-PDK1 (to express hexahistidine (His)-tagged 

PDK1) and PKC kinase domain BV. This approach was successful and bvHis-

PDK1 co-infection resulted in > 95% of PKCζk being phosphorylated at the AL 

(Figure 2-5). This co-infection strategy provided a means to significantly boost 

the yields of fully primed PKCιk and PKCζk, decreasing the number of protein 

preparations required for crystallisation of the proteins. 

 

Figure 2-5: PKCζk activation by co-infection with bvHis-PDK1 virus 
Anion exchange chromatograms for PKCζk. Sf9 cells were infected as indicated. Anion 
exchange was performed as described in Section 8.5.1.3 after affinity purification and 
GST tag cleavage. Phosphorylation states of eluted peaks were verified by WB with 
phospho-specific antibodies (not shown). 
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2.4. PKC kinase domain activity 

Following the isolation of differentially phosphorylated PKC kinase domains, it 

was possible to explore differences in activity and affinities for ATP and 

substrate peptides along with inhibitor efficacy for each of the phosphospecies. 

A commercially available coupled enzymatic assay system called ADP Quest™ 

(GE Lifesciences) was employed for this purpose. The ADP Quest™ system 

generates hydrogen peroxide from ADP. The hydrogen peroxide then combines 

with a fluorescent precursor to form resorufin dye, allowing quantitation of the 

ATP conversion to ADP in a kinase reaction. The peptide ε-pseudosubstrateA→S 

was used for all activity assays reported here. The ε-pseudosubstrateA→S 

peptide was based on the autoinhibitory pseudosubstrate sequence from PKCε 

with the alanine modified to a serine to allow phosphate transfer (ε-

pseudosubstrateA→S sequence ERMRPRKRQGSVRRRV). 

2.4.1. Activation loop phosphorylation increases catalytic 
efficiency, but does not induce a change in ATP affinity 

Analysis of ATP titrations of the three PKCεk species isolated from anion 

exchange purification revealed fully primed PKCεk
AL/TM/HM to have the highest 

activity (kcat = 147.6 min-1) of the three PKCεk phospho-species (Table 2-2). 

Although the catalytic constants of the two PKCηk phosphospecies were not 

thoroughly probed, preliminary data suggests fully primed PKCηk
AL/TM/HM has a 

kcat in the same range as that determined for fully primed PKCεk
AL/TM/HM. The 

PKCεk
AL/TM/HM Km for ATP was determined to be 28.8 μM. The plotted curves of 

enzyme velocity vs. ATP concentration show slightly higher activity for 

PKCεk
(AL)/(HM) than PKCεk

(TM)/(HM). The higher activity of PKCεk
(AL)/(HM) can 

perhaps be explained by the small amount of AL phosphorylation in the protein 

population (Figure 2-6). ATP saturation was not approached with either 

PKCεk
(AL)/(HM) or PKCεk

(TM)/(HM) and it was thus impossible to accurately 

determine kcat or Km values for either. The reason for the inability to reach ATP 

saturation is likely related to the observed aggregate for both PKCεk
(AL)/(HM) and 

PKCεk
(TM)/(HM) by WB and SDS-PAGE analysis. The presence of significant 
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aggregate indicates that these species are structurally unstable and may 

explain an unquantifiable ATP-binding capacity in contrast to the fully soluble 

PKCεk
AL/TM/HM. 

Table 2-2: PKC kinase domain kinetic constants 

Kinase domain Phosphorylation kcat† (min-1) Km (μM) 
1 PKCεk AL/TM/HM 147.6 ± 4.8 28.8 ± 2.8 
2 PKCεk (TM)/(HM) n.d. n.d. 
3 PKCεk (AL)/(HM) n.d. n.d. 
4 PKCιk AL/TM/HM* 199.0 ± 3.3 65.4 ± 2.6 
5 PKCιk TM/HM* 15.0 ± 1.6 55.2 ± 15.1 
6 PKCζk AL/TM/HM* 178.6 ± 1.6 25.9 ± 0.7 
7 PKCζk TM/HM* 19.3 ± 1.1 68.2 ± 8.8 
( ) low phosphorylation levels 
* phosphomimetic glutamate 
† units correspond to μmol ADP released per minute per μmol kinase 
n.d. – not determined 

 

 

Figure 2-6: PKCεk activity with increasing ATP concentration 
Kinetic curves showing velocity of PKCεk phospho-species activity with increasing 
concentrations of ATP on the x-axis. Samples were purified by anion exchange and 
assayed at protein concentrations optimal for detection of activity as described in Section 
8.6.5.2. Activities on the Y axis are corrected for amount of protein assayed. Error bars 
show standard deviation from the mean. Curves were fitted with a one site saturation 
model using SigmaPlot. Results are representative of experiments conducted in triplicate 
on at least two independent samples. 
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Figure 2-7: aPKC kinase domain activity 
Kinetic curves show A) PKCιk activity and B) PKCζk activity with increasing ATP 
concentrations on the X-axes. Samples were purified by anion exchange. Activities on the 
Y-axis are corrected for amount of protein assayed. Error bars show standard deviation 
from the mean and curves were fitted with a one site saturation model using SigmaPlot. 
Results are representative of experiments conducted in triplicate on at least two 
independent samples. 

A similar analysis was conducted on the aPKC kinase domains PKCιk and 

PKCζk. As with PKCεk, the fully phosphorylated forms PKCιk
AL/TM/HM* and 

PKCζk
AL/TM/HM* had high levels of activity with kcat values of 199.0 min-1 and 

178.6 min-1, respectively. The species lacking phosphorylation at the AL were 
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significantly less active. Unlike the partially primed PKCεk species, ATP 

saturation for PKCιk
TM/HM* and PKCζk

TM/HM* was possible, allowing quantitation 

of both kcat and Km for these proteins (Figure 2-7). The singly phosphorylated 

PKCιk
TM/HM* and PKCζk

TM/HM* proteins were approximately 10-fold less active 

than their fully primed counterparts with kcat = 15.0 min-1 and 19.3 min-1, 

respectively (Table 2-2). 

The Km values for ATP reported here are between 25 μM and 66 μM for the fully 

primed species of PKCεk, PKCιk and PKCζk. These values correspond well to 

those reported by Czerwinski et al. who determined the Km
ATP of the PKCθ 

kinase domain to be approximately 50 μM (Czerwinski et al., 2005). The Km
ATP 

values reported for PKCεk, PKCζk, PKCιk and PKCθk are 5- to 10-fold higher 

than that reported for PKC kinase domain by Hannun and Bell (Km
ATP = 4.8 μM) 

(Hannun and Bell, 1990). Although the specific PKC kinase domain used to 

determine the Km
ATP of 4.8 μM is not identified, it is clear from the manuscript 

that the isoform used was either PKCα or PKCγ. As both PKCα and PKCγ are 

cPKC isoforms, it is possible that the cPKCs have higher ATP affinity than 

nPKC or aPKC isoforms. Another possible explanation for the difference 

observed in Km values lies in the analysis and calculation methods used to 

determine the kinetic constants. Hannun and Bell determined the Km
ATP value 

for PKC from a double reciprocal plot of 1/V0 vs. 1/[ATP] (Hannun and Bell, 

1990). The PKCεk, PKCζk, PKCιk and PKCθk Km
ATP values were calculated by 

fitting the non-linear plots of V0 vs. [ATP] with a simple ligand-binding model 

using the software program SigmaPlot (Czerwinski et al., 2005). The different 

methodologies can easily produce different results, particularly considering that 

large errors are possible with double reciprocal plots. This is a result of the 

uneven distribution of error where errors for V0 data at low [ATP] are larger than 

for V0 at high [ATP]. This means that small errors in V0 become large for 1/V0 

and vice versa (Illanes, 2008). 

The determination of catalytic constants for several PKC isoform 

phosphospecies has allowed analysis of several aspects of PKC enzymatic 

behaviour. One key discovery was that the Km
ATP was similar for PKCζk and 
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PKCιk isozymes with and without AL phosphorylation (Table 2-2). Although it is 

clear that the AL is less critical for the stability of kinase domain structure than 

the TM and HM, it was nonetheless unexpected to find the AL had no 

measurable effect on ATP binding. It remains unknown whether ATP affinity is 

affected by PKCεk AL phosphorylation, since neither partially primed PKCεk 

represented the distinct HM/TM primed phosphospecies. A recent study by our 

group suggests that nucleotide pocket occupation and PKCε and PKCα priming 

at the AL, TM and HM sites are interdependent (Cameron et al., 2009). This 

indicates that for cPKC and nPKC isozymes, the ATP affinity may change 

depending on the status of AL phosphorylation. The independence of AL 

phosphorylation and ATP affinity may thus be a unique feature of aPKC 

structure and raises the possibility that transient AL phosphorylation could be a 

mechanism to control aPKC activity in vivo. 

The catalytic efficiency of the PKCζk and PKCιk species lacking AL 

phosphorylation was approximately 10 times lower than that of the fully primed 

PKC kinase domains. Several PKC isoforms have been previously 

demonstrated to have basal catalytic activity. PKCδ lacking AL phosphorylation 

had <10% activity compared to the fully primed PKCδ (Stempka et al., 1997), 

corresponding well to our findings. Additionally, PKCζ catalytic efficiency was 

reported to increase 6-fold upon AL stimulation (Le Good et al., 1998). Though 

this is less than the 10-fold increase we observed, Le Good et al. report that 

their PDK1 activation of PKCζ was incomplete. The results reported here 

therefore reveal good correlation between full-length and isolated PKC kinase 

domain catalytic efficiencies with respect to AL activation. PKCα from the cPKC 

sub-family appears to differ from other PKC isoforms in that PKCα has no 

activity without AL phosphorylation (Bornancin and Parker, 1996). This may be 

related to stability, where PKCα is particularly sensitive to dephosphorylation 

induced degradation and highlights the need to assess PKC isoforms as 

individual proteins whenever possible. 
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2.4.2. Substrate inhibition is more pronounced in PKC kinase 
domains lacking activation loop phosphorylation 

The similarity between ATP affinities for aPKC kinase domains with and without 

AL phosphorylation led to the hypothesis that the difference in activities could 

be associated with peptide substrate affinity. To test this prediction, ADP 

Quest™ assays were conducted with titrations of ε-pseudosubstrateA→S peptide 

at constant ATP concentrations. The assays measuring PKC kinase domain 

activities with increasing peptide concentrations do not display the Michaelis-

Menton kinetics expected. Determination of Km values for ε-pseudosubstrateA→S 

was hindered in these experiments due to substrate inhibition observed at high 

ε-pseudosubstrateA→S concentrations. This substrate inhibition was notably 

more pronounced for aPKC kinase domains lacking AL phosphorylation than for 

their fully primed counterparts (Figure 2-8A). 

We explored one potential mechanism to explain the substrate inhibition 

observed. The PKC kinase reaction has been reported to be an ordered 

reaction with ATP binding before substrate followed by phosphate transfer and 

release of phosphorylated substrate and lastly ADP release (Czerwinski et al., 

2005; Leventhal and Bertics, 1991). High ε-pseudosubstrateA→S concentration 

could disrupt the ordered sequential mechanism, possibly by substrate binding 

before ATP causing displacement of a key catalytic residue. In this model, high 

affinity ATP binding would still be possible, but the catalytic reaction could not 

proceed. If this model were correct, we would expect the effects of substrate 

inhibition to decrease with increasing ATP concentrations. 

To determine whether excess ATP could diminish substrate inhibition, four 

serial dilution experiments were performed at different ATP concentrations for 

each PKCιk
TM/HM* and PKCιk

AL/TM/HM*. A similar degree of substrate inhibition 

was observed at high and low ATP concentrations for each of the 

phosphospecies, respectively. This indicates that increased availability of ATP 

has no effect on substrate inhibition (Figure 2-8B). Similar results were obtained 

regardless of whether ATP or ε-pseudosubstrateA→S was added first or last in 

the kinase reaction. It is therefore unlikely that the substrate inhibition effect 
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observed is a result of excess ε-pseudosubstrateA→S peptide interfering with the 

ordered sequential mechanism by disruption of catalytic residues prior to ATP 

binding. A second possible explanation for the observed substrate inhibition 

takes into account structural information from Chapter 3 and is discussed in 

Section 3.4.8. 

 

Figure 2-8: PKCk activity with increasing ε-pseudosubstrateA→S concentration 
Comparisons of different PKC kinase domain phosphospecies’ activities with increasing 
ε-pseudosubstrateA→S peptide substrate concentration shows pronounced substrate 
inhibition for partially primed PKCιk

TM/HM* and PKCζk
TM/HM*. Substrate inhibition for fully 

primed PKCιk
AL/TM/HM* and PKCζk

AL/TM/HM* species and for PKCεk species is less 
pronounced. Y-axes are shown as V/Vopt where V is the velocity in μmol of ADP released 
per minute and Vopt is the estimated optimal velocity for each titration series. B) A 
comparison of PKCιk

TM/HM* and PKCιk
AL/TM/HM* activities at variable ATP concentrations 

with increasing ε-pseudosubstrateA→S amounts on the X-axes shows significantly stronger 
substrate inhibition for the PKCιk lacking AL phosphorylation even at high concentrations 
of ATP. Results are representative of experiments conducted in triplicate on at least two 
independent samples. Error bars represent standard deviation from the mean. 
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2.5. Chemical inhibition of atypical PKCs 

Selective inhibition of kinases has long been a challenge because of the 

similarity of their ATP-binding pockets. Additionally, a high level of potency is 

difficult to achieve for ATP competitive inhibitors because of high ATP levels in 

the cell. The selectivity and potency issues have proved particularly challenging 

in the search for inhibitors of individual PKC family members. This is especially 

true for atypical PKCι and PKCζ where no potent and selective inhibitor has 

been described to date and all commercially available inhibitors have greater 

efficacy for the conventional and novel-type PKCs. 

In the early stages of this thesis project, our laboratory began a collaboration 

with CRT, in which they screened a 30,000 compound chemical library to 

identify molecules which inhibit the PKCι kinase domain. The screen identified 

several compounds with potent anti-PKCιk activity and CRT undertook targeted 

development of new compounds based on the original compounds’ core 

structures to improve efficacy and selectivity. Inhibition of PKC isoforms by the 

CRT compounds named CRT0066854 and CRT0065888 developed through 

this process will be explored here in more detail. 

2.5.1. CRT0066854 is a potent inhibitor of atypical PKCs 

End point assays using ADP Quest™ were conducted with serial dilutions of 

commercially available PKC inhibitors BIM-1 and Gö6983 as comparisons to 

CRT0066854. Dose response curves were fitted for each phosphospecies of 

PKCεk, PKCιk and PKCζk as described in Section 8.6.5.3. IC50 values of 

CRT0066854 for the fully phosphorylated forms of PKCιk and PKCζk were 

determined to be 86 nM and 450 nM, respectively (Table 2-3). The 

CRT0066854 IC50 value for PKCιk
AL/TM/HM* reported here corresponds well to the 

CRT0066854 IC50 determined by CRT for PKCιk
AL/TM/HM* (IC50 = 73 nM, 

personal communication, Jon Roffey). Contrasted with IC50 values for the 

commercially available BIM-1 (PKCιk
AL/TM/HM* IC50 = 5.5 μM and PKCζk

AL/TM/HM* 

IC50 = 9.1 μM), CRT0066854 represents an inhibitor approximately 20 times 

more potent for PKCζk
AL/TM/HM* and over 60 times more potent for PKCιk

AL/TM/HM* 
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than BIM-1. A similar increase in potency is observed for CRT0066854 upon 

comparison to the Gö6983 inhibitor (PKCιk
AL/TM/HM* IC50 = 10.7 μM and 

PKCζk
AL/TM/HM* IC50 = 13.9 μM) (Table 2-3). 

Table 2-3: IC50 values for PKC inhibitors 

  Km
ATP (μM) BIM-1 Gö6983 CRT0066854 CRT0065888

1 PKCεk
AL/TM/HM 28.8 ± 2.8 96.2 nM 36.7 nM 7.2 μM n.d. 

2 PKCεk
(TM)/(HM) n.d. 210 nM 53.0 nM 4.3 μM n.d. 

3 PKCεk
(AL)/(HM) n.d. 76.5 nM 6.6 nM 4.8 μM n.d. 

4 PKCιk
AL/TM/HM* 65.4 ± 2.6 5.5 μM 10.7 μM 86 nM n.d. 

5 PKCιk
TM/HM* 55.2 ± 15.1 14.4 μM 60.8 μM 320 nM 1.1 μM 

6 PKCζk
AL/TM/HM* 25.9 ± 0.7 9.1 μM 13.9 μM 450 nM n.d. 

7 PKCζk
TM/HM* 68.2 ± 8.8 28.1 μM 34.4 μM 990 nM n.d. 

n.d. – not determined 

 
The potency of CRT0066854 was also tested for each of the three PKCεk 

species. Inhibition of fully phosphorylated novel PKCεk
AL/TM/HM is significantly 

weaker than for its atypical PKCιk
AL/TM/HM* and PKCζk

AL/TM/HM* counterparts, with 

a greater than 15-fold increase in IC50 (IC50 = 7.21 μM) compared to 

PKCζk
AL/TM/HM* and more than 80 times greater than the IC50 for PKCιk

AL/TM/HM* 

(Figure 2-9 and Table 2-3). Experiments with the partially phosphorylated PKC 

kinase domains showed a similar pattern, with PKCιk
TM/HM* and PKCζk

TM/HM* 

showing greater sensitivity toward CRT0066854 than either PKCεk
(AL)/(HM) or 

PKCεk
(TM)/(HM). 

The IC50 measurements presented here correspond well to those reported for 

BIM-1 (Martiny-Baron et al., 1993). The BIM-1 IC50 for PKCε was determined by 

Martiny-Baron et al. to be 132 nM, compared to 92 nM reported here for fully 

primed PKCεk. Martiny-Baron et al. found the BIM-1 IC50 for PKCζ to be 5.8 μM 

and the BIM-1 IC50 value for fully primed PKCζk reported here is similar at 9.1 

μM. In contrast, the Gö6983 IC50 values determined in this study differed 

substantially from those reported in the literature (Gschwendt et al., 1996). The 

Gö6983 IC50 reported for PKCζ (IC50 = 60 nM) differed from that determined 

here by more than 200-fold (IC50 = 13.9 μM). The following paragraphs explore 

potential reasons for the discrepancy in IC50 values determined for Gö6983 

inhibition of PKCζ. 
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We first considered that Gö6983 could be more potent for the full-length PKCζ 

enzyme than for the PKCζ kinase domain. While this cannot be definitively ruled 

out without a direct comparison, PKCεk and PKCζk responses to BIM-1, as 

shown by this thesis are similar to the reported responses for full-length PKCε 

and PKCζ (Martiny-Baron et al., 1993). Additionally, ATP affinities for PKCβIIk 

and full-length PKCβII were reported to be in the same range (Grodsky et al., 

2006), indicating that the nucleotide-binding pocket is similar for full-length and 

kinase domain PKC proteins. It is therefore unlikely that the substantial 

difference between Gö6983 IC50 values for PKCζ can be fully attributed to the 

absence of the regulatory domains. Because IC50 is dependent on ATP 

concentration, we considered that different ATP concentrations used in the two 

assays could partially account for the IC50 difference. This does not appear to 

be the major determining factor in the IC50 discrepancy, however, as the ATP 

concentrations were fairly similar for the two studies (35 μM ATP for Gschwendt 

et al. and 20 μM ATP in our study). Enzyme concentration can also affect IC50, 

however, the enzyme concentrations for PKC isoforms in the Gschwendt et al. 

study were not reported and we were therefore unable to determine whether 

this was a factor in the observed Gö6983 IC50 difference for PKCζ. 

Further examination of the primary data published by Gschwendt et al. provided 

a possible explanation for the discrepancy in Gö6983 inhibition of PKCζ. The 

original dose-response curves for the assays specifically dealing with PKCζ 

were not presented in the manuscript. There were, however, dose response 

curves presented for protein kinase D (PKD) inhibition by several compounds 

(Gschwendt et al., 1996) which provided insight into how the IC50 value was 

likely determined for PKCζ. The dose response figure showed an average of 

just 4 data points per inhibitor assayed (these were presumably the data used 

to extrapolate IC50 values, though this is not explicitly stated). For several PKD 

dose response curves, none of the data points used appeared to approach 

either maximal or minimal activity values (the curves were relatively linear rather 

than sigmoidal). Additionally, no error statistics were presented for the data 

reported (Gschwendt et al., 1996). In contrast, the dose response curves used 

for IC50 determinations in this thesis contained 8 data points for each curve with 
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data points chosen to encompass a range approaching maximal and minimal 

activity values at either extreme. For all curves which did not approach both 

minimal and maximal activity values, the IC50 value was reported as ‘not 

determined’. Furthermore, the experiments were conducted multiple times and 

error bars representing standard deviation from the mean are shown on the 

plots. We are therefore confident that our data are representative of Gö6983 

inhibition of PKCζk and that our comparisons to other PKC inhibitors are valid. 

 

Figure 2-9: Dose response curves for BIM-1, Gö6983 and CRT0066854 
Inhibitor dose response curves for fully primed PKC kinase domains are shown here and 
were determined using the ADP Quest™ kinase assay as described in Section 8.6.5.4. 
Curves were fitted with SigmaPlot software as described in Section 8.6.5.3. Results are 
representative of experiments conducted in triplicate on at least two independent 
samples. Error bars represent standard deviation from the mean. A key is presented in 
the lower right to define symbols and colours used in the graphs. 
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CRT determined that CRT0066854 inhibits PKCι activity by 87% and PKCζ 

activity by 77% in vitro at 1 μM inhibitor concentration. In a panel of 84 kinases 

with reported links to tumourigenesis, CRT found additional kinases with 

significant inhibition at 1 μM CRT0066854 concentration; ROCK-II (63%), PRK2 

(84%), IKKα (71%) and LIMK1 (58%). Surprisingly, none of the cPKC or nPKC 

isoforms showed significant inhibition at 1 μM CRT0066854 concentration; the 

highest inhibition was observed for PKCδ (11%) (personal communication, Jon 

Roffey). Thus, compared to other known aPKC inhibitors, CRT0066854 is 

relatively selective. It is clear however, that increased selectivity is required to 

ensure the fidelity of an aPKC response in signalling pathways. 

2.5.2. CRT0065888 inhibits the PKCι kinase domain lacking AL 

phosphorylation 

Another compound optimised by CRT from a hit in the initial screen with PKCιk 

named CRT0065888 was tested in the ADP Quest™ assay. The dose response 

curves for the fully primed PKCιk
AL/TM/HM*, PKCζk

AL/TM/HM* and PKCεk
AL/TM/HM 

show no detectable sensitivity for CRT0065888 at inhibitor concentrations up to 

100 μM (Figure 2-10). Of the partially primed PKC kinase domains however, 

PKCιk
TM/HM* is significantly inhibited with a CRT0065888 IC50 value of 1.05 μM 

whereas neither PKCεk
(AL)/(HM) nor PKCεk

(TM)/(HM) show any inhibition by the 

compound (Figure 2-10 and Table 2-3). CRT0065888 induces low levels of 

PKCζk
TM/HM* inhibition at high concentrations, but full inhibition was not reached 

at 100 μM CRT0065888 concentration and an accurate IC50 could not be 

determined. In contrast to CRT0066854, CRT0065888 was determined by CRT 

to be a non-ATP competitive inhibitor of PKCιk and is a promising candidate for 

in vivo inhibition given that the AGC kinases’ extremely similar ATP-binding 

pockets cause difficulty in developing selective inhibitors. As can be seen here 

for CRT0065888, non-ATP competitive inhibition has the potential for a higher 

degree of selectivity against PKCι than can be accomplished by ATP 

competitive inhibition. 



 PKC kinase domain production, phosphorylation and enzymatic activity 

Kostelecky PhD Thesis 2009 78 

 

Figure 2-10: Dose response to CRT0065888 
Dose response curves are shown for several PKC kinase domain species to 
CRT0065888 as determined by ADP Quest™ endpoint assay (described in Section 
8.6.5.3). The left panel shows fully primed PKCιk, PKCζk and PKCεk with increasing 
concentrations of inhibitor. The right panel shows species lacking phosphorylation at one 
or more sites of the same PKC kinase domain isoforms. Scaling for all graphs is the 
same, though the highest RFU value for each was normalised to allow better comparison. 
Curves were fitted with SigmaPlot software using a simple dose-response fit for 
PKCιk

TM/HM* and a linear fit for all other datasets. Results are representative of 
experiments conducted in triplicate on at least two independent samples. Error bars 
represent standard deviation from the mean. 

The PKCιk protein provided by our lab for the CRT screen was affinity purified 

PKCιk containing a mixture of PKCιk
AL/TM/HM* and PKCιk

TM/HM*. Studies 

conducted both for this thesis and by Dr. Svend Kjaer established that 

CRT0065888 inhibits only the PKCιk
TM/HM* phospho-species. If aPKC activity 

can be transiently modulated in vivo by dephosphorylation of the AL as we have 

hypothesised, a drug specifically targeting PKCι in the AL dephosphorylated 

state could be an effective and highly selective inhibitor. Targeting a PKC 

lacking phosphorylation at the AL is a novel inhibitory strategy which has yet to 

be explored in depth. This may be in part because dephosphorylation of some 

PKC family members promotes degradation (Hansra et al., 1996; Hansra et al., 

1999) and the idea of regulating an inactivated enzyme destined for degradation 

may appear redundant. The findings presented in this thesis suggest it is 
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possible that AL phosphorylation could be transient instead of static for the 

aPKC isoforms and the pharmacological targeting of a PKC isoform lacking AL 

phosphorylation may be worth pursuing for PKCι and PKCζ. 

2.6. Conclusions 

Results in this chapter have shown that it is possible to express a variety of 

recombinant PKC kinase domains in a BV system and to promote post-

translational phosphorylation of the AL by co-expression of PDK1 kinase. 

Additionally, a purification protocol allowing the separation of different PKC 

kinase domains in various priming states has been presented. Kinase activity 

data from the various PKC kinase domain phosphospecies show that AL 

phosphorylation increases enzyme efficiency approximately 10-fold for PKCεk, 

PKCιk and PKCζk. These experiments in conjunction with those from our 

collaborators at CRT have also provided evidence for two potent PKC inhibitors; 

one is a selective ATP-competitive compound targeting atypical PKCs 

(CRT0066854) and the other a non-ATP competitive inhibitor highly specific for 

PKCιk lacking AL phosphorylation (CRT0065888). The following chapters have 

built upon the results of the production and characterisation of PKC kinase 

domains reported here. The purified recombinant PKC kinase domains have 

been used in crystal screening and a crystal structure of PKCζk with 

CRT0066854 is presented in Chapter 3. Additionally, the PKC kinase domain 

constructs were used to reconstitute PKC holoenzyme complexes containing 

regulatory domains, reported in Chapter 4. 
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3. Crystal structure of the PKC zeta kinase domain 
bound to CRT0066854 

3.1. Aims 

A primary aim of this thesis project was to examine the architecture of PKC 

kinase domains to compare different isoforms to previously determined 

structures of PKC and AGC kinases. As described in the previous chapter, a 

panel of PKC kinase domains was expressed and purified to maximise the 

chances of obtaining one or more X-ray crystal structures. This approach has 

resulted in our group successfully determining crystal structures for two PKC 

kinase domain structures, PKCζk (presented here) and PKCιk. The expression 

of these PKC kinase domains has additionally provided a platform for the 

investigation of further PKC structures that is currently ongoing in the 

laboratory. 

In this chapter the crystal structure of PKCζk is presented bound to the ATP-

competitive inhibitor CRT0066854, solved by X-ray crystallography to 2.8Å 

resolution (termed PKCζk
CRT0066854). As expected, the inhibitor is bound in the 

PKCζk ATP-binding pocket consistent with the observed location of inhibitors in 

previously solved PKC kinase domain structures (Grodsky et al., 2006; 

Messerschmidt et al., 2005; Xu et al., 2004). Unexpectedly, however, the 

inhibitor is also bound to a second site outside the ATP-binding pocket with the 

CRT0066854 planar ring structure sandwiched between Y263 and W296 of 

PKCζ. Comparison of the crystal structure PKCζk
CRT0066854 to PKCιk

CRT0066854 

reveals the CRT0066854 inhibitor binds PKCι in an identical orientation in the 

ATP-binding pocket, but is not bound at the second site. Analysis of 

CRT0066854 binding interactions in the PKCζk structure has allowed us to 

propose which residues are likely involved in determining the inhibitor’s 

specificity for atypical PKC. Additionally, observed PKCζk contacts with 

symmetry mates and crystallisation compounds have highlighted important 

features of the PKCζ structure and allowed the formation of testable hypotheses 

with regard to substrate and regulatory domain binding interfaces. 
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3.2. Crystal screens, optimisation and freezing 

3.2.1. Microcrystals obtained from crystal screens for PKCζk were 

successfully optimised 

Crystallisation trials were performed for each of the PKC kinase domains 

PKCεk, PKCηk and PKCζk. Each of the PKC kinase domain proteins was 

soaked with either the non-hydrolysable ATP analogue 5’-adenylyl-β,γ-

imidodiphosphate (AMPPNP) or an ATP-competitive inhibitor before preparation 

of the crystal drops. Initial vapour diffusion experiments were prepared with a 

Mosquito Crystallization Robot (Molecular Dimensions Limited) using 200 - 400 

nl drops (Section 7.1). 

 

Figure 3-1: PKCζk crystals 
PKCζk crystals were obtained by vapour diffusion in sitting drops. A) PKCζk

CRT0066175 co-
crystals were grown in 21% (w/v) PEG-3350, 200 mM NaF, 100 mM LiCl, 100 mM MES 
pH 6.7. B) PKCζk

CRT0066854 co-crystals grown in 100 mM sodium nitrate, 18% (w/v) PEG-
3350, and 8% Tascimate pH 5.5 for 4 weeks at 15ºC. Scales shown in the figure are 
approximate. 

The most promising initial results were obtained for fully primed PKCζk when 

co-crystallised with CRT0066175, a precursor of CRT0066854. When added to 

CRT0066175, PKCζk formed microcrystals under several different conditions at 

4ºC. Optimisation of the conditions for PKCζk
CRT0066175 co-crystals resulted in 

production of single crystals with approximate dimensions 0.05 mm x 0.05 mm x 
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0.05 mm (Figure 3-1A). However, no diffraction was observed for the 

PKCζk
CRT066175 crystals at the European Synchrotron Radiation Facility 

beamline. 

Further co-crystallisation trials with PKCζk and CRT0066854 also resulted in the 

formation of microcrystals under several conditions, this time at both 15ºC and 

4ºC. The most readily optimised crystals of PKCζk
CRT0066854 were obtained using 

conditions containing sodium nitrate and polyethylene glycol (PEG) as 

precipitants and Tascimate buffer (Hampton) at 15ºC. The concentration of 

each of the precipitant was optimised, as was the pH of Tascimate. The final 

crystallisation conditions for PKCζk
CRT0066854 were 100 mM sodium nitrate, 18% 

(w/v) PEG-3350 and 8% Tascimate pH 5.5. Crystals continued to grow for up to 

4 weeks at 15ºC to a maximum size of 0.3 mm x 0.15 mm x 0.15 mm (Figure 

3-1B). 

3.2.2. Cryo condition optimisation allowed collection of crystal 
diffraction data to 2.4Å resolution 

Crystals grown by the optimised method described above diffracted to 

approximately 3.0Å. The diffraction data obtained at 100 K was impossible to 

process, however, because of heavy ice ring diffraction and streaked diffraction 

spots. Several additives were screened for their ability to protect against ice 

formation at 100 K without compromising the diffraction limit of the crystals. 

Optimal results were obtained when the crystals were soaked for 1 minute in 

100 mM sodium citrate, 22% (w/v) PEG-3350, 10% Tascimate pH 5.5 and 5% 

(v/v) glycerol, followed by a 1 minute soak in a similar buffer with the glycerol 

concentration increased to 10%. The crystals grown and cryoprotected as 

described diffracted to between 2.4Å and 3.5Å. The datasets collected to 2.4Å 

resolution contained more than one lattice and the data were unprocessable. 

We therefore used the dataset from a crystal which diffracted to 2.8Å for 

processing and solution of the PKCζk
CRT0066854 structure. 
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3.3. Data collection and structure refinement of 

PKCζk
CRT0066854 

3.3.1. Data collection of PKCζk
CRT0066854 to 2.8Å 

The native data set for the PKCζk
CRT0066854 was collected at the Diamond Light 

Source beamline I-03 to a resolution of 2.8Å (Figure 3-2). PKCζk
CRT0066854 

crystallised in space group I422 and one PKCζk molecule was present in the 

asymmetric unit. The data were processed and scaled using XDS (Kabsch, 

1988; Kabsch, 1993). Phaser (McCoy et al., 2007) was used for molecular 

replacement using the published PKCι kinase domain (PKCιk
BIM-1, PDB code 

1ZRZ) as a model. The data collection statistics are shown in Table 3-1. 

 

Figure 3-2: Diffraction pattern for PKCζk
CRT0066854 data collection 

A sample diffraction pattern is shown for PKCζ kinase domain co-crystallised with 
CRT0066854. A full dataset was collected at Diamond Light Source on beamline I-03 to 
2.8Å. 

The value Rp.i.m. is reported here as a supplementary statistic to the Rmerge 

value. Rp.i.m. is able to take into account the large redundancy of the measured 

data (Weiss, 2001). Rp.i.m. is listed here to demonstrate that although the Rmerge 

value is higher than would normally be expected for a dataset with low 

redundancy, the precision of the average intensity has actually increased with 

the extra measured reflections. 
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Table 3-1: Data collection statistics for PKCζkCRT0066854 

X-ray source Diamond Light Source I-03 
Wavelength (Å) 0.9200 
Temperature (K) 100 
Space group I422 
Cell dimensions (Å) 101.6, 101.6, 137.1 
α, β, γ (º) 90.0, 90.0, 90.0 
Resolution (Å) 41.7 – 2.8 (3.0 – 2.8) 
Total reflections 80119 (9897) 
Unique reflections 8651 (1106) 
Redundancy 9.3 (8.9) 
Completeness (%) 93.8 (85.1) 
I/σ 14.0 (3.0) 
Rmerge

a (%) 14.2 (48.1) 
Rp.i.m.

b (%) 6.0 (31.1) 
a Rmerge is defined by Equation 7-2 
b Rp.i.m. is defined by Equation 7-3 
Data for the outermost shell are in parentheses 
 

3.3.2. Structural refinement of PKCζk
CRT0066854 

Table 3-2: Refinement statistics for PKCζk:CRT0066854 

Rwork
a (%) 20.9 

Rfree
b (%) 26.0 

Mean B-Factors (Å2)  
     Wilson 45.1 
     Protein 40.5 
     Solvent 36.0 
Ramachandran Plot (%)  
     Favoured 93.9 
     Allowed 4.8 
     Outliers 1.3 
Rmsd from target geometry  
     Bond lengths (Å) 0.002 
     Bond angles (º) 0.826 
aRwork is defined by Equation 7-6 
bRfree was calculated as Rwork using a 5% subset of the data omitted before refinement 
 

Refinement of the PKCζkCRT0066854 structure was done with PHENIX (Adams et 

al., 2002) and rebuilding was performed using Coot (Emsley and Cowtan, 

2004). The refined model includes 216 total residues from PKCζk and two 

CRT0066854 inhibitor molecules per PKC kinase domain. The final Rwork and 
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Rfree are 20.9% and 26.0%, respectively. See Table 3-2 for additional model 

refinement statistics. 

3.4. The structure of PKCζk bound to CRT0066854 

3.4.1. The PKCζk
CRT0066854 crystal structure exhibits features of a 

classic active kinase 

The resolved crystal structure of the PKCζ kinase domain reveals a ubiquitous 

bi-lobal protein kinase fold (Figure 3-3). The N-lobe contains a β-sheet 

composed of five anti-parallel β-strands and one α helix (termed αC using 

standard PKA nomenclature). The C-lobe is connected to the N-lobe by a short 

hinge region and is composed mainly of α helices. 

 

Figure 3-3: Structure of PKCζk
CRT0066854 

A model of PKCζk is shown bound to two CRT0066854 molecules. A rainbow 
representation (left) indicates the primary sequence from indigo at the N-terminus to red 
at the C-terminus. The right panel highlights key AGC kinase structural features in 
magenta. Phosphorylated activation loop pT410 and hydrophobic motif pT560 are shown 
with phosphate groups in orange. The inhibitor molecules CRT0066854-a and -b are 
represented with yellow stick models. All structure figures in this chapter were prepared 
using PyMOL (Delano, 2002) unless otherwise indicated. 
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As expected from WB analysis of the PKCζk protein used for crystallisation, 

phosphorylation was observed at both the activation loop T410 and at the turn 

motif T560. The hydrophobic motif (residues 575 – 583) is well ordered and 

bound to the hydrophobic cleft in the N-lobe. The ATP-binding pocket at the 

interface between the N- and C- lobes was found to be occupied by the inhibitor 

CRT0066854. In addition, an unexpected second CRT0066854 inhibitor 

molecule was observed outside of the ATP-binding pocket (Figure 3-3). To 

distinguish between the two inhibitor molecules, the molecule bound in the ATP-

binding pocket will be referred to as CRT0066854-a and the molecule bound 

outside the ATP-binding pocket as CRT0066854-b. 

A sequence alignment of PKA, PKB/Akt and several PKCs shows the sequence 

similarity of many key features in the AGC kinase family (Figure 3-4). The 

structures of elements shown in magenta boxes in the sequence alignment are 

considered indicative of whether a kinase is in the active or inactive state (see 

review (Huse and Kuriyan, 2002)) and correlate to the regions coloured 

magenta in Figure 3-3. Each of the key features defining active kinase structure 

for PKCζ will be discussed in the paragraphs that follow. 

The PKCζk
CRT0066854 structure exhibits the most essential characteristic defining 

active kinase conformation, a salt bridge between E300 and K281 (Figure 

3-5A). The formation of the salt bridge between K281 (K72PKA) with E300 

(E91PKA) is critical for priming phosphorylation of PKC isozymes (Cameron et 

al., 2009). Additionally, K281 is associated with ATP binding and mutation of 

homologous lysine residues in AGC kinases renders them catalytically inactive 

(Gibbs and Zoller, 1991; Ohno et al., 1990). A related feature important for 

formation of an active kinase is the ordering of the αC helical structure (E300 is 

located on αC). It has been shown that ordering of this helix in PKB is brought 

about by association of the HM with the hydrophobic cleft formed by αC and a β 

strand of the N-lobe (Yang et al., 2002a; Yang et al., 2002b). In the PKCζ 

structure, the phosphomimetic glutamate E579 at the carboxy-terminal tail is 

wrapped back to the top of the N-lobe similar to that observed in the PKB 

structure. At this site E579 makes mid-range contacts with Q321 and appears to 

orient the hydrophobic motif’s aromatic residues in a conformation which 
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promotes their interaction with the hydrophobic cleft. The correct folding of the 

αC helix is therefore likely a result of the occupation of the hydrophobic cleft 

(Figure 3-5B) similar to the mechanism previously described for PKB. 

 

Figure 3-4: AGC kinase domain sequence alignment 
The alignment shows sequences from several AGC kinase domains for which X-ray 
crystal structures are available. Magenta boxes denote structural elements highlighted in 
the text and corresponding figures. A key is provided at the bottom of the figure to define 
highlighted elements. The figure was adapted from a sequence alignment performed 
using ClustalW2 (Larkin et al., 2007). 
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Figure 3-5: PKCζk
CRT0066854 is in an active conformation 

A) The critical AGC kinase salt bridge is shown. B) The HM binds the hydrophobic cleft 
and the αC-helix. C) The phosphorylation at T410 is co-ordinated by several residues, 
assisting in the formation of a fixed AL conformation. D376 points toward the ATP- and 
substrate-binding sites. D) The glycine-rich loop of PKCζk is in the ‘closed’ conformation 
and would allow interaction of the mainchain nitrogens with the ATP phosphates. Shown 
in grey is an example of an ‘open’ glycine-rich loop from PKA (PDB code 1CMK (Zheng 
et al., 1993)). PKCζk residues are shown in blue and magenta for featured structural 
elements as designated in Figure 3-3 and Figure 3-4. CRT0066854-a is shown in yellow. 
Distances ≤ 3.0 Å are shown in magenta and distances between 3.0 Å - 4.0 Å in black. 

Additional evidence for an active form of the enzyme is found in the PKCζk 

activation loop which is in a stable conformation below helix αC. The 

phosphorylated pT410 is co-ordinated by R375 and activation loop residues 

K399 and T408 (Figure 3-5C). The co-ordination of pT410 by R375 places the 

neighbouring D376 in position to act as a base and accept a proton from the 

substrate as has been described for the equivalent residues of PKA (R165 and 

D166) (Knighton et al., 1991a; Yoon and Cook, 1987). Without phosphorylation 

at the activation loop and correct folding of αC, this region is highly flexible and 

disordered leading to decreased PKC activity. The final defining characteristic of 
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an active kinase conformation is the correct positioning of the so-called glycine-

rich loop. The backbone nitrogen atoms in this region serve to co-ordinate ATP 

when the glycine-rich loop is ‘closed’. The glycine-rich loop is found in the 

closed conformation in the PKCζk
CRT0066854 structure (Figure 3-5D). PKCζk 

therefore displays all the characteristics indicative of a fully active kinase 

conformation. 

3.4.2. A comparison of PKCζ to the PKCι kinase domain structures 

reveals differences in conformation and inhibitor binding 

The closest published model to the PKCζ kinase domain structure is that of 

PKCιk
BIM-1 (PDB code 1ZRZ, (Messerschmidt et al., 2005)). The r.m.s. 

difference for PKCζk
CRT0066854 compared to the PKCιk

BIM-1 structure is 0.9Å over 

293 Cα positions (Figure 3-6). The most significant difference in terms of active 

conformation status is the extra two turns of the αC helix in the PKCζk
CRT0066854 

compared to PKCιk
BIM-1 (Figure 3-6). Additionally, the glycine-rich loop 

responsible for binding the phosphates of ATP is in an ‘open’ conformation in 

PKCιk
BIM-1, whereas it is closed in the PKCζk

CRT0066854 structure. 

 

Figure 3-6: Comparison of PKCζk
CRT0066854 and the published structure of PKCιk

BIM-1 
A comparison of PKCζ kinase domain structure and the published structure for PKCι 
shows differences in the Cα helix structure, the glycine-rich loop placement and the 
refinement of residues 550-557. PKCζk is shown in blue and PKCιk in grey. 
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An additional significant difference between PKCζk
CRT0066854 and PKCιk

BIM-1 is 

the sequence from 550 to 557 (numbering for PKCζ) at the amino-terminus of 

the turn motif phosphorylation. In the PKCιk
BIM-1 structure, this region is not 

present, presumably because poor electron density due to its flexibility 

prohibited resolution of the area. In the PKCζk
CRT0066854 structure, 550-557 is 

visible. Though the region from 550-557 does not appear to have any 

secondary structure or associate with any other residues of its own kinase 

domain in the representations shown (Figure 3-3 and Figure 3-6), it makes 

contacts with a symmetry mate which stabilises its structure. The significance of 

this structural feature will be discussed in detail in Section 3.4.6 below. 

The PKCι kinase domain was also co-crystallised in our laboratory by Dr. 

Svend Kjaer with the CRT0066854 inhibitor and the structure was solved to 

2.7Å by Dr. Andrew Purkiss. The overall statistics for the PKCιk
CRT0066854 (Rwork 

= 23.1%, Rfree = 28.2%) are better than those reported for PKCιk
BIM-1 (resolution 

3.0Å, Rwork = 24.9%, Rfree = 33.3%). Unlike PKCζk
CRT0066854 which crystallised 

with one protomer in the asymmetric unit, the asymmetric unit of PKCιk
CRT0066854 

crystals contained three kinase domain molecules. The r.m.s. differences 

between PKCζk
CRT0066854 and protomers A, B and C of PKCιk

CRT0066854 were 

1.0Å (292 Cα), 1.0Å (294 Cα) and 0.9Å (284 Cα), respectively. PKCιk
CRT0066854 

contained a CRT0066854 molecule bound in the ATP pocket in a similar 

orientation to that observed for PKCζk
CRT0066854. The presence of a second 

CRT0066854 outside the ATP-binding site was a feature unique to the 

PKCζk
CRT0066854 structure and was not observed in any of the three 

PKCιk
CRT0066854 protomers. 

None of the PKCι kinase domain structures solved to date meet all of the 

criteria as defined by Huse and Kuriyan as necessary to be considered in the 

fully active state. PKCιk
BIM-1 for instance, has a partially disordered αC helix and 

its glycine-rich loop is in an open conformation which would be unable to co-

ordinate ATP. In the PKCιk
CRT0066854 structure, helix αC is slightly unwound in 

one molecule of the asymmetric unit, though key αC and activation loop 

residues appear aligned properly for catalysis. Comparisons to the 
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PKCζk
CRT0066854 crystal structure are made in all subsequent text to this 

PKCιk
CRT0066854 protomer (defined in the PDB file as chain A). The other two 

PKCιk
CRT0066854 protomers’ salt bridges (K274PKCι to E293PKCι) are not intact, 

reducing their ability to bind ATP. PKCζk
CRT0066854 therefore represents the first 

atypical PKC kinase domain crystallised in a fully active, ATP- and substrate-

binding competent state. 

3.4.3. PKCζ and PKCι bind CRT0066854 in a similar manner, 

distinct from binding to BIM-1 

Analysis of the PKCζ kinase domain structure revealed several residues which 

contribute to CRT0066854-a association with PKCζk (Figure 3-7A shows a 

stereo representation of the PKCζk
CRT0066854 ATP-binding pocket structure). 

Hydrogen bonding and salt-bridge contacts to CRT0066854 are made by D337 

and T393 sidechains and by the main chain oxygen of D380 and nitrogen of 

V333. D337 and D380 form hydrogen bonds with the amide group of the 

CRT0066854 inhibitor and appear to play a role in determining the molecule’s 

orientation in the nucleotide-binding pocket. Hydrophobic contributions to the 

binding of CRT0066854 to this pocket are provided by I258, V266, I330, Y332, 

L383, D394 and the aliphatic chain of K281. Table 3-3 on page 95 gives a 

comprehensive overview of the PKCζk residues involved in co-ordination of the 

CRT0066854 inhibitor molecule bound in the ATP binding pocket. 

A superposition of ATP-bound PKA and PKCζk
CRT0066854 reveals that the planar 

ring structure of CRT0066854 occupies the same region of the nucleotide-

binding pocket as the adenosine and the α phosphate groups of ATP (Figure 

3-7B). The non-planar phenyl ring of CRT0066854 occupies the same pocket 

as F327PKA despite conservation of the phenylalanine residue in PKCζ 

(F548PKCζ) and forces F548 out of the ATP-binding site. The electron density for 

the sequence from 538-549 is uninterpretable in the PKCζk
CRT0066854 structure, 

perhaps as a result of this displacement of the F548PKCζ sidechain from the 

ATP-binding pocket. 
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Figure 3-7: CRT0066854 bound in the ATP-binding pocket of PKCζ 
A) A stereo representation of CRT0066854 binding to the ATP pocket of PKCζk is shown. 
The electron density map (2mFo-DFc) for CRT0066854-a was contoured at 1.0σ. PKCζk 
is shown in blue and CRT0066854-a as yellow sticks. Key residues are labelled in black. 
B) Superpositions of PKCζk-bound CRT0066854 with PKA-bound ATP (PDB code 1ATP) 
C) PKCιk-bound CRT0066854 and D) PKCιk-bound BIM-1 (PDB code 1ZRZ) are shown. 

In the crystal structures of PKCζk
CRT0066854 and PKCιk

CRT0066854, similar residues 

were identified as responsible for co-ordination of the inhibitor molecule (Table 

3-3) and a structural alignment of PKCζ and PKCι (aligned using residues 337-

537 of the C-lobe) shows good superposition of the two CRT0066854 

molecules (Figure 3-7C). In contrast, the PKCιk
BIM-1 structure shows a marked 

difference in the orientation of the inhibitor in the ATP-binding pocket that is 

unsurprising given their divergent ring organisations and planarity (Figure 3-7D). 

The crystal structure of 2-methyl-1H-indol-3-yl-BIM-1 (miBIM-1)-bound PKCβII 

kinase domain shows miBIM-1 bound in a similar manner (PDB code 2I0E, 

(Grodsky et al., 2006)) to that of BIM-1 in PKCιBIM-1, indicating this is the BIM 

orientation relevant for analysis of binding to the ATP pocket. The ATP-binding 

pocket environments and inhibitor-interacting residues for PKCζk
CRT0066854, 

PKCιk
CRT0066854, PKCιk

BIM-1 and PKCβIIkmiBIM-1 are shown in Figure 3-8. 



 Crystal structure of the PKC zeta kinase domain bound to CRT0066854 

Kostelecky PhD Thesis 2009 93 

 

Figure 3-8: Residues co-ordinating PKC inhibitors 
Key interactions between PKC kinase domains and inhibitors in the ATP binding pocket 
are shown for A) PKCζk with CRT0066854, B) PKCιk with CRT0066854, C) PKCβIIk and 
miBIM-1 (PDB code 2I0E (Grodsky et al., 2006)) and D) PKCιk with BIM-1 (PDB code 
1ZRZ (Messerschmidt et al., 2005)). PKCζk is shown in blue, PKCιk is shown in grey, 
PKCβIIk is shown in pink, CRT0066854 is shown in yellow and BIM-1 inhibitors are shown 
in purple. Residues interacting with the respective inhibitors are displayed as sticks and 
are labelled with black text. Polar interactions with distances ≤ 3.2Å are indicated with 
dotted lines coloured magenta. 
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3.4.4. CRT0066854 association with the PKCζk ATP-binding pocket 

provides a basis for selectivity 

Protein kinases exhibit similar protein folds and ATP-binding pockets. This 

similarity has made the design of specific inhibitors challenging given that minor 

changes in the ATP-binding pocket can confer large differences in affinity. The 

Shokat group showed for instance that mutation of single residue in the ATP-

binding pocket of v-Src from isoleucine to the slightly larger methionine (I338Mv-

Src) reduced the efficacy of the Src inhibitor PP1. Additionally, the mutations 

I338Av-Src and I338Gv-Src increased the potency of PP1 for Src. Corresponding 

mutations in S/T kinases (CamKII, Cdk2 and p38 MAPK) of the residue 

equivalent to I338v-Src to glycine substantially increased the ability of PP1 to 

inhibit them (Liu et al., 1999). Additional work by the Bossemeyer group has 

shown that with a small number of conservative mutations in the ATP-binding 

pocket, PKA can effectively mimic the binding properties of a variety of S/T 

kinases for their specific inhibitors (Breitenlechner et al., 2003; Breitenlechner et 

al., 2005; Gassel et al., 2004; Gassel et al., 2003). 

Table 3-3 lists the residues identified as part of the inhibitor co-ordination 

sphere (shown in Figure 3-8) with homologous residue numbers assigned for 

reference. Of the residues involved in CRT0066854 binding, BIM-1 binding or 

both, the sidechain identity differs for five residues; I258, V314, I330, L383 and 

T393 (numbering for PKCζ). The roles these residues potentially play in 

conferring specificity for BIM-1 and CRT0066854 to various PKC isoforms is 

considered in the following paragraphs. 

L383 corresponds to a methionine residue in PKCβ, as is the case for all the 

conventional PKC isoforms. However, all of the novel PKC isoforms have a 

leucine at this position. Because BIM-1 is a better inhibitor for the cPKC 

isozymes, it is possible that a methionine residue at this position is an important 

factor in determining BIM-1 specificity. In fact, the leucine at this position was 

mutated in PKA to a methionine (in addition to two other mutations) by the 

Bossemeyer group to effectively mimic the PKB ATP-binding pocket and make 

it competent to bind a BIM inhibitor (Gassel et al., 2004). As described in 
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Section 2.5.1, the CRT0066854 inhibitor is far more potent for aPKC than for 

nPKC. Thus, although L383 appears to play a role in BIM-1 selectivity, it seems 

unlikely to be responsible for conferring CRT0066854 specificity since the nPKC 

subfamily leucine residue is identical to that found in aPKCs. 

Table 3-3: Residues involved in PKC inhibitor binding 

PKCζ 
CRT0066854 

PKCι 
CRT0066854 

PKCι 
BIM-1 

PKCβII 
miBIM-1 

I258 I251 I251 L348 
G259 G252 G252 G349 
G261 G254 G254 G351 
V266 V259 V259 V356 
A279 A272 A272 A369 
K281 K274 K274 K371 
V314 V307 V307 T404 
I330 I323 I323 M420 
Y332 Y325 Y325 Y422 
V333 V326 V326 V423 
G336 G329 G329 G426 
D337 D330 D330 D427 
D380 D373 D373 D470 
L383 L376 L376 M473 
T393 T386 T386 A483 
D394 D387 D387 D484 
- Bold letters indicate the residue was involved in binding the inhibitor indicated in the 
row header. 
- Grey lettering indicates the equivalent residues to those shown in bold for the 
indicated proteins. 
- Light blue highlighting indicates those residues proposed to be important for BIM-1 
and CRT0066854 binding specificity 

 

The residue V314 corresponds to a threonine in the cPKC and nPKC isoforms 

as well as in PKB. The threonine residue here also appears a likely candidate 

for determining BIM-1 specificity, given that its sidechain oxygen is involved in 

co-ordinating BIM-1. The equivalent interaction is not possible with the valine 

(V314) sidechain found in aPKC isozymes. Additionally, given that V314 

contributes hydrophobic contacts to the CRT0066854-binding environment, it 

may function to promote selectivity of PKCζ for CRT0066854 while 

simultaneously providing a sub-optimal BIM-1 co-ordination sphere. 

Another residue likely to determine CRT0066854 specificity for aPKC is I330. 

The residue corresponding to the isoleucine at position 330 is a methionine in 
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all other PKC isoforms and in PKB/Akt and PKA. Its sidechain is involved in 

hydrophobic contacts with CRT0066854 and it is possible that although a 

methionine at this position would provide a similarly hydrophobic environment, 

its additional bulk might disrupt the co-ordination of CRT0066854. There is 

precedent for such a conservative change being capable of dictating kinase 

specificity, as shown by (Liu et al., 1999) for v-Src as discussed above. 

Similarly, isoleucine 258 may play a role in selectivity. Isoleucine at this position 

is unique to the aPKCs where the equivalent residue is a leucine in all other 

PKCs. The slight change induced by the isoleucine to leucine switch may play a 

role in the difference in BIM-1 sensitivities for the respective isoforms. 

The threonine at position 393 is another good candidate for conferring aPKC 

selectivity for CRT0066854 because its sidechain oxygen is involved in 

hydrogen bonding a nitrogen of the planar CRT0066854 ring structure. The 

corresponding residue in other PKC isoforms is an alanine and therefore unable 

to form this hydrogen bond. The exception is PKCγ which also contains a 

threonine at this position, as do PKB and PKA. Experiments conducted by CRT 

determined PKB and PKCγ to be unresponsive to CRT0066854 at 1 μM 

inhibitor concentration in in vitro assays, compared to 77% inhibition for PKCζ 

(personal communication, Jon Roffey). In light of the fact that T393 has a 

corresponding threonine residue in PKA, PKB and PKCγ, if T393 is indeed 

involved in determining aPKC selectivity for CRT0066854 it is likely to be 

assisted by other changes in the ATP-binding pocket. A clearer picture of which 

residues are vital for specific binding of CRT0066854 to PKCζ and PKCι can be 

reached with further experiments such as ATP activity assays and structural 

studies of kinase domains harbouring the above-mentioned mutations. 

3.4.5. A second CRT0066854 molecule is bound outside the ATP-
binding pocket 

Refinement of the PKCζk
CRT0066854 structure revealed an unexpected inhibitor 

molecule bound to a site outside the ATP-binding pocket and near the 

substrate-binding cleft (Figure 3-3 and Figure 3-9A). The large planar ring 

structure of CRT0066854-b is found sandwiched between the aromatic rings of 
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W296 and Y263. Additional stabilisation of CRT0066854-b is provided by 

hydrophobic contacts from M397 and V283. Additionally, a hydrogen bond is 

formed between the CRT0066854 amide group and the sidechain of D293. Of 

the residues co-ordinating the CRT0066854-b molecule, residue W296 is 

unique in that it is conserved only in the atypical PKC isoforms and it represents 

the only non-conservative change for the CRT0066854-b-associated residues 

between other related proteins. PKA and PKB have a histidine at this position 

whereas PKCβ and PKCθ have a cysteine. This second CRT0066854 

interaction is therefore likely possible only with the aPKC isoforms. 

 

Figure 3-9: Co-ordination of a second CRT0066854 molecule by PKCζ 
A) The co-ordination site for CRT0066854-b is shown in two different orientations. The 
electron density map 2mFo-DFc is contoured at σ = 1.0. B) The distance between 
CRT0066854-a and –b is 6.3Å. C) Sidechains for PKCζ residues corresponding to Y263 
and W296 are found in orientations differing from those for PKCι. PKCζ is shown in blue, 
PKCι is shown in grey and CRT0066854 is shown in yellow. 

The two CRT0066854-binding sites are 6.3Å apart at their closest atoms. This 

led us to consider that linking the two inhibitor molecules at the closest positions 

might assist in the development of a more specific aPKC inhibitor (Figure 3-9B). 
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This possibility is particularly intriguing in light of the fact that the anti-cancer 

drug Gleevec binds not only the ATP pocket of its target, but extends into the 

region of the AL. This elongated structure presumably prevents the AL from 

adopting a conformation which allows substrate binding and thereby confers 

added specificity to the inhibitor (Schindler et al., 2000). We are working with 

collaborators at CRT to determine whether the development of such a linked 

inhibitor could be successful in selective aPKC inhibition. 

Unlike PKCζk
CRT0066854, the PKCιk

CRT0066854 crystal structure contains no inhibitor 

at the position outside the ATP-binding pocket, though each residue co-

ordinating CRT0066854-b in PKCζ is conserved in PKCι. The absence of 

CRT0066854 at this location is not a matter of weak density as clear electron 

density is seen for the same region in PKCιk
CRT0066854. The equivalent PKCιk 

residues to Y263PKCζ and W296 PKCζ are not aligned in parallel planes in PKCι 

as observed in PKCζ co-ordination of CRT0066854-b (Figure 3-9C). D293PKCζ 

and W296PKCζ are located on the αC helix and CRT0066854-b co-ordination by 

these residues appears to stabilise formation of almost two additional αC helix 

turns. The presence of CRT0066854-b at this site also disrupts formation of the 

αB helix and highlights the plasticity of the kinase domains’ αB/αC interface. 

It is unclear whether the second CRT0066854-binding site in PKCζ is present in 

solution or is a crystallisation artefact. CRT0066854-b is found at the interface 

of PKCζ and a symmetry related molecule. Coupled with the fact that no second 

binding site for CRT0066854 is observed in the PKCι structure despite strict 

conservation of the co-ordinating residues, it is plausible that this inhibitor-

binding site is not present in solution. Fluorescence quenching experiments 

were conducted to determine whether W296 fluorescence decreased upon 

addition of CRT0066854 to PKCζk in solution. As the only tryptophan residue 

exposed to the surface of the protein, it was expected that any significant 

decrease in fluorescence upon CRT0066854 addition would be due to 

decreased movement by the W296 sidechain, thus indicating CRT0066854 

binding to the PKCζ site outside the nucleotide-binding pocket. Due to the 

dimethyl sulfoxide (DMSO) in which the CRT0066854 compound was dissolved, 

results for these experiments were inconclusive. A definitive answer to the 
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question of whether CRT0066854 binds PKCζ at the second site should be 

measurable by this method if DMSO were to be removed from the experiments. 

3.4.6. The turn motif of a symmetry-mate is associated with the 

PKCζ substrate-binding cleft 

In the PKCζk
CRT0066854 structure, a stretch of residues near the TM (residues 

537-558) is not associated with the main body of the protein. In fact, amino 

acids from 552 to 560 lie in the substrate-binding cleft of a symmetry mate in 

the correct orientation from N- to C- terminus (Figure 3-10A), as defined by 

peptide binding in the substrate-binding clefts of PKA and PKB (PDB codes 

1ATP and 1O6L, respectively) (Knighton et al., 1991b; Yang et al., 2002a). 

There are several differences in the binding modes of the ‘substrate’ sequences 

observed between PKA, PKB and PKCζ structures. First, PKCζ lacks the 

arginine residues critical for substrate recognition (Nishikawa et al., 1997), 

particularly the arginine at the -3 position (relative to the phospho-accepting 

residue) (Figure 3-10A). The PKA and PKB substrates’ arginine residues reach 

into their respective kinase clefts, acting to ‘grip’ the substrate to the active site 

cleft (Figure 3-10B&C). Consistent with it lacking critical arginines, the PKCζ 

sequence is unable to engage deeply in this cleft and is misaligned such that 

the residue at position 0 is too far removed from the ATP-binding site to be a 

possible phosphate acceptor (Figure 3-10D). 

The Cantley lab determined optimal substrate residues for several kinases, 

including PKA, PKB and PKC isozymes, including PKCζ (Nishikawa et al., 

1997; Obata et al., 2000; Songyang et al., 1994). PKCζ was unique in that it 

prefers substrates with a phenylalanine residue at the -5 position. In the PKCζk 

structure, the residue bound at the -5 position of the substrate-binding cleft is a 

phenylalanine. Though this phenylalanine represents the sole residue 

corresponding to the optimal amino acid sequence, it appears to be sufficient 

for association with the PKCζ substrate-binding cleft and reveals clues to the 

PKCζ preference for phenylalanine at this position. 



 Crystal structure of the PKC zeta kinase domain bound to CRT0066854 

Kostelecky PhD Thesis 2009 100 

 

Figure 3-10: A PKCζ symmetry mate is bound in the substrate-binding cleft 
A) Residues 551–560 of a PKCζk

CRT0066854 symmetry mate associate with the substrate-
binding cleft of PKCζk. F552 is at the -5 position and associates with a hydrophobic 
pocket. B) The structures of PKA with the PKI inhibitor peptide in the substrate-binding 
cleft (PDB code 1ATP) and C) PKB bound to a GSK3 substrate peptide (PDB code 
1O6L) are shown. D) A superposition of each peptide from A, B, and C is shown with the 
PKCζk surface model. ATP from the PKA structure is shown to provide a reference for the 
proximity of the position 0 residue to the γ phosphate. PKCζ is shown in blue, PKA in 
salmon and PKB in green. The peptides are shown in grey in figures A, B and C and 
shown in colours corresponding to the respective kinase domains in figure D. E) A 
comparison of the sequences found in the substrate-binding clefts of PKCζ, PKA and 
PKB to the optimal residues determined for the corresponding positions by oriented 
peptide screens is shown (Nishikawa et al., 1997; Obata et al., 2000; Songyang et al., 
1994). The asterisk indicates a phosphorylated residue. 
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In the PKA structure, R133PKA pushes the -5 residue away from the substrate-

binding cleft (Figure 3-10B). In contrast, the equivalent residue of PKCζ 

(Q343PKCζ) is turned out of the substrate-binding pocket, allowing phenylalanine 

association with the hydrophobic pocket formed by M339PKCζ, M342 PKCζ and 

L379 PKCζ (Figure 3-10A) at the -5 position. The corresponding PKB residues 

are also hydrophobic and a serine is found in the equivalent position to 

R133PKA. Although the PKB -5 binding site would not sterically hinder 

phenylalanine binding, its preferred amino acid at this position is an arginine 

(Obata et al., 2000). It has not been reported whether a phenylalanine residue 

is tolerated at the -5 position for either PKA or PKB, though the prediction would 

be that PKB is more likely than PKA to efficiently phosphorylate a substrate with 

phenylalanine here. 

Similar encroachment of the symmetry related molecule into the PKC substrate-

binding cleft exists in the PKCιk
CRT0066854 crystal structure where residues R471 

and R474 from PKCιk chain A engage the substrate-binding cleft residues of a 

symmetry mate’s chain A. In this case, there is no elongated stretch of residues 

sitting in the substrate-binding cleft as with PKCζk
CRT0066854, nor do the 

substrate-bound residues correspond to those found in the PKCζk substrate-

binding cleft. The two arginine residues appear to ‘grip’ the substrate-binding 

cleft as observed for PKA and PKB, though they contact an entirely different 

part of the cleft near the +2 and +3 positions of the ATP-binding pocket, rather 

than the -2, -3 and -5 positions. 

The Cantley group’s studies reported that although the optimal +2 and +3 

residues for PKA, PKB and PKC are hydrophobic, basic residues in the 

positions C-terminal to the phospho-acceptor are also commonly found in 

efficiently catalysed peptides (Nishikawa et al., 1997; Obata et al., 2000; 

Songyang et al., 1994). This indicates that the PKCιk
CRT0066854 symmetry mate 

arginines at these positions represent the first glimpse of the binding mode for 

basic residues at +2 and +3 relative to the phosphoserine/threonine position. 
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Figure 3-11: A PKCι symmetry mate associates with the PKCι substrate-binding 
cleft 
Arginine 471 and 474 residues from a symmetry mate in the PKCιk

CRT0066854 structure 
associate with the substrate-binding cleft in the region closest to positions +2 and +3 
relative to the phospho-acceptor site. A) The co-ordination environment for R471 and 
R474 is shown with dashed black lines representing distances between 2.9 – 3.7Å. B) A 
comparison to the binding of the PKA inhibitor, PKI (PDB code 1ATP) is shown. ATP from 
the PKA structure is shown to demonstrate the proximity of position 0 to the ATP γ 
phosphate. PKCιk is shown in grey and features from the PKA structure are shown in 
salmon. 

One of the arginines from the PKCιk
CRT0066854 symmetry mate interacts with 

Y256 of PKCι (Figure 3-11A). The equivalent residue to Y256PKCι in PKCζ is 

Y263. In the PKCζk
CRT0066854 structure, Y263PKCζ is one of the key residues 

interacting with CRT0066854-b outside the ATP-binding site (Figure 3-9). The 

observation that Y256PKCι is involved in crystal lattice contacts can potentially 

explain why the second CRT0066854 molecule is observed only in the PKCζ 

structure, despite strict conservation of all residues in the CRT0066854-b-

binding pocket. 

3.4.7. The PKCζk
CRT0066854 crystal structure provides insight into 

the mechanism of in vitro autophosphorylation 

Autophosphorylation was long thought to have a role in PKC priming. The 

hypothesis that autophosphorylation was responsible for PKC priming was a 

result of two observations. First, kinase inactive PKCs with a K→M mutation of 

the lysine responsible for salt bridge formation and ATP binding are unprimed, a 

result interpreted as a role for PKC autophosphorylation (Behn-Krappa and 

Newton, 1999; Cenni et al., 2002; Takahashi et al., 2000). Second, PKCs 
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expressed in E. coli, which lacks S/T kinases, were phosphorylated on serine 

and threonine residues, seemingly confirming a role for autophosphorylation in 

PKC maturation (Czerwinski et al., 2005). Recent studies have determined that 

the combined actions of PDK1 and TORC2 are responsible for PKC priming in 

vivo (Facchinetti et al., 2008; Ikenoue et al., 2008; Le Good et al., 1998). An 

explanation for the finding that K→M mutants lack priming was provided by 

Cameron et al. who determined that this mutation disrupts the ATP-binding 

pocket structure and the resulting structural instability is likely to either make 

PKC a poor substrate for upstream kinases or sensitise PKC to phosphatases 

(Cameron et al., 2009). Thus, mounting evidence suggests that while PKC 

autophosphorylation is possible in vitro, it is unlikely a relevant mechanism in 

vivo. 

The PKCζk
CRT0066854 crystal structure provides insight into why the in vivo 

mechanism for PKC priming eluded researchers for so long. The PKCζ 

sequence immediately to the amino-terminus of the TM phosphorylation from a 

PKCζk
CRT0066854 symmetry mate is aligned in the substrate-binding cleft in a 

similar orientation to that observed for peptide substrates in active kinase 

structures. This shows how the TM sequence can be effectively pulled away 

from the main body of the PKCζk protein. This action likely occurs during both 

TORC2 phosphorylation and in vitro autophosphorylation reactions. We 

observed that despite a lack of preferred basic residues, a single phenylalanine 

was able to anchor the sequence to the -5 position of the substrate cleft. 

Although the TM sequence is misaligned for TM phosphorylation, with pT560 at 

the +3 position of the substrate cleft, the large negative PO4 group is likely to 

have repelled it from the body of the substrate cleft which prefers basic 

residues. Given the promiscuity of the PKC substrate cleft it is possible that 

prior to phosphorylation, the TM could be aligned for productive phospho-

transfer. It is predicted that the occurrence of autophosphorylation via the 

mechanism described above is a result of the PKC concentration in expression 

hosts far exceeding that found in normal cells. 
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3.4.8. Clues to explain substrate inhibition are provided by 

symmetry mate association with the PKCζk and PKCιk 

substrate-binding clefts 

Substrate inhibition of aPKCk in kinase activity assays was described in Section 

2.4.2. Although substrate inhibition was observed for both aPKCk with and 

without AL phosphorylation, inhibition was more pronounced for the species 

lacking AL priming. Parallel serial dilution assays with different ATP 

concentrations showed substrate inhibition is not a result of disruption of the 

ordered sequential PKC catalytic mechanism. Having ruled out the initial model 

describing increased substrate inhibition of aPKCk lacking AL phosphorylation 

compared to fully primed aPKCk, we examined a second model. This model 

presumes partially primed aPKCs have higher tendency to bind multiple peptide 

substrate molecules simultaneously. The model also assumes that this 

misalignment allows the binding of a second substrate peptide in the substrate-

binding cleft such that both are in non-productive conformations. 

 

Figure 3-12: Model for substrate inhibition 
Selected features are shown in a superposition of PKCζk, PKCιk and PKA structures. 
PKCζk is shown as a blue surface model. The PKCζk symmetry mate sequence in the 
PKCζk substrate-binding cleft is shown in blue, the PKCιk symmetry mate sequence is 
shown in grey and the ATP from PKA is shown in salmon. 

A role for substrate misalignment is plausible given our findings from PKCζk and 

PKCιk crystal structures where each structure contained a non-specific, 
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misaligned sequence in or near the substrate-binding cleft. Furthermore, the 

sequences found in PKCζk and PKCιk crystal structures were bound to different 

parts of the substrate cleft, showing the potential for multiple peptide binding 

(Figure 3-12). Given that several studies have shown PKC to allow significant 

flexibility in the positioning of preferred basic residues (House et al., 1987; 

Nishikawa et al., 1997) and even a lack of stereospecificity (Eller et al., 1993; 

Kwon et al., 1994), it would be unsurprising if misalignment and the potential for 

two substrate peptides to bind simultaneously were a common occurrence for 

PKC substrates peptides. We therefore propose that increased substrate 

inhibition for PKCζk and PKCιk is caused by unspecific binding of multiple 

peptide molecules. This unspecific binding could be exacerbated by lack of AL 

phosphorylation where the AL can adopt many conformations, expanding the 

number of possible unspecific binding locations. This implies an important role 

for the AL not only in aligning the catalytic base to co-ordinate the serine 

hydroxyl group, but implicates the AL in a more general role for correct 

alignment of the entire substrate sequence. 

The fact that substrate inhibition was observed raises the question of whether 

substrate inhibition could occur in vivo with fully active aPKC. While substrate 

inhibition is observed for peptide substrates, it is less likely for in vivo substrates 

which are typically part of larger domains with secondary structure. The 

presence of secondary structure and the associated steric hindrance could 

prevent a second substrate from binding simultaneously. Despite the probable 

lack of substrate inhibition in vivo, the AL likely retains a broad role in substrate 

alignment for PKC isoforms. 

3.4.9. A unique atypical PKC loop is disordered in the 

PKCζk
CRT0066854 crystal structure 

One feature unique to the atypical PKC isoform kinase domains is a long loop 

between the αF and αG helices (Figure 3-13A; helix identification corresponds 

to that used for the PKA structure (Knighton et al., 1991a)). This loop (residues 

447PKCζ–462PKCζ) is seven residues longer in PKCζ and nine residues longer in 

PKCι than the loop found between αF and αG of the conventional and novel 
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PKC isoforms. The elongated sequence found in the atypical PKC loop is well 

conserved in the aPKC subfamily between species (Figure 3-13A), indicating it 

has an important physiological role. 

 

Figure 3-13: A loop unique to atypical PKCs is found near a bound PEG molecule in 
the PKCζ structure 
A) A sequence alignment shows good conservation between vertebrate species of the 
unique atypical PKC loop found between αF and αG helices of the PKCζk structure. The 
extended portion of the loop is not found in conventional or novel PKC isoforms. The 
unique section of the loop is shown highlighted in blue. K373 is strictly conserved in 
aPKC isoforms across species and is highlighted in yellow. B) A structural representation 
of PKCζ in blue superposed with the PKCβ kinase domain structure in dark grey shows 
the visible ends of the unique atypical PKC loop pointed away from the body of the 
protein unlike that seen in conventional and novel PKC structures. The loop site is found 
in close proximity to a PEG molecule co-ordinated by the conserved K373 highlighted in 
(A). 

The crystal structures for the atypical PKC kinase domains determined to date 

lack electron density for much of this unique aPKC loop. At the equivalent 

position in the PKCβIIk and PKCθk structures, the shorter loop sequence is 

tucked into the main body of the C-lobe. The residues 454 – 460 (corresponding 
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to the uniquely extended portion of the aPKC loop) are missing from the 

PKCζk
CRT0066854 structure and the ends appear to be pointed away from the 

main body of the C-lobe (Figure 3-13B). The lack of electron density for this 

region in each of the aPKC structures available to date indicates that this 

portion of the loop is disordered. Given the conservation of this extended loop, it 

is possible that it becomes ordered by forming aPKC-specific contacts, perhaps 

with the aPKC regulatory region. 

In the PKCζk
CRT0066854 structure, the region near the unique aPKC loop contains 

a PEG molecule co-ordinated by K473 (Figure 3-13B). The fact that this lysine 

is strictly conserved in aPKC isoforms across species and differs in cPKC and 

nPKC isoforms, together with its proximity to the aPKC loop extension, 

prompted us to predict that this area of the PKCζ kinase domain structure is an 

interaction surface for one of the two atypical PKC regulatory domains. 

3.4.10. A putative PB1-binding site is located near the αG helix 

A map of the electrostatic potential of the PKCζk surface reveals it to be mostly 

negatively charged with a large positive patch at the exposed end of the C-lobe 

(Figure 3-14A). This positively charged region is precisely the area depicted in 

Figure 3-13 where the PEG molecule is bound. This finding prompted us to 

investigate the electrostatic potential of the aPKC regulatory domains to 

determine whether either the atypical C1 or PB1 domains would be capable of 

interacting with this positively charged surface of the kinase domain. 

An analysis of an NMR structure for the atypical C1 domain from Raf-1 (PDB 

code 1FAR) revealed its surface to be generally positively charged (not shown). 

The exception was a patch of strong negative charge located at the C1 

domain’s carboxy-terminus. Though this negatively charged region appears to 

be a reasonable candidate for binding the kinase domain’s positive surface, 

consideration of distance constraints are important. The direct distance from the 

+3 position of substrate-binding cleft as shown in Figure 3-11B to the positive 

patch at the far end of the C-lobe is > 26Å. This distance was measured by 

cutting through the body of the C-lobe, thus in order to wrap around to the large 

positively charged patch, a distance of at least 35 – 40 Å would need to be 
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covered. Given that the C1 domain sequence begins 4 residues after the +3 

position of the PKCζ pseudosubstrate, this is not a trivial distance to be 

covered. Although in the atypical C1 structure from Raf-1 discussed above, the 

amino- and carboxy-termini are located only 10Å apart, several typical C1 

domain structures show that the domain’s termini can be considerably farther 

from one another. In fact, in the PKCα C1 domain structure, the amino- and 

carboxy-termini are 75Å away from each other. This distance is more than 

sufficient to meet the distance requirement and the carboxy-terminus of the C1 

domain is therefore a legitimate candidate for binding at the positive patch of 

the PKCζ kinase domain C-lobe. 

It was also considered whether the PB1 domain of PKCζ would be capable of 

binding the kinase domain’s positive C-lobe region. Analysis of the electrostatic 

potential of the PKCιPB1 domain (PDB code 1WMH) revealed several large 

negatively charged surfaces. Of particular interest is the interaction surface with 

the Par6 PB1 domain shown in the same structure. This is a large, concave, 

almost exclusively negatively charged surface (Figure 3-14B). Additionally, the 

interaction between the PKCιPB1 and Par6PB1 domains is mediated by a number 

of salt bridges with a lysine and three arginines (K19, R27, R28 and R89) from 

Par6 which reach into the concave PKCιPB1 cleft. This Par6 interaction surface 

looks remarkably similar to the proposed region of interaction of the PKCζ 

kinase domain structure where K473, R476 and R479 form the positively 

charged, convex patch of the C-lobe. 

As with analysis of the C1 domain’s potential to bind this site, distance 

constraints must be considered for the potential interaction between the PKC 

PB1 and kinase domains at this site to be a realistic possibility. The -6 position 

of the pseudosubstrate sequence is located 14 residues from the carboxy-

terminus of the PKCζPB1 domain. The proposed alignment of the PKCζk and 

PKCζPB1 domains would place the carboxy-terminus of PKCζPB1 approximately 

20Å from the substrate-binding pocket at the -6 position, a distance easily 

covered by the 14 residue linker. The combined features of charge and 

structural complementarity between the PB1 domain and the C-lobe patch as 

well as adherence to distance constraints imposed by the length of the amino 
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acid sequence between them, make PKCζPB1 another plausible candidate for 

binding the positively charged C-lobe surface. 

 

Figure 3-14: A putative binding site for the PKCζ PB1 domain 
Electrostatic surface maps are shown for A) PKCζk and B) PKCιPB1 (bound to Par6, 
yellow) with positively charged surfaces shown in blue, negatively charged surfaces in 
red and neutrally charged surfaces in white. Residues discussed in the text are indicated 
with white lettering. 

Electrostatic maps reveal PKCβIIk and PKCθk kinase domain structures to be 

mainly hydrophobic at the C-lobe patch compared to their aPKC counterparts 

(not shown). Additionally, the basic residues K473 and R476 are conserved 

only within the aPKC species, with R479 representing the only conserved basic 

residue for this region in the cPKC and nPKC sub-families. The large, positively 

charged C-lobe patch thus appears to be a unique feature of the atypical PKC 

isoforms. Therefore, although the C1 domain technically meets the 
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requirements defined above as necessary for association with the C-lobe patch, 

the fact that the PB1 domain is unique to aPKCs makes it a more logical 

candidate for binding at the C-lobe site. We therefore propose that the surface 

area comprising residues K473, R476 and R479 plays an important role in the 

interaction between the PKCζ kinase and PB1 domains. Additional structural 

and/or mutational studies will be required to determine the validity of this 

hypothesis. To this end, a structural investigation of the reconstituted complex 

between PKC kinase and regulatory domains has been designed and 

implemented as a part of this thesis project and will be discussed in Chapter 4. 

3.5. Conclusions 

In this chapter, a method for obtaining diffracting PKCζk crystals has been 

reported. The growth of crystals using this method has allowed the collection of 

single crystal X-ray diffraction data and refinement of the PKCζk
CRT0066854 

structure. The PKCζk structure bound to CRT0066854 represents the first PKCζ 

structure reported to date. The PKCζ kinase domain is found in an active 

conformation in the crystal structure, meeting all criteria widely considered 

indicative of active kinase status. The establishment of the active kinase 

conformation is important in assessing the correct positioning of inhibitor in the 

ATP-binding pocket and allowed us to establish residues important for 

CRT0066854 binding to aPKC isoforms. The PKCζk
CRT0066854 and 

PKCιk
CRT0066854 structures are the first to show the architecture of the ATP-

binding pocket bound to a specific atypical PKC isoform inhibitor. Key residues 

have been implicated in determining the specificity of CRT0066854 for the 

atypical PKC sub-family. Additionally, comparison to other PKC structures with 

less potent inhibitors for the atypical PKC isozymes has allowed identification of 

residues in the ATP-pocket which may determine inhibitor specificity and should 

be considered in drug design. 

Additionally, several unexpected features of the crystal structure have been 

described which have allowed the formation of testable hypotheses with regard 

to PKCζ specificity. The binding of the CRT0066854 inhibitor at a site outside 

the ATP-binding pocket may assist in development of a more potent and 
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specific aPKC inhibitor. Occupation of the substrate-binding cleft by a symmetry 

mate has provided clues to why the optimal residue at the -5 position of PKCζ 

substrate is phenylalanine and the mechanism for autophosphorylation. Finally, 

an ordered PEG molecule found near K473 has allowed us to identify a 

potential PB1 domain-binding interface. Though the physiological relevance of 

these unexpected observations is yet to be determined, the solution of the 

PKCζ kinase domain structure has provided both important information about 

atypical PKC isoforms and has raised many interesting questions to be 

addressed in the future. 
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4. Reconstituted PKC holoenzyme complexes 

4.1. Aims 

As demonstrated in the previous chapters, changes in PKC kinase domain 

priming state and small differences in the ATP-binding pocket can result in 

substantial differences in enzyme efficiency, substrate binding and response 

to inhibitors. An additional level of control determining PKC isoform specificity 

is provided by the PKC intramolecular regulatory regions. The second 

messenger responses and composition of domains within each PKC isoform 

regulatory region defines the sub-family classification (see Figure 1-1, 

Chapter 1). Each PKC isozyme contains an autoinhibitory pseudosubstrate 

sequence whose engagement with the substrate-binding cleft can be 

controlled by co-factor binding to the PKC regulatory domains. The 

differences between the PKC isoform regulatory regions thus provide possibly 

the largest determinant of substrate specificity by allosterically controlling PKC 

isoform activity and spatio-temporal distribution. 

Our group has a long-standing interest in investigating the interaction between 

the PKC kinase domains and their respective PKC regulatory regions. Based 

on an awareness of the complexity of PKC regulation and the number of 

effectors that can promote PKC activity, we predicted the interaction surface 

between the PKC kinase domains and regulatory regions was not limited to 

the pseudosubstrate sequence, but included associations with the PKC 

regulatory domains. We therefore set out to characterise the interactions 

between PKC regulatory regions and their respective kinase domains using 

structural and biophysical methods. Baculoviruses encoding PKC regulatory 

regions have been produced to characterise interactions with the PKC kinase 

domains described in Chapter 2. The development of expression and 

purification protocols for several novel and atypical PKC isoform regulatory 

regions has allowed characterisation of their associations with PKC kinase 

domains. Additionally, the successful formation of a PKCε complex containing 

both kinase and regulatory regions provides validation of the strategy to 

produce a reconstituted complex for use in structural studies. 
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4.2. Rationale for expressing PKC kinase and regulatory 

domains separately and reconstituting a PKC complex 

Several PKC domain structures have been solved to date including C1, C2, 

PB1 and kinase domains from various PKC isoforms (examples, see (Hirano 

et al., 2005; Pappa et al., 1998; Xu et al., 1997; Xu et al., 2004)). Thus, the 

architecture of individual domains is well characterised. Given that each PKC 

isoform exists as a single polypeptide, investigation of interactions between 

the domains is key to understanding how the kinase and regulatory domains 

co-operate to control PKC specificity. Of the many attempts at crystallising 

full-length PKC isoforms, none has been successful to date. We therefore 

aimed to develop a strategy that would allow us to conduct a structural 

investigation of the mechanisms governing autoinhibition without attempting 

crystallisation of full-length PKCs. 

Each PKC isoform sequence was submitted to the secondary structure 

prediction program JPRED3 (Cole et al., 2008a). JPRED3 predicted the 

secondary structure (α helices and β sheets) for the C1, C2, PB1 and kinase 

domain regions with good correlation to the known NMR and crystal 

structures for these domains (PDB codes and references can be found in 

Table 1-1). Little secondary structure was predicted in the region located 

directly N-terminal to the kinase domains (the highly variable V3 region). 

Additionally, the V3 region’s susceptibility to proteolytic attack (Inoue et al., 

1977) indicates it may be disordered. Large stretches of disordered protein 

are thought to prevent successful crystallisation and it is common practice to 

remove such areas from the peptide sequence. 

We initially considered two ways to eliminate the large disordered V3 linker for 

our investigation of PKC architecture. First, we could reduce the length of the 

linker to the minimum length required for the regulatory regions and 

respective kinase domains to adopt a native-like conformation. Second, we 

could remove the linker altogether, express the regulatory and kinase regions 

as separate entities and reconstitute a complex between them. Because the 

overall arrangement of the PKC domains is unknown, it was unclear how long 
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a linker would be needed to ensure correct alignment of the domains. We 

therefore decided to express the PKC regulatory regions as separate proteins 

and reconstitute complexes with their respective PKC kinase domains (Figure 

4-1). This strategy relied on the assumption that the interaction surface 

between PKC regulatory and kinase domains is more extensive than simple 

contacts between the pseudosubstrate region and the substrate-binding cleft 

because a large interaction surface would be needed if a stable complex were 

to be formed. 

 

Figure 4-1: Schematic of strategy for reconstituting PKC complexes 
A strategy expressing several novel and atypical PKC regulatory regions and kinase 
domains as separate constructs and then reconstituted as a complex for structural 
studies is shown. Red circles indicate sites for priming phosphorylation. The letter E 
indicates the site of a phosphomimetic glutamate. The pseudosubstrate sequence is 
represented as a red box. PKC domains are represented as boxes colour-coded 
according to domain. 
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4.3. Production of PKC regulatory domain baculoviruses 

and protein expression 

Novel and atypical PKC regulatory region BVs were produced as described in 

Section 8.4.2. Homogeneous virus pools were isolated as was done for PKC 

kinase domains (Section 8.4.4) to improve expression levels. A summary of 

regulatory region proteins produced for this study is provided in Figure 4-2. 

Figure 4-2A shows the proteins initially prepared for this project as discussed 

in Section 4.3.1 below. Figure 4-2B shows proteins prepared after expression 

analysis of the initial virus products and will be further discussed beginning in 

Section 4.3.2. 

 

Figure 4-2: Schematic of PKC regulatory region constructs 
A schematic of all regulatory regions prepared for this study shows A) initial domain 
boundaries and B) alternative domain boundaries intended to improve solubility and/or 
resistance to degradation. Numbers in subscript indicate domain boundaries. 
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4.3.1. Initial expression of PKC regulatory regions results in 
several insoluble and easily degraded constructs 

Expression of the PKC regulatory regions showed little initial success. GST-

PKCθ1-296 expression was not detected either by Coomassie-stained SDS-

PAGE or WB analysis. The PKCε regulatory region protein GST-PKCε1-306 

was well expressed and did not appear to undergo degradation, however, 

GST-PKCε1-306 was insoluble in initial expression experiments (Figure 4-3A). 

GST-PKCζ15-181 expression levels were variable amongst the three BV 

isolates. One of the bvGST-PKCζ15-181 baculovirus isolates produced good 

levels of expressed protein which did not undergo degradation, however, the 

protein showed some aggregation (Figure 4-3A) and was insoluble. GST-

PKCι16-180 was observed to be well expressed and soluble, but underwent 

significant degradation (Figure 4-3A). 

 

Figure 4-3: Initial expression of PKC regulatory regions 
WB showing samples from whole Sf9 cell extracts infected with homogeneous 
baculovirus isolates as indicated. B) Top panel shows Coomassie-stained SDS-PAGE 
gel of GST-PKCη1-309 samples purified with GS resin. Bottom panel shows a WB of the 
same samples. The approximate position of the expected 65 kDa GST-PKCη1-309 band 
is indicated to the left of the blot. Both WB for A and B were probed with an anti-GST 
antibody which detected only heterologously expressed GST, not endogenously 
expressed GST. 
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A second PKCι regulatory region construct, GST-PKCι16-181, was designed 

upon the observation that C150PKCγ (corresponding to C181PKCι) is involved in 

co-ordination of a Zn2+ ion in the PKCγ C1 NMR structure (PDB code 1TBN) 

(Xu et al., 1997). GST-PKCι16-181 also expressed well, but exhibited the same 

pattern of degradation observed for GST-PKCι16-180. The GST-PKCη1-309 

protein was observed by SDS-PAGE to be much smaller than the expected 

molecular weight of approximately 65 kDa. Analysis of the virus isolates by 

WB confirmed that these constructs were substantially degraded (Figure 

4-3B). 

4.3.2. Soluble and stable PKC regulatory domain proteins can be 
obtained by two possible routes 

To improve stability of the PKC regulatory region proteins that had been 

initially produced, two different strategies were employed. First, new 

constructs with altered domain boundaries were designed with the prediction 

they could eliminate extra residues beyond the domain boundary or extend 

incomplete domains to limit proteolysis. Second, co-infection with PKC kinase 

domain BV was predicted to enhance stability and/or solubility of PKC 

regulatory regions by providing an interaction surface to bury hydrophobic 

patches. In theory, this should make these areas less prone to protease 

degradation and improve solubility by masking hydrophobic areas of the 

protein. 

4.3.2.1 Changes in domain boundaries improve aPKC expression levels 

and stability 

To address atypical PKC regulatory region instability, several new constructs 

were created with different domain boundaries. Four constructs were created 

(two for each PKCι and PKCζ) which contained both PB1 and atypical C1 

domains as well as the pseudosubstrate sequence with different C-terminal 

boundaries (two equivalent positions for each isoform). The new boundaries 

were determined by analysis of the secondary structure predictions from 

JPRED3 (Cole et al., 2008a), inspection of the amino acid sequence 

conservation at the end of the C1 domain and by analysing domain 
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boundaries used for other C1 domain structure solutions (see Table 1-1). All 

of the new atypical PKC regulatory region constructs had extended N-terminal 

and C-terminal regions compared to previous constructs and were named 

PKCι11-186, PKCι11-205, PKCζ11-185 and PKCζ11-206. Two additional constructs 

were created (one for each PKCι and PKCζ) which contained only the 

pseudosubstrate region and the atypical C1 domain (named PKCι99-205 and 

PKCζ99-206). 

All six modified aPKC regulatory region proteins were solubly expressed and 

did not appear to undergo proteolytic degradation when analysed by SDS-

PAGE (Figure 4-4), in contrast to PKCι16-181. Additionally, the strong 

aggregation (as for PKCζ15-181) was not observed for any of the new aPKC 

proteins by SDS-PAGE. This suggests that the small number of amino acid 

residues added to each of the constructs contributes to stability of the overall 

protein fold for the PKCι and PKCζ regulatory regions. Further 

characterisation of the atypical PKC regulatory region constructs with 

optimised domain boundaries is discussed in Section 4.6 below. 

 

Figure 4-4: Expression of aPKC constructs with optimised domain boundaries 
SDS-PAGE analysis shows solubly expressed protein for each of the optimised PKCι 
and PKCζ regulatory region constructs. Sf9 cells were infected with BV (MOI = 1.0) as 
indicated, followed by incubation at 27ºC for 72 hours. GST-tagged proteins were 
affinity purified using GS resin before loading onto the SDS-PAGE gel. 
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A modified regulatory region construct was also created for PKCε. This 

construct contained only the pseudosubstrate region and the two C1 domains 

(termed PKCε149-306) without the C2 domain. It was predicted that this 

construct would be more soluble than the PKCε1-306 protein. This was not the 

case, as infection of Sf9 cells with bvGST-PKCε149-306 virus did not result in 

the recovery of any soluble protein (data not shown). 

4.3.2.2 Co-infection with PKC kinase domains improves the solubility of 

some PKC regulatory region proteins 

As discussed above, the second strategy for improving protein solubility was 

co-infection of the Sf9 cells with PKC regulatory region and kinase domain 

BV. In the case of the PKCε regulatory region constructs, co-infection proved 

a useful strategy for achieving expression of soluble protein. Co-infection of 

Sf9 cells with bvGST-PKCε1-306 and bvGST-PKCεk resulted in soluble 

expression of GST-PKCε1-306 where infection with bvGST-PKCε1-306 produced 

no detectable soluble GST-PKCε1-306 (Figure 4-5A). Similar co-infections with 

bvGST-PKCθ1-296, bvGST-PKCη1-309 and bvGST-PKCζ15-181 and their 

respective PKC kinase domain viruses were unsuccessful in improving 

expression, solubility or stability (Figure 4-5B). It was not clear from SDS-

PAGE analysis whether degradation of the PKCι16-181 protein was reduced by 

co-expression with PKCιk, though the band appears to be smeared, possibly 

indicating degradation of the construct (Figure 4-5C). The stability of the 

PKCι16-181 protein is investigated further in Section 4.6 below. 

Co-infection experiments were also conducted with the regulatory region 

baculoviruses where domain boundaries had been modified to determine 

whether solubility or expression level could be improved. In fact, a small 

amount of GST-PKCε149-306 was solubly expressed when co-expressed with 

GST-PKCεk (Figure 4-5C). Sf9 co-infections with modified aPKC regulatory 

region viruses and their respective kinase domain viruses also resulted in 

production of soluble protein for both constructs in the same culture (Figure 

4-5D). There was also an observed improvement in yield for the GST-PKCι11-

205 and GST-PKCζ11-185 proteins upon co-infection with their respective kinase 
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domains viruses. Approximate increases from 0.5 mg/l to 1.0 mg/l for GST-

PKCι11-205 and from 0.3 mg/l to 0.7 mg/l for GST-PKCζ11-185 were estimated by 

comparing SDS-PAGE band strength of the heterologously expressed 

proteins to endogenous GST (Figure 4-4 and Figure 4-5D). 

 

Figure 4-5: Co-infection of Sf9 cells with PKC regulatory region and kinase 
domain virus 
Sf9 cells were infected with BV and incubated for 72 hours at 27ºC. GST-tagged 
proteins were affinity purified with GS resin before SDS-PAGE analysis. A) Sf9 cells 
were infected separately and co-infected with bvGST-PKCεk and bvGST-PKCε1-306. B) 
PKC regulatory domain viruses with their respective kinase domain viruses were used 
to co-infect Sf9 cells as indicated. C) Optimised domain boundary viruses bvGST-
PKCε149-306 and bvGST-PKCι16-181 and kinase domain viruses were used to co-infect 
Sf9 cells. D) PKCι and PKCζ regulatory region proteins with optimised domain 
boundaries were co-expressed with GST-PKCιk and GST-PKCζk, respectively. 
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Whether the increase in observed soluble GST-PKCι11-205 and GST-PKCζ11-

185 protein is due to increased expression or increased solubility of the protein 

upon co-expression of PKC kinase domain is unclear, though differences due 

to gel loading can be ruled out given that endogenous GST amounts are 

consistent between samples. Additionally, the infections for both experiments 

shown in Figure 4-4 and Figure 4-5D were conducted under identical 

conditions, with the same batch of cells, quantities of virus and incubation 

times. The increased yield of soluble GST-PKCι11-205 and GST-PKCζ11-185 is 

thus likely related to the co-expression of PKC kinase domain. 

4.4. Optimisation of PKC regulatory region expression 

4.4.1. Newly available BV system eliminates need to isolate 
recombinant virus from parental virus 

In the time period between construction of the initial PKC viruses and the new 

PKC regulatory domain viruses, a new BV expression system became 

available which eliminates the need to isolate recombinant virus from parental 

virus. The flashBAC™ system (Oxford Expression Technologies) uses 

homologous recombination of a transfer vector containing the gene of interest 

and a replication-deficient bacmid. Homologous recombination allows 

replacement of the bacmid replicon with the target gene (flanked by 

sequences homologous to the polyhedrin promoter) at the polyhedrin locus. 

The recombinant viruses are thus capable of replicating, where the parental 

virus cannot (Possee et al., 2008). The flashBAC™ system is compatible with 

BacPAK transfer vectors and was therefore ideally suited for use in this 

project. BacPAK construct cloning was carried out by me and the BV 

recombination was conducted by the Protein Purification Facility at Cancer 

Research UK (more details in Section 8.4.1). 

To verify that consistent protein expression yields could be obtained with 

different virus isolates, end-point dilutions of virus from the new recombinant 

virus pools were amplified as described in Section 8.4.3. Infection with these 

isolated virus pools produced consistent protein expression levels for each of 

the three viruses tested (PKCζ11-185, PKCζ11-206, PKCζ99-206) (Figure 4-6). 
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Once verification of the flashBAC™ expression system’s fidelity was 

established, isolation of homogeneous virus pools was no longer necessary. 

Thus, all PKC regulatory region viruses shown in Figure 4-2B were used as 

polyclonal virus pools in all further infections. 

 

Figure 4-6: Isolation of monoclonal virus strains from the flashBAC™ system 
Expression levels for BV infections as indicated are shown. Sf9 cells were grown to 1.0 
X 106 cells/ml and infected with virus isolates (MOI = 1.0). Cells were incubated at 27ºC 
for 72 hours and the proteins subsequently affinity purified with GS resin. 

4.4.2. PKCε regulatory region expression is sensitive to MOI and 

infection time 

A range of conditions were tested to optimise PKCε regulatory region 

expression. These conditions included MOI ratios for bvGST-PKCεk to 

bvGST-PKCε1-306. The MOI ratio (as long as both MOI ≥ 1) did not appear to 

make a significant difference in the expression levels of either GST-PKCεk or 

GST-PKCε1-306. However, the stoichiometry between GST-PKCεk and PKCε1-

306 appears to be close to 1:1 when the MOI equals 1 for bvGST-PKCεk and 2 

for bvGST-PKCε1-306 (Figure 4-7). As a result of this observation, further 

PKCεk:PKCε1-306 experiments were infected at the MOI ratio 1:2. 

In addition to MOI, infection times were tested to determine the optimal 

incubation period following addition of virus. The levels of both PKCεk and 

PKCε1-306 protein were observed to be highly dependent on the incubation 

time post-infection. After 24 hours protein levels had reached approximately 

half the maximal level observed at 48 hours. At 70 hours post-infection protein 
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levels were again at about half the maximal level and after 90 hours neither 

PKCεk nor PKCε1-306 proteins were observed (Figure 4-7). Because these 

samples were taken from the same cultures as those for previous time points, 

it is likely the cells began to lyse between 48 and 70 hours post-infection and 

the protein had undergone degradation by the proteases released. 

 

Figure 4-7: Time and MOI of bvGST-PKCεk:bvGST-PKCε1-306 infection 
Sf9 cells in suspension were co-infected with bvGST-PKCεk and bvGST-PKCε1-306 
viruses. MOIs were tested as indicated in the left panel. Incubation time post-infection 
was tested by removing samples from a single culture at the times indicated in the 
panel on the right. Equivalent volumes of culture were used for each sample shown 
and GST-tagged proteins were affinity purified with GS resin before visualisation on a 
Coomassie-stained SDS-PAGE gel. 

4.5. Association of PKCε regulatory region with kinase 

domains 

Increased GST-PKCε1-306 solubility upon co-expression with GST-PKCεk 

indicates that PKCεk and PKCε1-306 interact with each other. The next aim was 

to confirm interaction between PKCεk and PKCε1-306 and determine whether 

the interaction was sufficient to purify a complex of stoichiometrically 

equivalent amounts of PKCεk and PKCε1-306. A complex containing 1:1 

PKCεk:PKCε1-306 could potentially be used for crystallisation trials. 
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4.5.1. GST tags are efficiently removed from GST-PKCεk and 

GST-PKCε1-306 

To confirm PKCεk:PKCε1-306 interaction the GST tags on both proteins 

required removal since GST can dimerise (Reinemer et al., 1992) and 

analysis with GST tags present would give uninterpretable results. Purification 

of the proteins GST-PKCεk and GST-PKCε1-306 was carried out by first binding 

the proteins to GS resin after cell lysis followed by washing of the beads to 

remove contaminants. With the GST-tagged PKC domain proteins still bound 

to GS, GST-tagged 3C protease was added to cut the 3C cleavage site 

(sequence LEVLFQGP) between PKCεk and PKCε1-306 and their respective 

GST tags. The GST tag was cut from both PKCεk and PKCε1-306 domains 

which were then found in the supernatant fraction of the GS resin solution 

(Figure 4-8). Very little GST-PKCεk or GST-PKCε1-306 was observed still 

bound to the GS, showing that the protease digest went to completion. 

 

Figure 4-8: 3C cleavage of GST-PKCεk and GST-PKCε1-306 
The SDS-PAGE gel shows PKCεk and PKCε1-306 proteins before and after 3C protease 
cleavage. Lysate from co-infected bvGST-PKCεk and bvGST-PKCε1-306 Sf9 cells was 
applied to GS and unbound proteins were washed off. A sample of the resin was 
extracted and shown as the ‘bound’ lane (- GST-3C protease) above. GST-3C was 
then added to the GS resin mixture and incubated for 16 hours at 4ºC. Beads were 
centrifuged and a sample from the supernatant is labelled ‘unbound’ above, while a 
resin sample is labelled ‘bound’ (+ GST-3C protease). 
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4.5.2. PKCεk and PKCε1-306 form a stable complex 

To determine whether PKCεk and PKCε1-306 can form a stable complex in 

solution, size exclusion chromatography was carried out on the proteins after 

their co-expression, affinity purification and tag cleavage. Size exclusion 

chromatography on a Superdex 200 10/30 column (GE Lifesciences) resulted 

in the separation of two main peaks. SDS-PAGE analysis revealed that the 

first of the eluted peaks contained two proteins, PKCεk and PKCε1-306. The 

second peak contained only PKCεk (Figure 4-9). 

 

Figure 4-9: PKCε regulatory and kinase domains form a reconstituted complex 
Size exclusion chromatography shows that PKCεk and PKCε1-306 form a stable complex 
in solution. Sf9 cells were co-infected with bvGST-PKCεk and bvGST-PKCε1-306 virus. 
GST-tagged proteins were affinity purified followed by GST tag cleavage with 3C 
protease. The unbound protein was applied to a Superdex 200 10/30 column (GE 
Lifesciences) and fractions were collected as shown in the left panel. SDS-PAGE 
analysis of fractions 13-15 is shown on the right panel with bands corresponding 
approximately to the expected molecular weights of PKCεk (39 kDa) and PKCε1-306 (35 
kDa) indicated. 

To determine whether the protein bands from the fraction 13 lane of the SDS-

PAGE gel in Figure 4-9 were indeed PKCεk and PKCε1-306, they were 

analysed by peptide fingerprinting using trypsin digestion and MALDI-TOF 

mass spectrometry. The proteins were definitively identified as PKCεk and 

PKCε1-306 by the Protein Analysis Laboratory at Cancer Research UK. The 

first eluted peak from the size exclusion chromatography experiment therefore 

contains a stably reconstituted PKCεk:PKCε1-306 complex, with the second 

peak consisting of excess PKCεk. The difference observed in the strength of 
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the bands in fraction 13 is likely due to the overlapping peaks from size 

exclusion chromatography as baseline separation of PKCεk:PKCε1-306 

complex and PKCεk was not achieved (Figure 4-9). 

The generation of a reconstituted PKCε complex demonstrates that producing 

PKC domains as separate polypeptides is a viable strategy for the study of 

interdomain PKC interactions. 

4.5.3. Limited rescue of PKCε1-306 solubility can be achieved by 

co-expression with PKC kinase domains other than PKCεk 

Confirmation of PKCεk and PKCε1-306 complex formation supports the 

hypothesis that rescued solubility of PKCε1-306 can be attributed to stabilising 

interaction provided by the PKCε kinase domain. Given the high level of 

sequence identity in the PKC kinase domains, we were interested in 

determining whether kinase domains from other PKC isoforms could rescue 

PKCε1-306 solubility. To explore solubility rescue of PKCε1-306 by PKC isoform 

kinase domains, co-infections were carried out. As demonstrated previously, 

PKCεk promoted soluble expression of PKCε1-306 (Figure 4-10). The novel 

PKCη kinase domain had a similar effect and good yields of soluble PKCε1-306 

were observed. The atypical PKC kinase domains were less effective at 

promoting PKCε1-306 solubility, particularly PKCζk (Figure 4-10). 

The different responses of PKCε1-306 to kinase domains from the novel and 

atypical PKC sub-families demonstrates the specificity of the interaction 

between cognate pairs of kinase domains and their regulatory regions. The 

PKCη kinase domain is more closely related to PKCε by sequence identity 

and domain composition than PKCι or PKCζ. The PKCη kinase domain is 

therefore likely to interact with the regulatory domains of PKCε in a manner 

similar to its own regulatory domains. In contrast, PKCι and PKCζ have no C2 

domain and likely lack the specific residues needed on their respective kinase 

domain surfaces to interact with a C2 domain from PKCε. Additionally, the 

aPKCs contain an atypical C1 domain different from the C1A and C1B 

domains found in PKCε and the residues necessary for the atypical C1 
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binding may differ from those required for co-ordination of C1A and C1B in the 

novel PKCs. Identification of the specific regions and residues responsible for 

these interactions is an ongoing objective of this study and one the laboratory 

aims to explore further in the future. 

 

Figure 4-10: PKCε1-306 co-infected with PKC isoform kinase domains 
PKCε1-306 solubility is best improved by co-infection with PKCεk. PKCε1-306 is also 
solubilised significantly by co-infection with PKCηk, but to a lesser extent with either 
PKCιk or PKCζk. Insect cells were co-infected with MOI ratios of 1:1 for all cultures with 
viruses as shown. Cell extracts were affinity purified on GS resin and then samples 
analysed by SDS-PAGE. 

4.5.4. A new strategy is employed to purify reconstituted PKCε 

complex on a large scale  

For crystallisation experiments, effective separation of the PKCεk:PKCε1-306 

complex from excess PKCεk is essential. Attempts to fully isolate 

PKCεk:PKCε1-306 complex from excess PKCεk by size exclusion were 

unsuccessful despite trials with Superdex 200 and Superdex 75 resins, as 

well as with Superose resins. Additionally, recovery from the size exclusion 

columns was poor and it was thus difficult to obtain protein concentrations 

needed for crystal screening experiments. 

An alternative PKCεk construct was produced with a hexahistidine (His) tag 

instead of a GST tag. This would allow purification of the complex by two 

separate affinity chromatography steps and eliminate the need for size 



 Reconstituted PKC holoenzyme complexes 

Kostelecky PhD Thesis 2009 128 

exclusion while providing a means of removing excess PKCεk from the 

PKCεk:PKCε1-306 complex. The PKCεk domain was chosen to carry the His tag 

because GST tags can promote solubility (Stevens, 2000) and it was 

predicted that this assistance was needed more for the regulatory region 

protein. 

 

Figure 4-11: Characterisation of His-PKCεk and GST-PKCε1-306 co-infection 
A) Optimal His-PKCεk:GST-PKCε1-306 expression was achieved by incubating Sf9 cells 
for 72 hours post infection. B) Optimal MOI ratio was determined to be 2:2 for His-
PKCεk:GST-PKCε1-306. 3C cleavage of the GST-PKCε1-306 protein was performed after 
affinity chromatography with GS. C) The His-PKCεk species isolated from Sf9 cells 
which had been co-infected with bvHis-PKCεk and bvGST-PKCε1-306 migrates at the 
same rate as the fully phosphorylated His-PKCεk as determined by anion exchange. 
Two bands are observed for His-PKCεk when insect cells are infected with only His-
PKCεk virus. Samples were purified on Ni-NTA resin and washed with 1M NaCl prior to 
elution. D) Triple infection with bvHis-PKCεk:bvGST-PKCε1-306:bvHis-PDK1 resulted in 
low yields. Two separate His-PKCεk:GST-PKCε1-306 infections were compared and 
infection 1 was further purified by binding Ni-NTA affinity resin. 
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Optimisation of infection conditions revealed that the highest protein yields 

were recovered when cells were harvested 72 hours after infection with 

bvGST-PKCε1-306 and bvHis-PKCεk. This is in contrast to the optimal post-

infection incubation period of 48 hours for GST-PKCε1-306 and GST-PKCεk. It 

is unclear how such a difference would arise, but differences in optimal 

incubation time have been observed even between the highly similar GST-

tagged PKC isoform kinase domains. The optimal MOI for bvHis-

PKCεk:bvGST-PKCε1-306 co-infection was determined to be 2:2. This also 

differs slightly than the optimal MOI for bvGST-PKCεk:bvGST-PKCε1-306 which 

tolerated a wide range of MOI ratios so long as both components had an MOI 

≥ 1.0. These differences in the optimal MOI and incubation times reflect the 

difficulty in predicting expression in the BV insect cell expression system and 

highlight the need to determine optimal infection parameters empirically. 

Successful purification of the His-PKCεk:GST-PKCε1-306 complex with GS was 

achieved, though the Coomassie-stained band for GST-PKCε1-306 appears 

darker than that of His-PKCεk (Figure 4-11A). The difference in band strength 

observed by SDS-PAGE in Figure 4-11A may be a result of better Coomassie 

staining of the GST tag than other parts of the protein. This is supported by 

the observation that when the GST tag is removed by incubation with GST-3C 

protease, His-PKCεk and PKCε1-306 levels appear to be approximately 

stoichiometric (Figure 4-11B). Analysis of the GS resin after the cleavage 

reaction indicates that GST tag removal was complete. We therefore conclude 

that the difference in Coomassie staining accounts for the perceived 

difference in protein levels and that His-PKCεk and GST-PKCε1-306 are present 

in approximately stoichiometric amounts after GS purification. 

Although the His-PKCεk protein was consistently observed as a single band 

on SDS-PAGE following GS purification when bvHis-PKCεk virus was co-

infected with bvGST-PKCε1-306, it was present as a double band when 

expressed alone and purified with Ni-NTA (Figure 4-11C). We hypothesised 

that GST-PKCε1-306 associates with only one of the two His-PKCεk species 

and the second species is removed during washing of the GS resin. When 
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His-PKCεk protein from cells co-infected with bvHis-PKCεk and bvGST-PKCε1-

306 was analysed by anion exchange it eluted at a salt concentration 

corresponding to 220 mM NaCl, similar to that described for the fully 

phosphorylated PKCεk
AL/TM/HM in Section 2.3.1 (elution at 210 mM NaCl). 

Additionally, His-PKCεk recovered by GS purification from bvHis-PKCεk and 

bvGST-PKCε1-306 co-infected cells migrated at the same rate as the top 

(slower) band. Characterisation in Section 2.3.1 also showed the species with 

full priming phosphorylation to migrate more slowly than species lacking 

priming phosphorylations (Figure 2-3). Although phosphorylation site specific 

WB experiments would be required to definitively verify that His-PKCεk 

recovered following GST-PKCε1-306 co-expression is fully primed, current 

evidence supports the hypothesis that PKCε1-306 preferentially associates with 

fully primed His-PKCεk. 

Further purification of the His-PKCεk:PKCε1-306 complex with Ni-NTA resin was 

possible and approximately stoichiometric amounts of His-PKCεk and PKCε1-

306 were observed (Figure 4-11D). Despite the high level of purity obtained, 

final purified protein yields were too low to conduct crystal screening 

experiments with the complex (<0.2 mg pure protein recovered per litre of Sf9 

cell culture). We therefore attempted to identify the factors influencing the 

yield of His-PKCεk:PKCε1-306 complex. It was observed that protein levels 

recovered from GS purification of the His-PKCεk:GST-PKCε1-306 complex were 

consistently lower than those for the GST-PKCεk:GST-PKCε1-306. One reason 

for the lower recovery of His-PKCεk:GST-PKCε1-306 complex appears to be the 

lower overall yield of His-PKCεk compared to GST-PKCεk. Additionally, 

preferential association of GST-PKCε1-306 with a single phosphospecies of 

His-PKCεk potentially decreases the amount of GST-PKCε1-306 solubility 

rescue. 

It has been shown in this study that co-infection of Sf9 cells with PKC kinase 

domain viruses and bvHis-PDK1 kinase virus successfully increases the 

proportion of fully primed PKC kinase domain recovered (Section 2.3.3). We 

hypothesised that addition of bvHis-PDK1 virus to the bvHis-PKCεk:bvGST-
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PKCε1-306 co-infection would increase the amount of fully primed His-PKCεk 

and thereby enable more GST-PKCε1-306 to be solubilised. If successful, 

overall His-PKCεk:GST-PKCε1-306 complex yield would increase. The 

preliminary bvHis-PKCεk:bvGST-PKCε1-306:bvHis-PDK1 triple infection 

produced drastically decreased yields of His-PKCεk:PKCε1-306 complex (Figure 

4-11D). It is possible that infection of Sf9 cells with three different viruses 

caused cell death before effective protein expression could be carried out. 

There are several additional routes which might be taken to improve yields of 

a PKCεk:PKCε1-306 reconstituted complex for use in crystallisation trials. A 

careful adjustment of MOI ratios for the three components and trials to 

determine optimal incubation times for cells post-infection could potentially 

improve expression levels for the bvHis-PKCεk:bvGST-PKCε1-306:bvHis-PDK1 

triple infections. Additional improvements in yield may be achieved by using 

different insect cell lines for infections such as Hi-5 or Sf21. Finally, low 

temperature incubation (18ºC) has been successful in improving protein yields 

in some cases, particularly where insolubility of one or more components is a 

problem (Phillip Knowles, personal communication). 

4.5.5. Purified, soluble PKCε1-306 can be isolated from the 

PKCεk:PKCε1-306 complex 

The requirement for PKCε1-306 protein co-expression with the PKCεk to rescue 

solubility has been described above (Section 4.3.2.2). It was discovered 

during the course of this study that isolation of soluble GST-PKCε1-306 from the 

His-PKCεk:GST-PKCε1-306 complex was possible after their initial co-

expression. When a high salt (1.0 M NaCl) wash was added to the GS 

purification step, His-εk dissociated from the GST-PKCε1-306 protein (Figure 

4-12). Additionally, it was possible to remove the GST tag from GST-PKCε1-306 

and maintain PKCε1-306 solubility (Figure 4-12). The ability of PKCε1-306 to 

remain soluble after dissociation from the PKCε kinase domain indicates that 

PKCεk is necessary only for the initial stabilisation of PKCε1-306, perhaps 

assisting in its proper folding immediately following translation. 
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Figure 4-12: PKCε1-306 can be isolated from the His-PKCεk:PKCε1-306 complex 
Isolation of GST-PKCε1-306 from the His-PKCεk:GST-PKCε1-306 complex is achieved by 
adding a washing step with 1.0 M NaCl during GS purification. Sf9 cells were co-
infected with bvHis-PKCεk:bvGST-PKCε1-306 and the complex was purified with GS. 
Washing the GS resin with 1.0 M NaCl removed the His-PKCεk protein. Recovery of 
soluble PKCε1-306 protein was possible after 3C cleavage as shown. 

The isolation of PKCε1-306 is significant in that it opens the door for further 

exploration of PKC domain interactions. Specifically, successful crystallisation 

of the PKCε1-306 protein on its own might allow identification of interaction 

surfaces between the C1 and C2 domains. In the absence of a structure for 

the reconstituted PKCε complex, it might also reveal clues as to how the 

regulatory domains could associate with the kinase domain. Additionally, ATP 

activity assays should be conducted to reveal the efficiency with which PKCε1-

306 can inhibit PKCε kinase domain catalytic activity. Isothermal titration 

calorimetry studies would reveal the affinity of PKCε1-306 for PKCεk (with and 

without priming phosphorylation) and whether there is a large conformational 

change associated with PKCεk:PKCε1-306 binding. 

4.6. Association of atypical PKC regulatory regions and 

kinase domains 

The atypical PKCι and PKCζ regulatory domains display several 

characteristics distinct from those observed for their novel PKC counterpart, 

PKCε. The following section will explore the association of PKCι and PKCζ 

regulatory domains with their respective kinase domains and compare these 

results to those obtained in experiments with the PKCεk:PKCε1-306 complex. 
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4.6.1. Co-purification of GST-PKCι16-181 with PKCιk does not 

prevent PKCι16-181 degradation 

In Section 4.3.1 evidence was presented showing that although PKCι16-181 is 

well expressed, it undergoes extensive degradation. Given the promotion of 

solubility provided by PKCεk co-expression with PKCε1-306, we predicted that 

co-expression of PKCιk and PKCι16-181 would assist in stabilising PKCι16-181 

and reduce its degradation. In fact, no difference was observed in the PKCι16-

181 protein’s susceptibility to proteolytic degradation upon co-expression of 

PKCιk (Figure 4-13). The completeness of the PKCι16-181 degradation can be 

seen clearly where the GST tag is removed and no detectable PKCι16-181 

protein remains in either the bound or unbound fractions (lanes 2 and 8 of 

Figure 4-13, respectively). Several additional purification trials using different 

buffers and protease inhibitors met with limited success in slowing PKCι16-181 

degradation and PKCι16-181 was consistently completely degraded. 

 

Figure 4-13: PKCι16-181 is rapidly degraded despite co-expression with PKCιk 
Rapid and extensive degradation of the PKCι16-181 protein is observed even in the 
presence of PKCιk. Sf9 cells were co-infected with bvGST-PKCιk and bvGST-PKCι16-

181 and cell extracts were applied to GS resin. Proteins were cleaved from GST tags by 
addition of 3C protease. Cleavage product was applied to a MonoQ HP anion 
exchange column. Samples from fractions corresponding to the single eluted peak 
were run in lanes 4-7 of the SDS-PAGE shown above. Proteins which remained bound 
to GST resin are shown in lane 8. The band in lane 8 corresponding to approximately 
45 kDa is likely PKCιk which was not completely removed during washing of the GS 
resin. 
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4.6.2. Several aPKC regulatory region proteins are resistant to 
degradation following GST tag removal 

Because the labile nature of PKCι16-181 prevented using this protein for any 

meaningful experiments, proteins with alternate domain boundaries were 

developed (GST-PKCι11-186, GST-PKCι11-205, GST-PKCι99-205, GST-PKCζ11-

185, GST-PKCζ11-206, GST-PKCζ99-206) as presented in Section 4.3.2.1. 

Fortuitously, all six modified viruses promoted good protein expression in Sf9 

cells and no degradation was observed. Similar to PKCι16-181, none of the new 

aPKC regulatory region proteins required PKCk co-expression for solubility. 

Although each of the modified aPKC regulatory region proteins were well 

expressed, the highest yields were obtained for GST-PKCζ11-206 and GST-

PKCζ99-206. Because GST-PKCζ11-206 included all of the atypical PKC 

regulatory components we were interested in investigating (Figure 4-2B), we 

focused on this construct in further characterisations. 

4.6.3. Atypical PKC regulatory region PKCζ11-206 associates 

weakly with PKC kinase domain 

To determine whether PKCζ11-206 and PKCζk interact, a size exclusion 

chromatography experiment was conducted after affinity purification and GST 

tag removal. The behaviour of PKCζk:PKCζ11-206 was different from that of 

PKCεk:PKCε1-306 in that association of the two proteins was not immediately 

detected in size exclusion chromatography experiments. In fact, when using 

25 mM HEPES pH 7.4, 1 mM tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP) and a NaCl concentration ranging from 50 mM to 500 mM, the 

majority of the PKCζ11-206 protein eluted in the void volume fraction (Figure 

4-14A). In these experiments, PKCζk eluted as a single peak at a volume 

consistent with its elution when purified as a single protein. 

Further optimisation showed that addition of 5% (v/v) glycerol to the 

purification buffer resulted in the association of PKCζk and PKCζ11-206. In size 

exclusion experiments with 5% (v/v) glycerol added to the buffer, a broad 

doublet peak was observed to contain fractions with both PKCζk and PKCζ11-
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206 (Figure 4-14B). Nevertheless, a large portion of the PKCζ11-206 protein was 

eluted in the void volume fraction as before (Figure 4-14B). These results 

indicate that PKCζk and PKCζ11-206 do interact, though the interaction does 

not appear strong enough to form a stable complex. 

 

Figure 4-14: PKCζ11-206 association with PKCζk is weak 
The association of PKCζ11-206 with PKCζk is dependent on buffer conditions. A) Size 
exclusion chromatography on Superdex 200 carried out in 25 mM HEPES pH 7.5, 250 
mM NaCl, 1 mM TCEP after affinity purification on GS and 3C cleavage is shown in the 
left panel. The right panel shows samples taken at various stages of purification and all 
samples were from the same SDS-PAGE gel. B) Size exclusion chromatography on 
Superdex 200 carried out in 25 mM HEPES pH 7.5, 250 mM NaCl, 1 mM TCEP and 
5% (v/v) glycerol after affinity purification on glutathione Sepharose and 3C cleavage is 
shown in the left panel. No protein was detected in the peak eluted at 157.9 ml. The 
right panel shows samples taken at various stages of purification as indicated. 

Using DLS, we observed that PKCζ11-206 in solution forms structures with a 41 

nm diameter (approximately 4,000 kDa). Such large particles would typically 

point to aggregation of the protein, however, a closer look at the 

PKCιPB1:Par6PB1 complex crystal structure and PB1 sequences revealed 

another possible explanation for the large structures (Hirano et al., 2005). PB1 

domains typically contain conserved OPCA motifs with several acidic residues 

and a region of conserved basic residues (Figure 1-7). The acidic surface of 
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one protein’s OPCA motif forms several salt bridges with residues of the 

interacting partner’s the basic PB1 region (Noda et al., 2003). In the 

PKCιPB1:Par6PB1 crystal structure, the basic residues of Par6PB1 interact with 

the acidic residues of PKCιPB1’s OPCA motif. PKCι and PKCζ PB1 domains 

contain both the basic and OPCA motifs and are thus potentially capable of 

homo-dimerisation. We therefore predict that the large structures observed by 

DLS are not aggregate, but oligomers formed by PKCζPB1:PKCζPB1 domain 

interactions. 

 

Figure 4-15: Model for homo-oligomerisation of aPKCPB1 domains 
Electrostatic surface and ribbon representations of PKCιPB1 domain are shown (from 
PDB code 1WMH). The left panel shows the PKCιPB1 domain’s conserved OPCA and 
basic motifs. R18 and K20 are likely involved in binding the OPCA motifs of other PB1 
domains to form heterodimers. In solution with high concentrations of PKCιPB1 domain, 
homo-oligomerisation is likely to occur. A model for the homo-oligomerisation of the 
PKCιPB1 is shown on the right. 

4.7. Conclusions 

This chapter has described the successful BV production and protein 

expression of several PKC regulatory region constructs. Representatives of 

the nPKC (PKCε) and aPKC (PKCι and PKCζ) sub-families were expressed 

and their production provides a platform from which to explore the structural 

and functional differences between the PKC isoform regulatory domains. 

Table 4-1 summarises the characteristics determined for each PKC regulatory 

region proteins developed for use in this study. 
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Table 4-1: Summary of findings for PKC regulatory region constructs 

Protein name Expression 
level 

Solubility Stability Association with 
kinase domain 

GST-PKCθ1-296 n.d. n.d. n.d. n.d. 

GST-PKCη1-309 n.d. n.d. Degraded n.d. 

GST-PKCε1-306 0.2 mg/l Soluble with PKCεk 
co-infection 

Stable Strong 

GST-PKCε149-306 0.1 mg/l Soluble with PKCεk 
co-infection 

Stable n.d. 

GST-PKCι16-180 0.5 mg/l Solublea Degraded n.d. 

GST-PKCι16-181 0.5 mg/l Solublea Degraded n.d. 

GST-PKCι11-186 0.4 mg/l Solublea Stable n.d. 

GST-PKCι11-205 0.4 mg/l Soluble, forms 
large particles 

Stable None detectedb 

GST-PKCι99-205 0.8 mg/l Solublea Stable n.d. 

GST-PKCζ15-181 <0.1 mg/l Insoluble Stable n.d. 

GST-PKCζ11-185 0.4 mg/l Soluble, forms 
large particles 

Stable None detectedb 

GST-PKCζ11-206 1.2 mg/l Soluble, forms 
large particles 

Stable Weak 

GST-PKCζ99-206 1.0 mg/l Soluble, forms 
large particles 

Stable None detectedb 

n.d. – not determined 
aTendency to aggregate/oligomerise not determined. 
bSize exclusion experiments used to determine association with kinase domain were done without glycerol, later 
determined to positively affect PKCζk:PKCζ11-206 association. 

 
Several differences in the behaviour of novel and atypical PKC regulatory 

regions have been observed during their optimisation and characterisation in 

this study. The novel PKCε regulatory region constructs (PKCε1-306 and 

PKCε149-306) both require co-infection of PKCεk to rescue their solubility. This 

is in stark contrast to the aPKC regulatory region constructs which exhibit 

soluble expression independent of whether they are co-infected with their 

respective kinase domains. The main difference between the two sub-family 

domains is the presence of a C2 domain in the nPKCs which is lacking in the 

aPKCs and the presence of a PB1 domain in aPKCs which is absent in 

nPKCs. Given that both the C1 and C2 domains are known to associate with 

the membrane in cells (Johnson et al., 2000; Mosior and Newton, 1995), it is 

possible that their hydrophobic surfaces require the PKC kinase domain to act 

as a scaffold to support their correct folding following translation. Atypical 

PKCs lack the C2 domain and it is unclear whether the atypical C1 domain 
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associates strongly with the membrane, thus there may not be such a 

requirement for scaffolding to assist their folding. 

The difference in behaviour observed between strong PKCεk:PKCε1-306 

binding and weak PKCζk:PKCζ11-206 association is perhaps unsurprising given 

the difference in their regulatory domain compositions and solubility 

characteristics when expressed as isolated constructs. This makes a 

structural investigation of the interaction surfaces between kinase and 

regulatory domains intriguing, particularly with regard to determining the 

differences both between and within PKC sub-families. 

Several key elements are necessary going forward to structurally characterise 

the PKC kinase and regulatory domain interactions. For PKCεk:PKCε1-306, 

better yields of pure protein are needed to conduct crystal trials. For the 

reconstituted aPKC complexes, further optimisation will need to focus on 

reducing formation of the large PKCζ11-206 particles and stabilising the 

complex such that stoichiometric amounts of each protein can be recovered. 

Altogether, the results presented in this chapter provide a solid foundation 

from which further investigation of the relationship between PKC regulatory 

and kinase domains is possible and provide valuable insight into the 

differences between the novel and atypical PKC sub-families. 
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5. Recognition of an intrachain tandem 14-3-3-binding 
site within protein kinase C epsilon 

5.1. Aims 

PKC isoform functional specificity can be determined not only by the structure 

and priming states of the kinase domain and by interaction with the regulatory 

region, but also by interaction with binding partners. Each PKC isoform has an 

array of unique binding partners, some which control spatio-temporal 

distribution in the cell and therefore access to substrate. Some PKC binding 

partners control PKC activity and still others influence both localisation and 

activity (examples include (Lin et al., 2000; Prekeris et al., 1998; Yamanaka et 

al., 2001)). Here we examine the interaction between the PKCε isoform and 

binding partner 14-3-3. 

 

Figure 5-1: The V3 linker region of PKCε contains two 14-3-3-binding sites 
A schematic shows the two 14-3-3-binding sites in PKCε. Site 1 conforms to the mode 1 
consensus sequence (left) and site 2 (right) diverges from the mode 2 consensus 
sequence, though it contains the critical arginine at the -4 position relative to the 
phosphoserine. 

Our group has previously described the functional importance of a multiply 

phosphorylated PKCε V3 region that generates a competent 14-3-3-binding site 

(Saurin et al., 2008). The actions of p38 MAPK and GSK3β produce a mode 1 

motif at residues 343-348 (RSKpSAP) of PKCε and auto-/trans-phosphorylation 

produces a divergent mode 2 motif at residues 364-370 (RKALpSFD) lacking 

proline at +2 and an aromatic residue at the -2 position (Durgan et al., 2008; 

Saurin et al., 2008) (Figure 5-1). The 14-3-3 interaction mediated by these 

motifs is critical for exit from cytokinesis as shown by PKCε mutants 
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S346A/S368A or R343A which prevent the ability of PKCε to recover 

cytokinesis defects following PKCε knockout or knockdown (Saurin et al., 2008). 

Here we report a structural and thermodynamic characterisation of the PKCε V3 

region, a physiological 14-3-3 ligand that contains a tandem intrachain 14-3-3-

binding site with a “gatekeeper” phosphorylation site as first postulated by 

(Yaffe, 2002). We have solved the crystal structure of 14-3-3ζ bound to a PKCε-

V3 region di-phosphopeptide and conducted a thermodynamic analysis which 

reveals how an intrachain 14-3-3-binding site comprising a mode 1 motif and an 

imperfect 14-3-3 mode 2 motif co-operate to engage the 14-3-3 homodimer and 

thereby allosterically activate PKCε. The binding affinity of the tandem 

phosphoserine sites is enhanced more than 150-fold over the mode 1 

phosphoserine motif alone, indicating strong co-cooperativity and a crucial role 

for the gatekeeper site in the interaction. This dual site recognition mechanism 

has implications for other allosterically regulated 14-3-3-binding enzymes which 

appear to have only a single 14-3-3 motif as other lower affinity and cryptic 

gatekeeper 14-3-3 sites may exist. A manuscript describing the results in this 

chapter has recently been published (Kostelecky et al., 2009). 

5.2. Stoichiometry of binding 

5.2.1. The stoichiometry of 14-3-3ζ:PKCε is one PKCε monomer 

per 14-3-3ζ dimer 

To confirm the composition of a complex containing full-length PKCε bound to 

the 14-3-3ζ isoform, a green fluorescent protein (GFP)-tagged GFP-PKCε:14-3-

3ζ complex was assembled and analysed by size exclusion chromatography. 

Phosphorylation of the PKCε pS346 and pS368 sites was promoted by treating 

HEK-293 cells cultured in a mono-layer to 90% confluence with PMA (see 

Section 8.6.6.1, cells were provided by Dr. Adrian Saurin). GFP-PKCε from the 

cell lysate was then bound to the His-14-3-3ζ-Ni-NTA affinity matrix. The 

resulting GFP-PKCε:14-3-3ζ complex was eluted from the Ni-NTA and 

fractionated by size exclusion chromatography. Eluted fractions were probed 

with an anti-PKCε antibody to determine elution volume. Molecular weight 
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standards were separated under identical conditions and used as a reference 

for the molecular weight of the 14-3-3ζ:PKCε complex (Figure 5-2). The 14-3-

3ζ:GFP-PKCε complex eluted at a volume approximately corresponding to a 

ratio of one 14-3-3ζ homodimer (58 kDa) to one molecule of GFP-PKCε (110 

kDa) (Figure 5-2). This result is in agreement with published data for a full-

length PKCε:14-3-3β complex (Saurin et al., 2008). 

 

Figure 5-2: Stoichiometry of 14-3-3:PKCε interaction 
An affinity pulldown assay was performed to determine the stoichiometry of a full-length 
PKCε:14-3-3ζ complex. Immunoblotting of size exclusion fractions with an antibody 
against PKCε was performed to determine the elution volume of the gel filtered complex. 
Comparison to molecular weight standards (shown in chromatogram above) shows an 
approximate molecular weight corresponding to one His-14-3-3ζ dimer (58 kDa) to one 
GFP-PKCε monomer (110 kDa). 

5.2.2. The stoichiometry of a 14-3-3ζ:PKCεV3-di-phosphopeptide 

complex is identical to that of the full-length PKCε complex 

The stoichiometry of the full-length PKCε:14-3-3ζ complex was compared to a 

complex between 14-3-3ζ and a biotinylated V3 region di-phosphopeptide 

(PKCεV3-b-pS346-pS368) spanning residues 342-372 of human PKCε (see 

Table 5-1 for details of peptides used in this chapter). A 5-fold molar excess of 

PKCεV3-b-pS346-pS368 was added to 14-3-3ζ followed by removal of unbound 

peptide from the protein by size exclusion chromatography. The eluted complex 

was added to 4´-hydroxyazobenzene-2-carboxylic acid (HABA)-avidin complex 

(Pierce). HABA displacement by the biotinylated peptide was measured by 
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HABA’s decreased absorbance at 500 nm when not bound to avidin. Using this 

method, we found the 14-3-3ζ:PKCεV3-b-pS346-pS368 complex to exhibit a 

stoichiometry of 0.96 (± 0.15) peptide molecules per 14-3-3 dimer. 

Table 5-1: PKCεV3 peptide sequences 

5.2.3. The di-phosphorylated PKCεV3 peptide competes with full-

length PKCε for 14-3-3ζ binding 

The ability of PKCεV3-b-pS346-pS368 to disrupt the association of PKCε and 

14-3-3ζ was examined. The full-length GFP-PKCε:14-3-3ζ complex was 

prepared as described for the stoichiometric determination above and excess 

PKCεV3-b-pS346-pS368 peptide was added. An analysis of components bound 

and unbound to the affinity matrix used for pulldown of PKCε revealed that the 

PKCεV3-b-pS346-pS368 peptide effectively competed with PKCε for binding of 

the 14-3-3 dimer (Figure 5-3). It was thus determined that the di-phosphorylated 

V3 region peptide is capable of recapitulating the essential features of the intact 

PKCε:14-3-3 complex, allowing investigation of the PKCεV3/14-3-3 interaction 

using peptides as surrogates for the full-length PKCε protein. 

Peptide name Peptide sequence 
PKCεV3-b-pS346-pS368 b-DRSKpSAPTSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-n DRSKSAPTSPCDQEIKELENNIRKALSFDNR 
PKCεV3-pS346 DRSKpSAPTSPCDQEIKELENNIRKALSFDNR 
PKCεV3-pS368 DRSKSAPTSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-pS346-pS368 DRSKpSAPTSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-pS346-pS350-pS368 DRSKpSAPTpSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-site1-site1 DRSKpSAPTSPCDQEIKELENNIRSKpSAPNR 
PKCεV3-site2-site2 DRKALpSFDTSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-pS346-G6-pS368 DRSKpSAPTGGGGGGRKALpSFDNR 
PKCεV3-pS346-G10-pS368 DRSKpSAPTGGGGGGGGGGRKALpSFDNR 
PKCεV3-pS346-G14-pS368 DRSKpSAPTGGGGGGGGGGGGGGRKALpSFDNR 
PKCεV3-fl-n fl-eahx-DRSKSAPTSPCDQEIKELENNIRKALSFDNR 
PKCεV3-fl-pS346 fl-eahx-DRSKpSAPTSPCDQEIKELENNIRKALSFDNR 
PKCεV3-fl-pS368 fl-eahx-DRSKSAPTSPCDQEIKELENNIRKALpSFDNR 
PKCεV3-fl-pS346-pS368 fl-eahx-DRSKpSAPTSPCDQEIKELENNIRKALpSFDNR 
Single amino acid code has been used for all peptide sequences which are denoted in capital letters. 
Codes for lower case letters are as follows: b – biotin, fl – fluorescein, eahx – aminohexanoic acid linker. 
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Figure 5-3: Peptide PKCεV3-b-pS346-pS368 competes with PKCε for 14-3-3 binding 
The peptide PKCεV3-pS346-pS368 competes with PKCε for 14-3-3 binding. His-14-3-3ζ 
was bound to Ni-NTA resin and used as an affinity matrix to bind GFP-PKCε from PMA 
stimulated HEK-293 cell lysate. Excess peptide PKCεV3-pS346-pS368 was added to half 
of the Ni-NTA resin after the affinity pulldown, while buffer was added to the other half as 
a control. The supernatants were collected and are labelled ‘unbound’ in the Western 
blots above. The proteins which remained bound were then eluted from the Ni-NTA resin 
by addition of 300 mM imidazole (labelled ‘bound’). 

5.3. Binding affinities of PKCεV3 peptides to 14-3-3ζ 

5.3.1. Tandem phosphoserine sites on the PKCεV3 peptide 

enhance 14-3-3ζ binding 

A bidentate interaction between 14-3-3 and PKCε is clearly important in vivo. 

Previous studies by our group demonstrated that mutation of either PKCεV3 

serine from site 1 or site 2 to alanine (S346A or S368A, respectively) renders 

the 14-3-3:PKCε interaction undetectable (Saurin et al., 2008). PKCεV3 region 

peptides spanning residues 342-372 (Table 5-1) were used to probe the 

thermodynamics of the bidentate 14-3-3:PKCε interaction by isothermal titration 

calorimetry (ITC). These peptides corresponded to mono-phosphorylated 

(PKCεV3-pS346 and PKCεV3-pS368), di-phosphorylated (PKCεV3-pS346-

pS368), or unphosphorylated (PKCεV3-n) species. Table 5-2 summarises the 

results of ITC experiments. 

The mono-phosphorylated peptide PKCεV3-pS346 (defined hereafter as site 1) 

exhibited modest affinity for 14-3-3ζ (dissociation constant KD = 9.8 μM), 

consistent with it conforming to an optimal mode 1 14-3-3-binding motif (Figure 

5-4A). The unphosphorylated peptide PKCεV3-n showed no detectable binding 

to 14-3-3. The association of peptide PKCεV3-pS368 (defined hereafter as site 
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2) with 14-3-3 was too weak to accurately determine its KD value (Figure 5-4B). 

The combination of the site 1 and site 2 phosphorylations within the PKCεV3-

pS346-pS368 di-phosphopeptide dramatically enhanced affinity for 14-3-3 (KD = 

59 nM) resulting in a 166-fold increase in affinity over the site 1 peptide (Figure 

5-4C). 

Table 5-2: Binding constants for the interaction of 14-3-3ζ with PKCεV3 peptides 

Peptide KD
a (μM) N 

PKCεV3-n n.d.  

PKCεV3-pS368 > 100  

PKCεV3-pS346 9.8 ± 0.44 1.9 ± 0.0083 

PKCεV3-pS346-pS368 0.059 ± 0.0030 1.1 ± 0.0011 

PKCεV3-pS346-pS350-pS368 2.0 ± 0.20 1.5 ± 0.013 

PKCεV3-site1-site1b 0.00058 ± 0.00043 
0.0072 ± 0.0045 

0.69 ± 0.066 
0.49 ± 0.062 

PKCεV3-site2-site2 0.75 ± 0.051 1.3 ± 0.0042 

PKCεV3-G6 6.9 ± 0.53 2.0 ± 0.021 

PKCεV3-G10 0.12 ± 0.0090 0.88 ± 0.0023 

PKCεV3-G14 0.13 ± 0.012 0.93 ± 0.0029 

PKCεV3-fl-n > 250  

PKCεV3-fl-pS346 13.7 ± 0.93  

PKCεV3-fl-pS368 > 1000  

PKCεV3-fl-pS346-pS368 0.0663 ± 0.0081  
n.d.- not detected 
aKD = 1/KA 
bBoth KD1 and KD2 estimates possible 
N = stoichiometry of binding (peptide to 14-3-3 dimer) 

 

The apparent stoichiometry for the mono-phosphorylated PKCεV3-pS346 was 

shown to be 2 peptide molecules to one 14-3-3 dimer (N = 1.9). Consistent with 

a model where the addition of the site 2 phosphorylation to the site 1 

phosphorylation induces bidentate engagement of 14-3-3, the apparent 

stoichiometry of PKCεV3-pS346-pS368 binding to 14-3-3 is one peptide 

molecule per 14-3-3 dimer (N = 1.1). The increased binding affinity upon 

bidentate interaction demonstrates that site 2 constitutes a gatekeeper 

phosphorylation site, being necessary for high affinity binding but with very little 

intrinsic affinity for 14-3-3 on its own. 
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Figure 5-4: Tandem phosphorylation enhances PKCεV3 peptides binding to 14-3-3 
Isothermal titration calorimetry experiments showing binding curves for PKCεV3 
phosphopeptides A) Data for the site 1 phosphopeptide PKCεV3-pS346, B) site 2 
phosphopeptide PKCεV3-pS346 and C) combined site 1 and 2 phosphopeptide PKCεV3-
pS346-pS368 are shown with raw data in upper panels and fitted curves in lower panels. 
Data shown were fitted using a single-site binding model and each panel is 
representative of at least three experiments with independent samples. 

5.3.2. Fluorescence polarisation experiments confirm increased 
affinity for 14-3-3 by tandem binding 

Fluorescence polarisation (FP) experiments were conducted to verify 14-3-3 

tandem binding by an independent method. Peptides equivalent to the mono-, 

di- and unphosphorylated species used for the ITC experiments were 

synthesised with fluorescein (fl) tags at the amino-terminus (see Table 5-1 for 

peptide sequences). The results obtained by FP were similar to those for the 

ITC experiments. The unphosphorylated PKCεV3-fl-n and mono-

phosphorylated PKCεV3-fl-pS368 site 2 peptide both bound too weakly to 14-3-

3 to accurately determine their dissociation constants. The dissociation constant 

for 14-3-3 binding to the mono-phosphorylated site 1 PKCεV3-fl-pS346 peptide 

was determined to be in the micromolar range (FP KD = 13.7 μM). This is similar 

to the KD from ITC measurements (ITC KD = 9.8 μM). The dissociation constant 

calculated by FP for the interaction of 14-3-3 with di-phosphorylated peptide 

PKCεV3-fl-pS346-pS368 was also similar to that determined in the ITC 
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experiments (FP KD = 66.3 nM, ITC KD = 59 nM ) (Table 5-2, Figure 5-5). The 

FP experiments thus verify the enhanced affinity interaction promoted by 

tandem phospho-binding sites in the PKCεV3 region. 

 

Figure 5-5: Measurement of 14-3-3:PKCεV3 binding affinity by fluorescence 
polarisation 
Fitted curves are shown for fluorescence polarisation measurements. Serial dilutions of 
14-3-3ζ were added to fluorescein-labelled peptides as indicated and incubated for 10 
minutes at 25ºC. Anisotropy values were calculated as described in Section 8.6.8 and 
multiplied by a factor of 100 (y-axis values). 

5.3.3. Gatekeeper phosphorylation mediates PKCεV3:14-3-3 

affinity 

We aimed to determine whether di-phosphopeptides with two identical tandem 

14-3-3-binding sites exhibited the same thermodynamic properties upon 14-3-3 

binding as di-phosphopeptide containing a lower affinity, gatekeeper 

phosphorylation site. To probe the importance of the gatekeeper site in 

modulating 14-3-3 binding affinity, two additional di-phosphopeptides were 

designed. One peptide contained two optimal phosphorylated 14-3-3 site 1 
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sequences (RSKpSAP, peptide defined as PKCεV3-site1-site1) and the other 

peptide contained two imperfect phosphorylated site 2 sequences (RKALpSFD, 

peptide defined as PKCεV3-site2-site2). ITC experiments were conducted as 

before to obtain dissociation constants and stoichiometry values. 

The energy released upon PKCεV3-site1-site1 (containing two optimal 14-3-3-

binding sites) binding to 14-3-3ζ in the ITC experiments was sufficient to 

quantify the second binding event in the bidentate interaction. The dissociation 

constants were determined to be KD1 = 580 pM and KD2 = 7.2 nM (Table 5-2, 

Figure 5-6A). These affinities are approximately 100-fold and 10-fold higher, 

respectively, than the affinity observed for di-phosphopeptide PKCεV3-pS346-

pS368 (KD = 59 nM). A picomolar dissociation constant would likely mean 

essentially irreversible complex formation. Thus, an interaction between 14-3-3 

and a target with two optimal phospho-binding sites in vivo might have adverse 

physiological consequences. 

 

Figure 5-6: Binding of two imperfect site or two optimal peptides to 14-3-3 
Isothermal titration calorimetry binding curves for A) PKCεV3-site1-site1 and B) PKCεV3-
site2-site2 peptides are shown. The top panels show raw data and the bottom panels 
display fitted curves. The PKCεV3-site2-site2 data were fitted using a single site binding 
model. The PKCε-site1-site1 data were fitted using a two-site binding model. 
Experimental data shown is representative of three separate experiments with 
independent samples. 
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The dissociation constant for PKCεV3-site2-site2 (with two tandem imperfect 

14-3-3-binding motifs) binding to 14-3-3 was determined to be KD = 750 nM. 

Though this is a significant increase in affinity compared to the virtually 

undetectable site 2 phosphorylation alone, it is approximately 10-fold weaker 

than that determined for the di-phosphopeptide PKCεV3-pS346-pS368 (Table 

5-2, Figure 5-6B). The stoichiometry was midway between that observed for the 

mono- and di- phosphorylated peptides (N = 1.3) This indicates that a mixture of 

mono- and bidentate binding modes exist in the interaction between PKCεV3-

site-2-site2 and 14-3-3. Consequently, in a physiological setting, the co-

operation of two imperfect 14-3-3 phospho-binding sites might be insufficient to 

produce a strong enough interaction for the sustained formation of a 14-3-3 

complex. 

The co-operation between an optimal and imperfect 14-3-3-binding site appears 

to be important for formation of an interaction that is neither too weak to 

maintain the 14-3-3 complex, nor so strong as to make its formation irreversible. 

For PKCε, the combination of optimal and imperfect 14-3-3-binding sites may 

have been selected to allow regulated 14-3-3 binding rather than to maximise 

14-3-3 affinity. The ITC experiments described in both Sections 5.3.1 and 5.3.3 

have led us to conclude that gatekeeper phosphorylation is an important 

mechanism for mediating the strength of complex formation between PKCε and 

14-3-3. 

5.3.4. Phosphorylation at PKCε S350, a phosphorylation priming 

site for S346, compromises 14-3-3 binding affinity 

In order to create a GSK3β recognition motif (SXXXpS) (Fiol et al., 1990) and 

hence trigger phosphorylation at S346, a priming phosphorylation is required at 

S350 (Saurin et al., 2008). We therefore sought to determine whether a third 

phosphorylation site found between sites 1 and 2 would enhance or disrupt the 

binding of the PKCεV3 region to 14-3-3. The peptide PKCεV3-pS346-pS350-

pS368 was synthesised to mimic the tri-phosphorylated V3 region of PKCε. 

PKCεV3-pS346-pS350-pS368 exhibited a KD of 2.0 μM for 14-3-3 (Figure 5-7), 

significantly higher affinity than PKCεV3-pS346 site 1 but still 34-fold weaker 



 Recognition of an intrachain tandem 14-3-3-binding site within protein kinase C epsilon 

Kostelecky PhD Thesis 2009 149 

than that of the di-phosphopeptide (Table 5-2). The higher dissociation constant 

of the tri-phosphorylated peptide compared to the di-phosphopeptide indicates 

that this phosphorylation compromises the high affinity tandem interaction with 

14-3-3. 

 

Figure 5-7: Binding of a tri-phosphopeptide PKCεV3-pS346-pS350-pS368 to 14-3-3 
Isothermal titration calorimetry binding curve shows the strength of the interaction 
between PKCεV3-pS346-pS350-pS368 with 14-3-3ζ. The top panel shows the raw ITC 
data and the bottom panel is the fitted curve. The data were fitted using a single site 
binding model. The figure is representative of three experiments using independent 
samples.  

Similar to results obtained for the PKCεV3-site2-site2 association with 14-3-3, 

the stoichiometry was found to be in the midrange between 1 and 2 peptides 

per 14-3-3 dimer (N = 1.5). The fact that the KD values for PKCεV3 site2-site2 

and PKCεV3-pS346-pS350-pS368 are also in the same range (0.75 μM and 2.0 

μM, respectively) indicates that until dephosphorylation of pS350 occurs, site 1 

constitutes an imperfect 14-3-3-binding motif and full strength tandem binding 

cannot be achieved. Consequently, selective dephosphorylation of S350 is 

likely important for 14-3-3 activation of PKCε, though to date the 

phosphorylation state of S350 during cytokinesis remains uncharacterised. 
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5.4. 14-3-3ζ:PKCεV3-pS346-pS368 structure 

5.4.1. Purification and crystallisation of 14-3-3ζ:PKCε-pS346-pS368 

We crystallised and determined the structure of a 14-3-3ζ:PKCεV3-pS346-

pS368 peptide complex at 2.2Å resolution by molecular replacement to further 

investigate the bidentate interaction between 14-3-3 and PKCε. The His-14-3-3ζ 

protein was over-expressed in E. coli cells and purified from cell lysate by 

affinity chromatography on Ni-NTA resin. A 5-fold excess of PKCεV3-pS346-

pS368 peptide was added and unbound peptide removed by size exclusion 

chromatography (Figure 5-8A). Approximately 100 mg of purified 14-3-3ζ:PKCε-

pS346-pS368 complex was purified per litre of E. coli culture using this method. 

Initial crystals were grown with the 14-3-3ζ:PKCεV3-pS346-pS368 complex 

concentrated to 10 mg/ml using salt as a precipitant. Though crystals were 

easily obtained and optimised for growth under a variety of conditions, none of 

them diffracted to better than 8.0Å. During the early stages of this project, a 

study was published in which several 14-3-3 isoforms were crystallised using 

PEG polymers as precipitants at significantly higher protein concentrations (~40 

mg/ml) (Yang et al., 2006). Crystal trials were therefore conducted with the 14-

3-3ζ:PKCεV3-pS346-pS368 protein complex at > 40 mg/ml concentration using 

PEG precipitants. Primary crystals were obtained with 22% (w/v) PEG-3350, 

100 mM calcium acetate and 50 mM NaF and incubated at 20ºC for 2 weeks. 

Following initial growth of crystals in PEG precipitant, microseeding of the 

previously grown crystals into 18% (w/v) PEG-3350, 50 mM calcium acetate 

and 50 mM NaF resulted in the growth of crystals with approximate dimensions 

0.3 mm x 0.3 mm x 0.3 mm after 4 weeks at 20ºC (Figure 5-8B). Crystals were 

cryo-protected by soaking in 50 mM calcium acetate, 50 mM NaF, 25% (w/v) 

PEG-3350 and 5% (v/v) glycerol for 3 minutes at 20ºC prior to data collection at 

100 K. Data were collected to 2.25Å resolution at our laboratory’s home X-ray 

source (Figure 5-8C). 
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Figure 5-8: Purification and crystallisation of 14-3-3ζ:PKCεV3-pS346-pS368 
A) A chromatogram from the size exclusion step of 14-3-3ζ:PKCε-pS346-pS368 
purification is shown on the left and an SDS-PAGE gel showing purity at various stages 
of protein purification is shown on the right. 14-3-3ζ (29 kDa) is shown to migrate 
approximately the same distance as the 30 kDa molecular weight marker. B) A 
photograph of 14-3-3ζ:PKCεV3-pS346-pS368 crystals is shown. Average crystals were 
approximately 0.3 mm X 0.3 mm X 0.3 mm in size. C) Diffraction image from the dataset 
used for refinement is shown on the left with diffraction limit rings shown as pink circles. A 
close-up of the diffraction pattern is shown on the right. 

The data were processed and scaled using XDS (Kabsch, 1988; Kabsch, 1993). 

Phaser (McCoy et al., 2007) was used for molecular replacement and the 14-3-

3ζ crystal structure from PDB code 1QJB was used as the molecular 

replacement model. Pseudo-merohedral twinning was detected with 

phenix.xtriage and least squares twin refinement was performed using 

phenix.refine (Adams et al., 2002) with manual rebuilding performed using Coot 

(Emsley and Cowtan, 2004). Co-ordinates have been deposited in the PDB with 

accession number 2WH0. Table 5-3 shows data collection and refinement 

statistics. 



 Recognition of an intrachain tandem 14-3-3-binding site within protein kinase C epsilon 

Kostelecky PhD Thesis 2009 152 

Table 5-3: 14-3-3ζ:PKCεV3-pS346-pS368 data collection and refinement statistics  

5.4.2. The structure of 14-3-3ζ:PKCεV3-pS346-pS368 reveals 

asymmetrically bound ligand 

Crystallisation of an asymmetric di-phosphopeptide within a symmetric 14-3-3 

homodimer could potentially give rise to mixed occupancy as the 

phosphopeptide could bind equally in either orientation within the 14-3-3 

homodimer and give pseudosymmetrically averaged density. Fortuitously, an 

admixture of the di-phosphopeptide bound in both possible orientations was not 

observed. Unambiguous sequence-specific electron density close to each half-

X-ray source Rigaku MicroMax-007 HF 
Wavelength (/Å) 1.54179 
Temperature (/K) 100 
Space group P21 

Cell dimensions a, b, c (/Å) 71.13, 78.16, 108.52 
α, β, γ (/º) 90, 90.098, 90 
Resolution (/Å) 24.5 - 2.25 (2.45 – 2.25) 
Unique reflections 56277 (9922) 
Completeness (%) 99.4 (82.4) 
Redundancy 4.9 (4.8) 
I/σ 19.4 (3.9) 
Rmerge

a (%) 10.2 (40.6) 
Refined twin fraction (Xtriage estimates)  44.2% (H-test 42%, Britton 41%, ML 35%) 
Twinning operator h, -k, -l 
Rwork

b (%) 17.9 
Rfree

c (%) 23.5 
Mean B-Factors (/Å2)  
Wilson 39.6 
Protein 31.5 
Solvent 35.0 
Ramachandran Plot (%)  
Favoured 94.6 
Allowed 3.8 
Outliers 1.6 
Rmsd from Target Geometry  
Bond lengths (/Å) 0.006 
Bond angles (/º) 0.978 
PDB ID 2WH0 
aRmerge is defined in Equation 7-2. 
bRwork is defined in Equation 7-6. 
cRfree is calculated identically to Rwork but with 5.0% of randomly chosen reflections omitted from the refinement. 
Data for the outermost shell are in parentheses, one crystal was used for data collection. 
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site was observed and allowed assignment of pS346 and pS368. Crystals 

contained two 14-3-3 dimers within the asymmetric unit, each of which bound 

phosphopeptide ligand. Since one 14-3-3 dimer showed clearer electron density 

for the bound di-phosphopeptide (Figure 5-9), this complex is used for the 

structure description below. 

 

Figure 5-9: Structure of the 14-3-3:PKCεV3 complex 
A) Electron density (2mFo-DFc contoured at σ = 1.2) for the PKCεV3-pS346-pS368:14-3-
3 complex is shown. B) Surface representation of the 14-3-3 dimer is shown with chains 
A and B in blue and green, respectively. The PKCεV3-pS346-pS368 peptide is shown as 
sticks in yellow and the location and distance spanned by the missing connecting linker is 
indicated. Structure figures in this chapter were prepared using PyMOL (Delano, 2002). 

The final refined model includes mainchain atoms for PKCεV3 residues 343 to 

348 (site 1) and residues 365 to 372 (site 2) including their respective 

phosphoserine residues, pS346 and pS368. Well-defined sidechain density for 

residues K345 and L367 assisted with the assignment of pS346 and pS368 into 

each 14-3-3 protomer (Figure 5-9A). The presence of an ordered site 2, despite 

its almost undetectable affinity for 14-3-3 on its own, indicates it is highly likely 

to be connected to site 1 from the same di-phosphopeptide, consistent with our 

thermodynamic data and the apparent stoichiometry of the complex. However, 
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the intervening linker sequence (348 to 364) is not ordered, leaving a gap of 

32Å from the end of site 1 (Cα of A347) to the start of site 2 (amide nitrogen of 

K365) (Figure 5-9B). A tight turn is likely to connect site 1 and site 2, as the 

PKCεV3 site 1 sequence has a conserved proline (P348) at the +2 position of a 

mode 1 consensus site, previously shown to kink the path of the peptide 

mainchain by 90o (Rittinger et al., 1999). 

14-3-3 sidechains co-ordinating each phosphoserine moiety include R5614-3-3, 

R12714-3-3 and Y12814-3-3 as previously reported for other phosphoserine 

peptides (Figure 5-10A). The sidechain of K4914-3-3 also co-ordinates pS368 in 

site 2 but is poorly ordered beyond the Cγ atom for site 1 and was omitted from 

the final model. Sidechains of N22414-3-3 and N17314-3-3 hydrogen-bond with 

mainchain atoms from the -1 and +1 residues relative to each phosphoserine, 

which is also consistent with previous 14-3-3 structures (Yaffe et al., 1997). 

5.4.3. A mechanism for greater affinity of site 1 for 14-3-3 than site 

2 is revealed by the 14-3-3:PKCεV3 structure 

The greater affinity of 14-3-3 for a PKCεV3-pS346 site 1 peptide over PKCεV3-

pS368 site 2 can be rationalised by the greater number of hydrogen bonds 

made by the 14-3-3 protomer bound to the mode 1 site (Figure 5-10A). These 

include hydrogen bonds from the E18014-3-3 sidechain to S344PKCεV3 mainchain 

nitrogen and the S344PKCεV3 sidechain to Nε of W22814-3-3. The latter interaction 

is not possible in site 2, as the serine is replaced by alanine (A367). Also, 

K345PKCεV3 from site 1 forms a salt bridge with D22314-3-3. For the site 2-bound 

protomer, the D22314-3-3 sidechain is torsioned away from the binding pocket, 

presumably because the equivalent site 2 residue to K345 is L367 (Figure 

5-10A). Neither the R343PKCεV3 nor the R364PKCεV3 sidechain is included in the 

final model similar to several other reported peptide-bound 14-3-3 structures 

(Petosa et al., 1998; Yaffe et al., 1997), and it is therefore unclear what 

contribution these residues make towards the 14-3-3:PKCεV3 interaction. 
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Figure 5-10: Close-up of the molecular contacts made by each phosphoserine-
binding site and structural comparisons 
Hydrogen bonds (bond distance < 3.0 Å) are shown for site 1 and 2 with selected 
interaction residues labelled in pink (14-3-3) and black (PKCε). PKCεV3-pS346-pS368 is 
shown in yellow. 14-3-3 chain A is green and chain B is blue. 

5.4.4. Rationale for decreased 14-3-3 affinity of the tri-

phosphorylated PKCεV3 peptide 

The r.m.s. difference between the 14-3-3ζ dimer from the 14-3-3ζ:PKCεV3-

pS346-pS368 and that of a mode 1 bound 14-3-3 structure (PDB code 1QJB) 

was determined to be 0.9Å over 411 Cα positions (Figure 5-11A). The only 

changes observed upon comparison of the two structures’ mainchains were 

small differences in the angles of some helices and in the loops connecting 

those helices. This is consistent with reports that the 14-3-3 protein structure 

adopts a similar conformation independent of whether it is bound to ligand 

(Obsil et al., 2001; Rittinger et al., 1999). 

A comparison of PKCεV3-pS346-pS368 bound to 14-3-3 reveals an r.m.s. 

difference for site 1 compared to a mode 1 structure (0.4Å over 5 Cα for PDB 

code 1QJB) and an r.m.s. difference for site 2 compared to a mode 2 structure 

(0.9Å over 7 Cα for PDB code 1QJA). The lower r.m.s. difference for site 1 

compared to site 2 reflects the greater similarity of site 1 to a consensus 14-3-3 

sequence (Figure 5-11B). 
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Figure 5-11: Comparison of the 14-3-3:PKCεV3-pS346-pS368 structure to 
previously determined 14-3-3 structures 
A) Comparison of the 14-3-3 structure from the 14-3-3:PKCεV3 complex to a previously 
reported 14-3-3 structure (PDB code 1QJB, grey). B) Comparison of the PKCεV3- site 1 
and site 2 with a mode 1 14-3-3 site (PDB code 1QJB, grey) on the left and a mode 2 
motif (PDB code 1QJA, grey) on the right, respectively. PKCεV3-pS346-pS368 is shown 
in yellow. 14-3-3 chain A is green and chain B is blue. Residue numbers for PKCεV3-
pS346-pS368 are labelled in yellow with proposed location of P348 in parentheses. 14-3-
3 residues co-ordinating the phosphoserines are shown in black. 

The apparent weaker 14-3-3 affinity of the tri-phosphorylated PKCεV3-pS346-

pS350-pS368 compared to di-phosphorylated peptide may be explained by the 

presence of sharp turn induced by P348PKCεV3 (as found in the mode 1 structure 

PDB code 1QJB, Figure 5-11B). This would place pS350 PKCεV3 in close 

proximity to the pS346 PKCεV3-binding pocket and could perturb pS346 PKCεV3 co-

ordination by residues K4914-3-3 and R5614-3-3. This disruption of the pS346 co-

ordination sphere would be unlikely to prevent binding of pS346 completely; 

rather it would presumably force the peptide into a position where some of the 

other stabilising contacts would be lost, thereby lowering the overall affinity of 

site 1 for the binding pocket. 
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5.5. Shorter linker length abolishes high affinity tandem 

binding 

To determine how linker length influences the thermodynamic behaviour of 

PKCε:14-3-3 binding, peptides with variable glycine linkers were designed. 

Residues 350–363 of PKCεV3-pS346-pS368 were replaced with 6, 10 and 14 

glycine residues. The resulting peptides were defined as PKCεV3-pS346-G6-

pS368, PKCεV3-pS346-G10-pS368 and PKCεV3-pS346-G14-pS368 with 

maximal linker lengths of 22.8Å, 38Å and 58.2Å (calculated from a model 

peptide in an extended conformation), respectively. The distance between the 

end of site 1 (A347) and the beginning of site 2 (K365) was calculated to be 

approximately 32Å as described in Section 5.4.2 above. Simple distance 

considerations therefore suggested that six linker residues would be insufficient 

to allow both motifs within a single peptide to engage a single 14-3-3 dimer, 

whereas ten and fourteen linker residues should be sufficient for increased 

affinity via tandem binding. 

ITC data showed that the G14 and G10 linker peptides retained high affinity 

binding as observed for the di-phosphorylated PKCεV3 peptide (KD = 120 nM 

and 130 nM, respectively). Consistent with the intrachain tandem-binding 

model, the apparent stoichiometry for both PKCεV3-G10-pS346-pS368 and 

PKCεV3-pS346-G14-pS368 was one peptide molecule per 14-3-3 dimer 

(calculated N values were 0.88 and 0.93, respectively) (Table 5-2, Figure 

5-12A). PKCεV3-pS346-G6-pS368:14-3-3 binding affinity (KD = 6.9 μM) was 

consistent with that measured for the PKCεV3-pS346 mono-phosphorylated 

peptide with a concomitant increase in stoichiometry from 1 to 2 molecules 

bound per 14-3-3 dimer (Table 5-2, Figure 5-12A). These data indicate that a 

minimal linker sequence of 7-10 residues is required between the two half sites 

to generate an intramolecular 14-3-3 site. 

The actual PKCε linker between sites 1 and 2 is somewhat longer than the ten 

residues required to achieve a high affinity interaction. The PKCε-specific 

internal linker sequence is well conserved across species, indicating that the 

intervening residues are important to PKCε function (Figure 5-12B). The 
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somewhat longer actual PKCε linker has a predicted short helix (manual and 

JPRED3 (Cole et al., 2008a) analyses) from I356 to L367 and several acidic 

residues separating the 14-3-3-binding sites. These features may affect linker 

conformation either before or after phosphorylation and thus play a role in PKCε 

function. 

 

Figure 5-12: Linker length and tandem binding to 14-3-3 
A) Isothermal titration calorimetry experiments showing binding curves for PKCε-V3 di-
phosphopeptides with linker lengths as indicated above each panel. Raw data is shown 
above fitted curves in each panel. B) A sequence alignment shows conservation of the 
PKCεV3 region across species. The PKCεV3-pS346-pS368 sequence is highlighted in 
blue with the phosphorylated serines indicated in yellow. The predicted helix is shown 
with a red cylinder above the sequence. An asterisk indicates strict sequence 
conservation, a colon indicates a highly conservative change and a period indicates a 
somewhat conservative change. The sequence alignment figure was adapted from a 
ClustalW2 multiple sequence alignment (Larkin et al., 2007). 
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5.6. Conclusions 

This thesis (in conjunction with the corresponding publication (Kostelecky et al., 

2009)) has reported the first asymmetrically bound 14-3-3 homodimer crystal 

structure. All other ligand-bound 14-3-3 structures to date, whether bound to 

small peptides or larger protein domains, have been crystallised as symmetric 

complexes (Figure 5-13A). Despite the current dominance of symmetrically-

bound 14-3-3 structures in the PDB, it appears that the majority of 14-3-3 

targets use an asymmetric binding mechanism. For example, serotonin N-

acetyltransferase (pAANAT) has been crystallised in complex with 14-3-3 and is 

present in the crystal structure as a pAANAT homodimer symmetrically bound 

to the 14-3-3 homodimer (Obsil et al., 2001). However, the authors report an 

apparent stoichiometry of full-length pAANAT protein and 14-3-3 of one 

pAANAT monomer per 14-3-3 dimer. Attempts to crystallise this complex were 

unsuccessful and crystallisation was eventually achieved with a pAANAT 

construct lacking a C-terminal 14-3-3-binding motif. The stoichiometry of a 

complex between 14-3-3 and pAANAT protein lacking this divergent 14-3-3-

binding motif was then found to be dependent on the relative concentrations of 

the proteins in solution. Thus, although the pAANAT crystal structure is 

symmetrically bound to 14-3-3, an asymmetric structure is more likely to be 

physiologically relevant. 

Asymmetric, intrachain tandem binding is a key component of the gatekeeper 

phosphorylation mechanism for 14-3-3 binding first proposed by Michael Yaffe 

(Yaffe, 2002). Previous studies from Yaffe et al. chemically linked two identical 

14-3-3 sites from Raf-1 to mimic a tandem 14-3-3 site (Yaffe et al. 1997). The 

synthetic substrate exhibited 30-fold higher affinity for 14-3-3 over a single 14-3-

3 site indicating strong co-cooperativity. In the gatekeeper model, a divergent 

14-3-3 motif with little 14-3-3 affinity on its own effectively co-operates with a 

consensus motif to form a stable interaction between 14-3-3 and the target 

protein (Yaffe et al 2002). The data presented here provide compelling evidence 

for this proposal by demonstrating that a divergent 14-3-3 site is required for 

high affinity binding but has a barely detectable interaction on its own. 

Furthermore, by establishing that the 14-3-3 affinity of peptides containing either 
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two optimal motifs or two divergent motifs differed by three orders of magnitude, 

we have highlighted the key role played by gatekeeper phosphorylation in 

mediating the strength of complex formation. 

 

Figure 5-13: 14-3-3 complexes and known intrachain tandem 14-3-3 binding 
partners 
A) The domain structure and location of consensus and divergent 14-3-3 sites within 
selected two-site 14-3-3 partners. Optimal motifs are defined as those containing at least 
three of four consensus mode 1 or mode 2 residues (Ganguly et al., 2005; Kim et al., 
2007; Obsil et al., 2003; Peng et al., 1997; Saurin et al., 2008). B) Structures of interchain 
(symmetric) complexes with a 14-3-3 dimer (blue ribbon) compared to the intrachain 
(asymmetric) structure described for the PKCεV3 ligand (Obsil et al., 2001; Ottmann et 
al., 2007; Rittinger et al., 1999). 

The implications of gatekeeper tandem binding extend beyond PKCε  given that 

many validated 14-3-3 targets contain multiple 14-3-3-binding motifs including 

Raf-1 (Morrison et al., 1993; Tzivion et al., 1998), Cdc25C (Peng et al., 1997), 

FOXO4 (Obsil et al., 2003), pAANAT (Ganguly et al., 2005), raptor (Gwinn et 

al., 2008) and Par3 (Benton and St Johnston, 2003; Hurd et al., 2003). Some of 

the 14-3-3 sites confirmed for the aforementioned proteins conform to a mode 
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1/mode 2 consensus, but many do not (Figure 5-13B). It is possible that many 

14-3-3-binding motifs have yet to be identified given that their sequences can 

be incredibly divergent. Additionally, the presence of a gatekeeper can be easily 

overlooked in light of evidence that mutation of a single 14-3-3-binding site will 

effectively disrupt complex formation. 

One foreseeable consequence of gatekeeper mediated 14-3-3 binding is the 

wider array of effectors that can potentially regulate a target’s ability to interact 

with 14-3-3. Sequence divergence within the weaker 14-3-3 site permits a 

concomitant increase in the range of modulators, either kinases or 

phosphatases that could alter 14-3-3 binding due to their different respective 

target sequences. This is in marked contrast to the more limited array of 

regulators that can act on a consensus 14-3-3 site. Additionally, the results 

demonstrating that phosphorylation at the priming phosphorylation site 

(S350PKCε) reduces PKCεV3 peptide affinity for 14-3-3 may indicate further 

diversity in regulatory inputs controlling PKCε:14-3-3 binding. These results 

show that at least in vitro, 14-3-3 affinity for phosphorylated consensus sites 

can be attenuated by phosphorylation of residues proximal to the phospho-

moiety. 

For multi-site 14-3-3 ligands such as Raf-1, regulation of 14-3-3 complex 

formation is likely to be complicated and utilise several of the mechanisms 

described above for modulating 14-3-3 association. Raf-1 contains two optimal 

14-3-3-binding sites and more than 10 sequences which could form imperfect 

14-3-3 motifs. Although Raf-1 is able to bind dimerisation-deficient 14-3-3 

mutants, its activation is impaired (Tzivion et al., 1998). The determination of 

which Raf-1 14-3-3-binding sites co-ordinate the 14-3-3 cleft at any given time is 

likely controlled by a complex array of kinase and phosphatase inputs. Our data 

therefore suggest not only a specific role for tandem, intrachain 14-3-3-binding 

sites of PKCε in co-operative high affinity binding, but a general mechanism by 

which many 14-3-3 target proteins might utilise two 14-3-3-binding motifs to 

regulate 14-3-3 interactions. 
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6. Discussion 

The PKC family kinases are involved in the control of all major cell processes. 

The initial characterisation of the PKC isoforms’ domains, biochemical 

properties and physiological roles has provided the groundwork for explorations 

of both general PKC family characteristics and individual isoform roles. It is 

clear that PKC isoforms have both overlapping and opposing roles, due to their 

differential expression levels in cells, the compositions of their domains, their 

spatio-temporal distributions and their association with second messengers and 

protein partners. The aim of this study was to determine how the three 

dimensional structure of PKC isozymes determines functional specificity. This 

project has explored the intrinsic ability of PKC kinase domains to 

phosphorylate substrates, the interaction between PKC kinase and regulatory 

domains and the association of PKC with a binding partner. This chapter 

identifies questions raised by the data presented and provides specific 

examples of how these questions might be addressed in future experiments. 

6.1. Future experimental work to characterise features of 

PKC kinase domain structure 

The characterisation of PKC kinase domain priming, activity and the aPKC 

crystal structures presented in Chapters 2 and 3 raise a number of questions 

with regard to the differences in aPKC and nPKC function. 

• Do the PKCι and PKCζ phosphospecies lacking activation loop 

phosphorylation exist in a physiological context after the initial aPKC 

maturation stage? Is transient phosphorylation of the AL a unique aPKC 

regulatory mechanism? 

• Do the three dimensional structures of some individual PKC isoforms 

allow uncoupling of AL, TM, and HM phosphorylations? 

• What differences between the PKCεk structure and those of PKCιk, 

PKCζk and PKCηk dictate its requirement for full priming to maintain its 

structural integrity? 
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6.1.1. Investigation of transient aPKC phosphorylation 

The contribution of the aPKC phosphomimetic glutamate is likely to stabilise a 

conformation competent for activity and helps explain aPKC structural stability 

independent of AL priming. Given that aPKC structural integrity is not 

compromised by lack of phosphorylation at the AL, it is possible that transient 

dephosphorylation of the AL site is an additional mechanism for PKC regulation 

in vivo. This potential aspect of aPKC function has not been explored in detail 

and would represent a shift in the aPKC priming paradigm. One possible 

method to determine whether AL is controlled by reversible phosphorylation in 

distinct cellular contexts would be to create T410EPKCζ and T410APKCζ mutants 

to mimic constitutive AL phosphorylation and dephosphorylation, respectively. 

Detection of phenotypic changes, for example in polarity interactions, might 

indicate a key role for transient phosphorylation of the aPKC AL. Additionally, 

solving a PKCιk
TM/HM* or PKCζk

TM/HM* structure without AL phosphorylation 

would provide insight into how the structure differs from fully primed aPKC. 

6.1.2. Characterisation of differences between PKCεk and PKCηk 

structural stability 

In Section 2.2 the successful expression of PKCεk and PKCηk in the BV system 

is reported. Despite yields of 0.5 mg/l for PKCεk and 0.7 mg/l for PKCηk 

following affinity purification, upon GST-tag removal and anion exchange 

chromatography less than 50% of the initially purified protein was recovered. 

The challenge for continuing with a structural investigation of the nPKC isoform 

kinase domains is the purification of greater yields (>0.5 mg/l final yield) of 

nPKC kinase domain protein in order to conduct larger numbers of 

crystallisation screens. 

Improvement of recoverable yield for fully primed PKCηk
AL/TM/HM would 

potentially require only that a larger proportion of the protein expressed in Sf9 

cells be post-translationally primed. Co-infection of Sf9 cells with bvGST-PKCηk 

and bvHis-PDK1 should help shift the ratio of PKCηk
AL/TM/HM:PKCηk

TM toward a 

fully primed PKCηk population. Further increase in yield may be possible by 
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decreasing the rate of PKCηk expression by using a weaker promoter than the 

polyhedrin promoter. This approach has been successful with PKCδ, 

presumably by slowing PKCδ expression sufficiently to allow priming (Rankl et 

al., 1994). The parallel between PKCηk and PKCδk retention of TM priming 

despite the absence of AL and HM phosphorylation (Stempka et al., 1997) 

indicates that these two isoforms’ kinase domains are similar and may respond 

to equivalent strategies for increasing protein yield. 

A similar strategy to that used to increase PKCηk
AL/TM/HM yield could be 

employed for PKCεk
AL/TM/HM. Sf9 co-infection with bvGST-PKCεk and bvHis-

PDK1 viruses could assist in producing a more fully primed PKCεk population. 

This prediction is supported by a comparison of preliminary results following Sf9 

infections of bvGST-PKCεk virus with and without bvHis-PDK1 virus co-

infection. PKCεk migrated as two bands when expressed alone whereas PKCεk 

migrated as single band when co-expressed with PDK1. The co-expression of 

PDK1 has been successful in promoting PKCζk and PKCιk priming as the 

combination of autophosphorylation and endogenous TORC2 appear capable 

of effectively phosphorylating the TM. However, PKCεk requires HM priming in 

addition to TM priming. Additional measures may therefore be required to 

ensure full PKCεk priming. Co-expression of the TORC2 complex is likely to be 

too complicated a strategy, given that it is composed of several different 

proteins. Another option to improve PKCεk priming would be to add an ATP-

competitive inhibitor to the infected cells. This may help shift the PKCεk 

structure into a conformation more amenable to priming and less susceptible to 

phosphatase attack (Cameron et al., 2009). This strategy has been useful in 

drastically improving recoverable yields of fully primed PKCθ from insect cells in 

the BV expression system (Strauss et al., 2007). 

Crystallisation of partially primed PKCηk
TM would reveal valuable information 

about the mechanism that allows PKCηk
TM to maintain priming at the TM site 

despite the absence of AL and HM priming phosphorylations. The structural 

stability of PKCηk
TM would need to be explored before its use in crystallisation 

screens as it is unclear whether the PKCηk
TM species is a stably folded kinase 
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domain or is present as an aggregate. The monodispersity of PKCηk
TM could be 

determined by DLS experiments. Thermal stability assays could be conducted 

to assess whether PKCηk
TM stability can be improved using various buffering 

conditions or with small molecule inhibitors. Although it may be difficult to 

improve the yield of PKCηk
TM protein per litre of cell culture, a careful 

optimisation of the purification conditions could decrease the quantity of 

crystallisation screens needed to obtain diffracting crystals. 

6.2. PKC inhibition 

To date, no ATP-competitive inhibitor is commercially available with better 

potency for aPKC isoforms than for cPKC or nPKC. This has presented 

problems both in terms of therapeutic potential and in determining aPKC roles 

in the laboratory with a pharmacological approach. Though a potent inhibitor of 

PKCζ was recently reported, little is know about its potential to inhibit other 

kinases as it has only been tested with PKCζ and NFκB (Whitson et al., 2008). 

Non-ATP competitive inhibition is a promising alternative to ATP-competitive 

inhibition because of the potential for better selectivity than can be obtained by 

targeting the ATP-binding site. 

6.2.1. Potency and selectivity of the CRT aPKC inhibitors 

The crystal structure presented in Chapter 3 shows the PKCζk and PKCιk 

crystal structures bound to CRT0066854 inhibitor. By comparing these two 

structures to those solved for PKCιk and PKCβIIk bound to BIM inhibitors, we 

were able to identify three PKCζ residues which may determine selectivity for 

CRT0066854; I330, L383 and T393. It should be possible to identify which of 

these amino acid sidechains contribute to CRT0066854 selectivity by 

constructing both individual and triple mutants for either PKCζk or PKCιk. We 

predict that the CRT0066854 will have decreased potency against the triple 

mutants PKCζk
I330M/L383M/T393A and PKCιk

I323M/L376M/T386A, whereas response to 

BIM-1 would likely be unchanged. If this is the case, the mutations of individual 

residues will help resolve whether all of these residues contribute to specificity 

equally. A better understanding of the determinants of CRT0066854 selectivity 
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will further assist drug design by enabling exploitation of features unique to the 

aPKC ATP-binding pocket. Additionally, chemical groups could be added to the 

core inhibitor to interact with aPKC-specific residues adjacent to the nucleotide-

binding pocket to further enhance selectivity. 

A second CRT0066854 molecule was found bound to PKCζk in a region 

adjacent to the ATP-binding cleft at a distance of 6Å from CRT0066854 in the 

ATP pocket. Considering the high selectivity of ATP competitive inhibitors 

whose interaction surfaces extend from the nucleotide-binding pocket such as 

Gleevec and the FGFR1K inhibitor SU5402, we are interested in investigating 

whether the second CRT0066854-binding site can be used to produce a more 

selective PKCζ/ι inhibitor. The second CRT0066854 molecule is found 

sandwiched between Y263 and W296. The tryptophan at residue 296 is unique 

to PKCζ and PKCι and this interaction is likely unique to the aPKC isoforms. It 

is unclear, however, whether the binding of CRT0066854 to the region outside 

the nucleotide-binding pocket is possible in solution or is reliant on crystal 

contacts. We are nonetheless interested in working with our CRT collaborators 

to produce a series of compounds based on two linked CRT0066854 molecules 

to further investigate the possibility that the second binding site can be 

exploited. Activity assays and crystallographic analysis could help determine 

whether it is possible to create a more specific aPKC inhibitor by this method. 

It is possible that the non-ATP competitive CRT0065888 acts by locking 

PKCιk
TM/HM* in a non-productive conformation by interfering with either substrate 

binding or AL loop conformation (or both). Our group is ultimately interested in 

determining the architecture of the CRT0065888-binding site and how this 

region differs between PKCιk
TM/HM* and PKCζ/ιk

AL/TM/HM*. In an experiment 

designed to address this question, our laboratory has recently grown crystals of 

PKCιk
TM/HM* prepared with CRT0065888. Though interpretable X-ray diffraction 

data has not yet been obtained, crystal optimisation is underway. The crystal 

structure would help determine the residues involved in PKCι selectivity and 

even a low resolution structure may give sufficient clues as to where 

CRT0065888 may bind. Verification of the specific residues involved in PKCιk 
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selectivity could be tested by sensitising PKCζk to CRT0065888 by site-directed 

mutagenesis of the equivalent PKCζ residues. 

It is also worth investigating the possibility that CRT0065888 can additionally 

prevent activation of PKCιk
TM/HM* by blocking AL phosphorylation, as has been 

observed for the MAPKK1 inhibitor PD098059. It is possible to test whether 

CRT0065888 prevents AL phosphorylation by treating PKCιk
TM/HM* with PDK1 to 

determine whether AL phosphorylation is prevented by CRT0065888-binding. 

Preliminary data suggest that CRT0065888 does inhibit AL phosphorylation, 

though these data require confirmation (personal communication, Svend Kjaer). 

6.2.2. Effects of CRT0066854 and CRT0065888 in cultured cells 

The CRT0066854 and CRT0065888 inhibitors have been tested to determine 

their effects in cell culture. The ATP competitive inhibitor CRT0066854 was 

determined to decrease HeLa cell viability in both 2D and 3D culture. The non-

ATP competitive inhibitor CRT0065888 was found to block mitosis by arresting 

HeLa cells in G2 phase. At doses causing a mitosis block, the CRT0065888 

inhibitor was also found to decrease cell viability (personal communication, Jon 

Roffey). 

The effects of CRT0066854 and CRT0065888 on polarity complexes have also 

been probed. Lethal giant larvae (Lgl) protein competes with Par3 for 

Par6/aPKC binding and Lgl binding to the Par6/aPKC complex results in Lgl 

phosphorylation and subsequent translocation from the apical membrane to the 

basolateral region (Betschinger et al., 2003; Yamanaka et al., 2006; Yamanaka 

et al., 2003). Treatment of HeLa cells overexpressing both Lgl and PKCι with 

CRT0066854 resulted in decreased Lgl phosphorylation compared to non-

treated cells. However, no difference in Lgl phosphorylation was observed for 

HeLa cells overexpressing Lgl and PKCι when treated with non-ATP 

competitive CRT0065888. One explanation for the discrepancy in Lgl response 

to the two inhibitors could be the difference in selectivity. While CRT0065888 

targets only PKCι, CRT0066854 is potent for both PKCζ and PKCι. Thus, if 

endogenous PKCζ activity is sufficient to phosphorylate overexpressed Lgl, only 

the inhibitor targeting both enzymes would prevent Lgl phosphorylation. An 
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alternative explanation for the lack of decrease in Lgl phosphorylation upon 

CRT0065888 treatment is the possibility that the PKCι AL phosphorylation is 

not dynamic, but static during polarisation. Since CRT0065888 targets 

PKCιTM/HM* lacking AL phosphorylation, the inhibitor would be ineffective against 

PKCι if the AL is constitutively phosphorylated and not turning over to any great 

extent in the context of drug treatment. 

6.3. PKC reconstituted complexes 

A strategy to explore intramolecular PKC interactions using panels of PKC 

isoform kinase domain and regulatory region proteins has been employed in 

this thesis project. The reconstituted regulatory and kinase domain holoenzyme 

complexes are intended for use in X-ray crystallographic studies. It is predicted 

that this strategy will allow the formation of a crystallisable PKC holoenzyme by 

eliminating the V3 region which is likely disordered. To our knowledge, no other 

group has attempted a structural study of PKC domain interactions by splitting 

the intrachain domains into separate proteins to be reconstituted. 

6.3.1. The PKCε holoenzyme complex and prospects for its 

crystallisation 

This thesis has demonstrated that it is possible to reconstitute a PKCε complex 

by co-infection of Sf9 cells with PKCεk and PKCε1-306 viruses. This complex is 

sufficiently stable to remain intact through two affinity purification steps and 

GST-tag removal. Yields of the PKCε complex have thus far been insufficient 

for crystallisation trials. The following paragraphs outline four potential 

strategies to improve recovery of purified PKCεk:PKCε1-306 complex. 

GST-PKCεk and GST-PKCε1-306 protein levels from Sf9 cell extracts were 

typically estimated by SDS-PAGE band strength observed following affinity 

purification. If Sf9 co-infection produced a mismatch between expression levels 

of the two proteins (e.g. more PKCε1-306 than PKCεk), excess PKCε1-306 would 

likely be insoluble and not detected by this method. Thus, in order to assess the 

true ratio of PKCεk and PKCε1-306 expressed in Sf9 cells, it may be necessary to 

analyse the total protein by WB rather than soluble protein by Coomassie 
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stained SDS-PAGE. A more optimal MOI ratio could thereby increase 

recoverable yields of the PKCεk:PKCε1-306 complex. 

It is possible that a fully primed PKCεk domain is required for PKCε1-306 

interaction and solubility rescue. Following the observation that infection of Sf9 

cells infected with bvHis-PKCεk virus alone produced more than one 

phosphospecies, we hypothesised that co-expression of PDK1 to boost PKCεk 

priming would increase fully primed PKCεk yields. Co-infection of Sf9 cells with 

bvHis-PKCεk, bvGST-PKCε1-306 and bvHis-PDK1 viruses together would then 

increase priming of PKCεk and thereby increase recovery of soluble PKCε1-306. 

Preliminary experiments with PKCεk, PKCε1-306 and PDK1 triple-expression 

resulted in markedly reduced production of both PKCεk and PKCε1-306. As these 

were preliminary experiments, the MOI for each of the three viruses was not 

optimised. Furthermore, protein expression was analysed as described above, 

by SDS-PAGE following affinity purification, thus detecting only soluble protein. 

It would therefore be worthwhile to optimise the MOI ratio for the three viruses 

using WB to determine total protein yield and adjust MOIs accordingly. 

Both PKCεk and PKCε1-306 proteins were well expressed when cells were 

infected with the single, respective viruses. Although PKCε1-306 expression yield 

was good when cells were infected with bvGST-PKCε1-306 virus alone, the 

protein produced was completely insoluble. It may be possible to purify PKCε1-

306 from total cell extracts using a mild detergent. Though it is unlikely to 

associate with PKCεk in the presence of detergent, addition of purified PKCε1-306 

to PKCεk followed by gradual removal of the detergent by multi-step dialysis 

might promote PKCεk:PKCε1-306 association and PKCε1-306 solubility. This would 

provide an alternative means of reconstituting the PKCε complex while retaining 

high expression levels observed for individual domain expressions. 

A final alternative that could be employed to produce a PKCε holoenzyme 

lacking the V3 region would be to express full-length PKCε with 3C protease 

sites engineered into the sequence to remove the V3 region after expression. In 

this scenario, three 3C protease sites would be cloned into the full-length GST-

PKCε construct; one between the GST tag and the regulatory region, a second 
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between the regulatory and V3 regions and a third following the V3 region 

before the kinase domain. Simple batch affinity purification of GST-PKCε would 

be followed by 3C protease treatment (while still bound to GS) to cleave the 

GST tag and V3 region. This would then be followed by size exclusion 

chromatography to remove the cleaved V3 and the stoichiometric PKCε 

complex could be subjected to crystallisation trials. 

6.3.2. A proposal for stabilisation of aPKC holoenzyme complexes 

The individual components for assembly of aPKC complexes were solubly 

expressed with high yields. Attempts to form a stable complex between PKCζk 

and PKCζ11-206, a regulatory region containing the PB1, pseudosubstrate and 

atypical C1 domains, were unsuccessful. It was observed that the PKCζ11-206 

protein formed large particles in solution and these structures may be the result 

of PB1 domain oligomerisation (Section 4.6.3). The interaction of the PKCζPB1 

basic residues with the OPCA motif of a neighbouring PKCζPB1 domain would 

prevent the OPCA motif from interacting with the aPKC kinase domain as 

proposed in Section 3.4.10. K19PKCζ is conserved in PB1 domains (Hirano et al., 

2005) and an additional basic R17PKCζ residue is found nearby which might 

participate in dimerisation (Figure 4-15). We therefore predict that R17DPKCζ 

and K19DPKCζ mutations will eliminate the ability of PKCζ11-206 to oligomerise. 

The OPCA motif would then be free to interact with PKCζk to form a stable 

PKCζk:PKCζ11-206 complex. Although PKCι11-206 expression is slightly lower than 

that for PKCζ11-206, R17D/K19D mutants of both proteins should be produced to 

maximise the chances of obtaining a stable aPKC holoenzyme complex in order 

to conduct crystallisation trials. 

6.4. PKCε:14-3-3 interaction 

6.4.1. Mediation of affinity in the 14-3-3:PKCε complex 

Co-operation between the consensus and divergent 14-3-3-binding motifs from 

the PKCε V3 region produced a binding event 166-fold stronger than that 

observed for the consensus mode 1 motif alone. Additional ITC experiments 
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showed that a PKCεV3 peptide with two optimal mode 1 motifs bound with 

1000-fold greater affinity to 14-3-3 than a PKCεV3 peptide with two divergent 

motifs. This indicates that the gatekeeper phosphorylation is a vital mediator of 

the strength of the 14-3-3:PKCε interaction. If two optimal motifs were used for 

14-3-3 binding in vivo, the interaction would be nearly irreversible. It has been 

demonstrated that PKCε:14-3-3 interaction is transient, peaking during mitosis 

and controlling proper exit from cytokinesis (Saurin et al., 2008). It is possible 

that irreversible binding of PKCε:14-3-3 would have a deleterious effect on 

cytokinesis and other cell processes involving PKCε. A study which examines 

the phenotypic effect of a PKCε mutant containing two consensus 14-3-3-

binding motifs would help assess the importance of the gatekeeper 

phosphorylation to PKCε function. 

Thermodynamic analysis of PKCεV3 di-phosphopeptides with variable glycine 

linker lengths demonstrated the minimum linker length to be between 7 and 10 

residues. The wildtype PKCεV3 linker is longer than this absolute minimum at 

14 residues. Although high affinity tandem binding was observed for the 

PKCεV3 di-phosphopeptides with 10 and 14 glycine linkers, the dissociation 

constants were twice that observed for the wildtype linker. This evidence, along 

with the strong conservation of the PKCεV3 linker sequence indicates the linker 

has a specialised role, whether in 14-3-3 binding or for another purpose. There 

is an 11 amino acid stretch which is predicted to form a helical structure and 

there are several acidic residues which may serve to elongate the linker upon 

phosphorylation by electrostatic repulsion. The linker sequence between the 

two phosphoserine motifs was missing from the PKCεV3:14-3-3 electron 

density in the crystal structure, precluding an analysis of its conformation. 

Whether the linker has a significant role in 14-3-3 binding in vivo could be 

assessed by creation of a PKCε mutant with the linker sequence substituted 

with glycines to determine whether a cytokinesis defect is re-established. 

14-3-3 binding activates PKCε in a lipid-independent manner (Saurin et al., 

2008). Whether 14-3-3 interaction with the two phospho-motifs is sufficient for 

this PKCε activation is unclear. It has been demonstrated that other regions of 
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14-3-3 are involved in target protein binding (Obsil et al., 2001). PKCε binding to 

14-3-3 is also likely to be further mediated by residues outside the 14-3-3 

phospho-binding pocket and the additional interactions may be necessary for 

PKCε activation. Information about the global structure of the PKCε:14-3-3 

complex would be valuable in identifying other interaction surfaces and could 

guide design of mutants to test which residues are necessary for 14-3-3-

promoted PKCε activation. A crystal structure of the 14-3-3ζ:PKCε complex 

could potentially be obtained either by expressing the two proteins separately 

and forming the complex in vitro, or by co-infecting insect cells with their 

respective viruses and purifying the pre-formed complex. The binding of the 

PKCε V3 region to 14-3-3 would potentially stabilise the normally disordered V3 

region and presumed roadblock to PKC crystallisation. 

Solving the crystal structure of a full-length PKCε:14-3-3 structure is an 

attractive prospect, but several important factors need to be considered. First, it 

may be useful to co-infect Sf9 cells with bvHis-PDK1 to increase the yield of 

fully primed PKCε. Second, the 14-3-3 phospho-binding motifs would need to 

be activated. This could potentially be done in Sf9 cells by stimulating them with 

PMA and calyculin A shortly before harvesting. However, if the 14-3-3 phospho-

binding sites are susceptible to phosphatase attack in the insect cells, it may be 

difficult to ensure the phosphorylations are retained throughout the initial 

purification steps. Furthermore, stimulation of cells may induce PKCε 

microheterogeneity by promoting phosphorylation of additional PKCε sites. An 

alternative to PMA and calyculin A stimulation is to add p38 MAP kinase, 

GSK3β and ATP to PKCε to phosphorylate the 14-3-3-binding sites in vitro. 

Assuming that yields of approximately 0.5 mg per litre insect cell culture could 

be obtained by this method, it is possible that the full-length PKCε:14-3-3 

complex could be crystallised. 

6.4.2. Detection of cryptic 14-3-3-binding motifs 

Given that many 14-3-3-binding partners are known to contain one consensus 

and one divergent 14-3-3-binding motif, it is possible that several 14-3-3 targets 

reported to have one 14-3-3-binding motif contain a second, cryptic motif which 
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would not be found by analysis of the protein sequence. Many of these motifs 

are also likely to have been missed upon mapping of the 14-3-3-binding site 

because mutation of the consensus site would render 14-3-3 binding 

undetectable and it would not be immediately apparent that a second site is 

critical for 14-3-3 interaction. A dimerisation deficient 14-3-3 mutant could be 

used to probe specific 14-3-3 targets for divergent 14-3-3 motifs. If the 

consensus sequence is sufficient for 14-3-3 binding on its own, it will bind to the 

dimerisation deficient 14-3-3. If no binding is detected, a second cryptic 14-3-3-

binding site may contribute to the 14-3-3 binding interaction. Though this 

method would be valuable for determining cryptic binding sites, it would be 

limited to known 14-3-3-binding partners. 

6.5. Concluding remarks 

The recognition that aberrant signalling plays a central role in tumourigenesis 

has intensified signalling pathway research in the past three decades. While 

much is known about several important signalling cascades, deciphering 

signalling pathways will continue to be a challenge for researchers well into the 

future. The isozymes from the PKC family of protein kinases are involved in 

many pathways vital to tumour transformation including proliferation, survival, 

metastasis and angiogenesis. Because PKC isoforms have both redundant and 

opposing roles dependent on cell type and context, it is important to identify 

both differences and similarities of individual PKC isoforms. This thesis has 

contributed to the understanding of the three key determinants of PKC isoform 

functional specificity; kinase domain structures, their interactions with regulatory 

domain structures and association with binding partners. The data presented 

and materials prepared will continue to be used in the laboratory’s ongoing 

investigation of PKC and provide a solid platform for the continuing exploration 

of how PKC function is determined by the architecture of its inter- and 

intramolecular interactions. 
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7. X-ray crystallography methods and theory 

X-ray crystallography is a well established method for determining 

macromolecular structure. Comprehensive texts covering X-ray crystallographic 

theory, sample preparation, data collection and refinement have been published 

elsewhere in detail (Drenth, 2007; Rhodes, 2006). The following discussion will 

not be a comprehensive overview of the field, but will be limited to X-ray 

crystallographic techniques and computational processes used in this thesis 

project (Figure 7-1). 

 

Figure 7-1: Flowchart of steps used in the determination of X-ray crystal structures 
The flowchart with black text describes the steps performed for determination of crystal 
structures in this thesis. Text on the right indicates software programs used for the steps 
indicated on the left. Mosflm was used for indexing sets of 2-3 diffraction images prior to 
collection of full datasets and XDS was used to index the complete datasets. 
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7.1. Preparation of protein crystals 

7.1.1. Protein crystal growth and optimisation 

Protein crystals are typically grown by inducing a highly purified protein 

preparation to enter a state of limited supersaturation. There are three possible 

phases of supersaturation including 1) a precipitation zone where excess 

protein aggregates into amorphous precipitate, 2) a nucleation zone where 

excess protein spontaneously forms crystalline structures and 3) a metastable 

zone where protein does not form new crystalline structures, but growth of 

crystals already present can continue. 

Vapour diffusion experiments are commonly used to screen supersaturation 

space. Purified protein solution (100 nl - 2 μl) is added to a reservoir solution 

(100 nl - 2 μl) containing precipitant and this protein:reservoir solution is then 

sealed in a container with the remaining reservoir solution (100 μl - 1 ml). Water 

will evaporate from the protein:reservoir solution to the reservoir solution and 

move through supersaturation space until the vapour pressures of the solutions 

have equilibrated (Figure 7-2). Experiments with different precipitants and 

precipitant concentrations are set up in parallel to find the optimal conditions for 

crystallisation. Several variables are examined either in parallel or subsequently 

to optimise the size and morphology of crystals including types of buffer, pH, 

temperature, protein drop volume, protein concentration and chemical additives. 

 

Figure 7-2: Vapour diffusion experiments 
The left panel shows a schematic of the optimal path through the crystal growth phases. 
Right panel shows vapour diffusion method used to achieve optimal nucleation and 
growth where a protein drop is diluted in the reservoir solution and eventual equilibration 
from the nucleation zone to the metastable zone is achieved. 
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Crystal seeding is a technique often used to improve quality and/or size of 

crystals. In this study, microbatch seeding was used where crystals initially 

obtained by vapour diffusion were crushed and then transferred with a cat 

whisker to pre-equilibrated protein:reservoir drops. In this way, nucleation was 

more effectively controlled because the second series of drops contained a 

sufficiently low precipitant concentration to equilibrate directly into the 

metastable zone without first passing through the nucleation zone. 

7.1.2. Cryo protection and freezing of protein crystals 

The majority of modern macromolecular crystallisation experiments are carried 

out at low temperature (100 K) to minimise radiation damage (for review see 

(Garman, 1999)). Radiation damage can be either dose-dependent or time-

dependent. Dose-dependent radiation damage is postulated to result from X-ray 

photons’ ability to eject electrons from their electron spheres (Henderson, 1990) 

Time-dependent radiation damage is thought to arise largely from the presence 

of the large water content in macromolecular crystals. Water is a source of free 

radicals that significantly damage proteins and provides a mechanism for 

distribution of the free radicals throughout the crystal (Matthews, 1968). The 

most effective way to combat the dissemination of free radicals throughout the 

crystal is to reduce the temperature and thereby minimise the molecular 

movement of the solvent (Haas and Rossmann, 1970). Data collection at 

reduced temperature greatly reduces this time-dependent radiation damage and 

although dose-dependent radiation is not affected, significant improvements in 

data quality often result and in most cases allow the collection of a full dataset 

from a single crystal. 

In order to carry out crystal data collection at 100 K, cryoprotection of the crystal 

is necessary to prevent the formation of crystalline ice, which damages the 

crystal and masks data in the diffraction experiment. Cryoprotection is achieved 

by soaking crystals in a solution that does not form crystalline ice upon flash 

cooling in liquid nitrogen. This can be achieved by soaking the crystal either in 

oil or a solution similar to that used for crystal growth which has been 

supplemented with a cryoprotecting agent such as low molecular weight PEG, 

ethylene glycol or glycerol. The optimal cryoprotectant, its concentration and 
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soaking times must be determined experimentally as they depend on the 

inherent cryoprotection capacity of the mother liquor and the crystal volume. 

An added benefit of cryo-cooling to the researcher is the capability of storing 

crystals indefinitely at low temperature. This allows screening of crystals at a 

home X-ray source and storage until they may be taken to a synchrotron for 

additional data collection. Furthermore, the thin nylon loops used for data 

collection at 100 K contribute less background scattering than the glass 

capillaries used at room temperature and contain less solvent, providing a 

further increase in signal-to-noise ratio and data quality. Collection of data at 

low temperatures is therefore of significant value and has been utilised in each 

of the X-ray data collection experiments reported in this thesis. 

7.2. X-ray diffraction data collection and processing 

Diffraction data is obtained by mounting the crystal-containing nylon loop in the 

path of an X-ray beam on a rotating goniometer head. The crystal is cooled in a 

stream of vaporous nitrogen while mounted on the goniometer. An X-ray beam 

is directed at the rotating crystal and the X-rays are scattered by the 

macromolecule’s electrons. The resulting X-ray diffraction pattern is recorded by 

a detector and processed using a suite of software programs. The following 

sections briefly discuss the basic principles of importance in collection and 

processing of high quality diffraction data. 

7.2.1. Bragg’s law 

Bragg’s law assumes that the angles of beams diffracted by a crystal can be 

calculated if diffraction is treated as reflections from equivalent parallel planes. 

These planes are designated by three numbers, h, k, l where specific sets of 

evenly spaced, parallel planes in relation to the crystal unit cell are defined by 

hkl, called Miller indices. In Bragg’s Law, X-rays of wavelength λ are reflected 

by a set of parallel planes hkl with interplanar spacing dhkl at an angle of 

incidence (and reflection), θ. 



 X-ray crystallography methods and theory 

Kostelecky PhD Thesis 2009 178 

 

Equation 7-1 

When the reflected X-rays are in phase so that the sums of their waves 

constructively interfere, a diffracted beam is produced. Constructive diffraction 

is therefore only produced where n is an integer at angle θ. The minimum 

spacing between the parallel planes which produces constructive diffraction 

defines the maximum resolution achievable. At any given resolution, a crystal 

with large unit cell dimensions will have more diffracting planes and will thus 

produce more reflections than a crystal with smaller unit cells. 

7.2.2. X-ray sources and detectors 

Two different X-ray sources were used to collect the data described in this 

thesis; a rotating copper anode and a particle storage ring (synchrotron). The X-

rays from a rotating anode are produced when electrons from a heated filament 

are accelerated by an electromagnetic field and focused on the rotating copper 

anode target. The copper anode then emits light at the characteristic 

wavelengths 1.54 Å (Kα) and 1.39 Å (Kβ) in the X-ray spectrum. Pure 

monochromatic light emission of X-rays at 1.54 Å is achieved by using a nickel 

filter to absorb Kβ and mirrors are used to focus the beam onto the site where 

the crystal is mounted. 

In a synchrotron, electrons or positrons are accelerated and maintained at a 

velocity near the speed of light by powerful magnets around a storage ring. 

When forced into a curved path, the charged particles emit energy in the form of 

synchrotron radiation. Monochromators are used to isolate X-rays at a given 

wavelength and a series of mirrors focus the beam. Data collection at a 

synchrotron radiation source often allows faster data acquisition and detection 

of weaker reflections than X-rays from a rotating anode because of the stronger 

radiation produced. 

Two types of area detectors were used in this project to record the intensities of 

diffracted X-ray beams. An image plate was used in conjunction with the 

rotating anode X-ray source and a charge coupled device (CCD) was used at 
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the Diamond Light Source synchrotron beamline. An image plate is coated with 

phosphor crystals which, upon stimulation by X-rays, produce visible light in 

proportion to the intensity of the diffracted beam. The diffraction pattern is then 

scanned and the phosphor signal is erased from the image plate so it may be 

used to collect another image. A CCD contains pixels which accumulate 

electrons proportional to the light that hits them. The CCD is only capable of 

detecting visible light, so a phosphor screen is placed in front of the CCD to 

emit visible light proportional to the X-ray beams that encounter it. Data transfer 

is significantly faster for a CCD detector than for an image plate and there is 

little lag time between collection of one image and the next. 

7.2.3. Mosaicity and oscillation 

Crystals are composed of repeating units (unit cells) in a three dimensional 

array. Small degrees of heterogeneity in the sizes and angles of the unit cells 

cause misalignment in the crystal lattice, termed mosaicity. The effect of 

mosaicity is particularly pronounced for protein crystals compared to inorganic 

crystals because macromolecular structures are more flexible and are thus 

more weakly held together. In practical terms, mosaicity results in X-ray 

reflections that are not perfect points, but are spread over a range as the crystal 

is rotated. Collection of rotation data in small steps over the total oscillation 

range results in some reflections being split between two or more frames, 

termed partial reflections. 

Determination of the oscillation angle to use for each frame of data collection 

depends on several factors. Overlapping reflections should be minimised in the 

diffraction images. If the unit cell is large there will be more reflections and a 

smaller oscillation angle can help to reduce the overlap between reflections. 

The need to minimise overlap must be balanced against the need to collect a 

sufficient number of full reflections. The oscillation angle necessary to collect a 

high percentage of full reflections varies with the mosaicity. Although highly 

important in the past, software programs such as XDS now scale partial 

reflections effectively and so choosing an oscillation angle smaller than the 

mosaicity is no longer a problem for data processing. The X-ray source and 

detector used for an experiment are also factors in determining the oscillation 
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angle to use. A smaller oscillation angle increases the number of images 

needed for a full dataset and time can be prohibitive with a rotating anode 

source and imaging plate detector. Conversely, a large oscillation angle can 

increase the signal-to-noise ratio. The optimal oscillation angle must therefore 

be determined by examining test images from each crystal and adjusted 

accordingly. 

7.2.4. Range of data collected 

The total oscillation range of data collected was chosen by first considering the 

crystal symmetry. Higher symmetry in the crystal means less total rotation is 

required to collect a complete dataset. The program Mosflm was used to 

determine the point group and therefore the total oscillation range necessary for 

collection of complete data from 2 or 3 diffraction images. Mosflm computes the 

unit cell dimensions and determines the symmetry present in the diffraction 

patterns which is related to the crystal symmetry. Determination of the correct 

point group can be straightforward by this method, as was the case for the 

PKCζk crystal which was determined to have tetragonal symmetry (space group 

I422). Determination of the symmetry can also prove more difficult. For 

example, internal symmetry of the 14-3-3ζ homodimer and twinning caused the 

prediction of higher-order symmetry P222 than the P2 symmetry as determined 

following further data processing.  

The collection of more data than absolutely necessary is common practice, 

particularly because redundancy increases the overall signal to noise ratio and 

accuracy of the averaged measurements. Furthermore, data collection at low 

temperature limits radiation damage of the crystal and allows more data to be 

collected than is possible with room temperature measurements. Additionally, 

the speed at which data can be collected at modern synchrotrons often means 

there is no appreciable difference in the time it takes to collect 45 and 90 

images. Collection of a larger dataset can also be an advantage if the crystal 

symmetry is later determined to be lower than initially predicted. 
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7.2.5. Data processing 

Data processing for both PKCζk and 14-3-3ζ:PKCεV3 crystals was completed 

using the program XDS (Kabsch, 1993). XDS first computes spatial corrections 

for pixel co-ordinates and background intensity for use in the subsequent data 

processing steps. The indexing procedure for XDS refines the unit cell size and 

orientation, determines possible space groups for the crystal and assigns Miller 

indices to each reflection (hkl). XDS detects systematic absences in the data 

and using this information together with the reciprocal lattice symmetry predicts 

the crystal space group. The automated space group determination by software 

programs such as Mosflm and XDS is often correct, however, subsequent 

processing may reveal irregularities requiring re-processing of the data using 

the correct space group. 

Indexing is followed by integration of the peak intensities by the XDS Integrate 

step. Once the data is integrated, the intensities of the reflections are corrected 

for the effects of incident beam polarisation, crystal decay from radiation 

damage, absorption effects and differences in the sensitivities of different parts 

of the detector. Additionally, XDS calculates standard deviations for equivalent 

reflections. Data quality with respect to resolution is related to the agreement of 

intensities of symmetry-related reflections and is reported using the value Rmerge 

(Blundell and Johnson, 1976; McRee, 1993). 

 

Equation 7-2 

The intensity of an individual reflection is indicated by the value Ii(hkl) and 

<I(hkl)> is the mean intensity of the set of equivalent reflections. The resolution 

to which data is of acceptable quality is determined by evaluation of the Rmerge 

statistics and I/σ(I) values which indicate the signal-to-noise ratios for each 

resolution shell. The correction step of XDS also determines outliers from the 
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Wilson plot by analysing the reflection intensity distribution in relation to 

resolution. 

The Rmerge value is inversely related to the redundancy of the data (Gewirth, 

1995). This results in increasing Rmerge (indicating poorer data quality) as each 

reflection is measured more times even though the accuracy of the mean 

intensity value is increasing (Diederichs and Karplus, 1997; Weiss and 

Hilgenfeld, 1997). We have reported Rp.i.m. (precision indicating merging R 

factor) for PKCζk
CRT0066854 as a measure of the data quality which takes into 

account the high data redundancy, where N is the number of times a reflection 

has been measured. 

 

Equation 7-3 

XSCALE from the XDS software package was used to merge the corrected 

intensities and place them on a common scale. The XDS XCONV program was 

then used to convert the merged intensities to structure factors. XCONV also 

flags a random subset of 5% of the reflections for use in the Rfree calculation 

during refinement (see Section 7.3.2 below). 

Indexing of the 14-3-3ζ:PKCεV3 crystal diffraction data predicted the space 

group P212121. Further data processing in P212121 revealed several 

irregularities including an abnormally high Rmeas value and an unusually large 

number of rejected reflections. Correspondingly, the electron density maps 

calculated from the resulting structure factors were uninterpretable. Analysis of 

the data using the diagnostic program Phenix.xtriage revealed substantial 

pseudo-merohedral twinning. Data re-processing assuming the lower symmetry 

space group P21 resulted in more acceptable Rmeas estimates, fewer reflections 

were rejected and the data could be used to refine the 14-3-3ζ:PKCεV3 

structure. 
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7.3. Structure refinement and model building 

7.3.1. Phase determination by molecular replacement and 
calculation of electron density maps 

The aim of a macromolecular crystallography project is to compute an electron 

density map that can be use to accurately model the three dimensional 

structure of the molecule under investigation. The electron density (ρ(x, y, z)) can 

be calculated as a Fourier summation of the structure factors (Equation 7-3). 

 

Equation 7-4 

The structure factor can be described as a vector with an amplitude ⎜Fhkl⎜which 

is proportional to the square root of the intensity (Ihkl) and a phase angle (αhkl) 

for each reflection hkl. Whereas the amplitude of the structure factor can be 

derived directly from the X-ray diffraction experiment, the phase information 

cannot and must be obtained by other means. The missing phase information in 

crystallography is known as the phase problem. 

The phase problem was solved for both structures presented in this thesis by 

nonisomorphous molecular replacement using co-ordinates for crystal 

structures available in the PDB as reference models. This method uses a 

known model with high sequence identity (≥30%) to the molecule under 

investigation to estimate the phases for the experimental data. The number of 

molecules in the asymmetric unit must be determined before a molecular 

replacement solution can be obtained. The number of molecules and the 

solvent content in the asymmetric unit can be estimated using the Matthew 

coefficient (Vm) when the unit cell size and crystallographic symmetry is known. 

 

Equation 7-5 
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The Matthews coefficient is calculated by dividing the volume of the unit cell (V) 

by the product of the molecular weight (M) of the macromolecule and the 

number of molecules in the asymmetric unit (Z). The Vm for protein crystals 

typically falls in a narrow range of values and possible solutions for Z are 

estimated based on that Vm range. Solutions for Z where Vm falls outside of the 

ideal range are rare because the crystal structure would be too tightly or too 

loosely packed (e.g. too little or too much solvent content, respectively) to be 

physically realistic. 

The program Phaser was used for molecular replacement following calculation 

of the number of molecules in the asymmetric unit. The orientation of the 

molecules in the crystal is determined by using a maximum likelihood algorithm 

method for molecular replacement. The maximum likelihood method essentially 

tests a series of hypotheses with regard to the molecule’s orientation in the unit 

cell. Each orientation attempted is assumed to be the correct solution and 

Phaser determines the probability that the observed data could have been 

measured from that solution. This requires Phaser to approximate errors arising 

from incompleteness of the known model and differences in the respective 

structures. Chothia and Lesk demonstrated that the r.m.s. difference for two 

molecules is correlated to their sequence identity and the structural differences 

can therefore be estimated. Additional complications arise when there is more 

than one molecule in the asymmetric unit as each molecule must be located 

separately. 

Phaser orients one molecule in the asymmetric unit at a time by first finding 

potential solutions for the correct rotation of the model and then determines 

likely solutions for the translation function. Each potential solution is recorded 

and tested for compatibility with solutions for the second molecule in the 

asymmetric unit (where applicable). As the subsequent molecules in the 

asymmetric unit are fit, the correct solution often becomes obvious as the 

likelihood scores for the first and second best solutions diverge. Once a suitable 

phase solution is determined, Phaser performs rigid body refinement of each 

protomer in the asymmetric unit to improve the fit and calculates electron 

density maps. 



 X-ray crystallography methods and theory 

Kostelecky PhD Thesis 2009 185 

The PKCζk structure contained a single molecule in the asymmetric unit and a 

phase solution was readily determined with Phaser using the published PKCιk 

protein as a model (PDB code 1ZRZ). Molecular replacement for the 14-3-

3ζ:PKCεV3 structure was more difficult, despite 90% identity to the known 

model (14-3-3ζ PDB code 1QJB). First, the 14-3-3ζ:PKCεV3 crystal had four 

protomers in the asymmetric unit. Additionally, the flexible loops in some 

regions were involved in making crystal contacts and the corresponding regions 

had to be removed from the known model’s PDB file in order to allow Phaser to 

find the correct solution without collisions between the protomers. 

7.3.2. Refinement, model building and structure validation 

Molecular replacement and rigid body refinement is followed by an iterative 

process of automated refinement and manual model building. The goal of the 

refinement process is to improve the phases and therefore the accuracy of the 

electron density maps. In each cycle of refinement the electron density maps 

are interpreted using prior knowledge of protein chemistry and the amino acid 

sequence. The fitted model is a hypothesis which has to be validated by 

comparing the agreement between the observed structure factors (Fobs) and the 

calculated structure factors (Fcalc). The Rwork value estimating the correlation 

between Fobs and Fcalc decreases as the correlation improves. 

 

Equation 7-6 

Interpretation of macromolecular crystallographic data is complicated by the fact 

that the ratio of observations to parameters (x, y, z co-ordinates and B-factors) 

is often low. This problem can be partially addressed by imposing geometrical 

restraints on the model corresponding to established properties of 

macromolecules such as bond lengths, bond angles and Van der Waals 

distances. Despite these restraints, the model can be fit to the data 

inaccurately. Although the Rwork indicates the correlation between Fobs and Fcalc, 
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it is a poor measure of whether the model has been overfitted because it is 

biased by the model used for molecular replacement and earlier rounds of 

refinement. To provide a better measure of the accuracy of the model, 5% of 

the reflections are randomly chosen and omitted from the dataset during 

scaling. The Rfree value is calculated by the same method as Rwork from the 

observed and calculated structure factors of omitted reflections (see page 182) 

and provides validation independent of the model bias. If the modelling is 

correct, the Rwork and Rfree will decrease by similar amounts at each round of 

refinement. Divergence of the two values, particularly an increase in Rfree with a 

decrease in Rwork indicates the data has been overfitted. 

Automated refinement was performed for both PKCζk and 14-3-3ζ:PKCεV3 

crystal structures using phenix.refine (Adams et al., 2002). Each round of 

refinement produces two electron density maps. The 2mFobs-DFcalc map is the 

electron density calculated using the most current phase information. The 

mFobs-DFcalc map is the difference map that shows positive density where the 

model remains to be built and negative density where the model has been built 

incorrectly. The m term in both map equations is a weighted correction factor 

which helps reduce bias introduced by the phase information of the model used 

for molecular replacement. The two maps were used in the model building 

program Coot (Emsley and Cowtan, 2004) to assist manual building of 

structural elements between automated refinement rounds. Gradual 

improvement of the phases improves the electron density and allows modelling 

of more amino acids and sidechains with each refinement round. 

In the early stages of refinement for both PKCζk and 14-3-3ζ:PKCεV3 proteins, 

mainchain residues in flexible loops and sidechains which fit poorly into the 

density were removed and gradually replaced. Simulated annealing was also 

used early in the refinement process to remove bias from the molecular 

replacement model. Ligands and solvent were added to the models once 

improvement of the phases produced electron density maps with sufficient 

detail. 

Non-crystallographic symmetry (NCS) averaging was used for 14-3-3ζ:PKCεV3 

since 4 protomers were present in the asymmetric unit. Several rounds of 
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refinement were completed using extensive NCS restraints and the number of 

residues used for the NCS restraints was gradually reduced until each of the 

protomers was individually refined. As discussed above, the 14-3-3ζ:PKCεV3 

crystals were significantly twinned. The phenix.xtriage diagnostic program 

(Adams et al., 2002) determined the twinning operator to be h, -k, -l. The least 

square twin refinement was carried out by phenix.refine version 1.3 and the 

model was successfully refined with a twin fraction of 44.2%. 

Validation of the structures was completed using tools provided by Coot 

(Emsley and Cowtan, 2004). Few outliers were found in the Ramachandran plot 

which provides information about whether mainchain torsions are in 

geometrically acceptable positions for protein chains. Coot also compares the 

difference map variance to find misplaced water molecules and identifies 

regions with large unmodelled density. Additionally, Coot provides several 

graphs to analyse characteristics for individual residues such as geometry 

distortion, B-factor variance and residue density fit which can be used to identify 

discrete problems in the model. Validation was performed throughout the 

refinement process and corrections were made based on the validation results. 

Specific details on the crystallisation conditions, cryoprotection, data processing 

and refinement for the PKCζk
CRT0066854 structure can be found in Sections 3.2-

3.3 and for 14-3-3:PKCεV3 in Section 5.4.1 of their respective results chapters. 

The co-ordinates for the 14-3-3ζ:PKCεV3 have been deposited in the PDB 

under accession number 2WH0 and the PKCζk PDB submission is currently in 

preparation. 
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8. Experimental methods 

8.1. Reagents and enzymes 

All fine chemicals and reagents were purchased from Sigma-Aldrich unless 

stated otherwise. All oligonucleotide primers were obtained from Sigma-

Genosys. Synthetic peptides were prepared by the Peptide Synthesis 

Laboratory at Cancer Research UK, London. Sf9 insect cell cultures were 

maintained by Cell Services at Cancer Research UK. All enzymes used were 

purchased from New England Biolabs unless specifically stated. 

8.2. Buffers, solutions and media 

Common buffers and media are described in Table 8-1. Additions to these 

common buffers and more specialised buffers are described in the relevant 

sections. All buffers were prepared with Milli Q grade reverse osmosis water. 

Table 8-1: Commonly used buffer and media compositions 

8.3. Cloning 

8.3.1. Acquired constructs 

Plasmid pACYC-14-3-3ζ was kindly donated by Prof. Alastair Aitken. The 

human 14-3-3ζ gene was cloned into the isopropyl β-D-1-thiogalactopyranoside 

(IPTG) inducible pACYC vector containing a His-tag coding sequence upstream 

of the gene insertion site. The BV transfer vector pBacPAK-SBL was adapted 

by Phillip Knowles (Structural Biology Laboratory, Cancer Research UK) from 

pBacPAK-His3 (Clontech) to contain a 3C cleavage site and amino-terminal 

GST-tag. pBacPAK-His3 and pBacPAK-SBL were used for recombinant virus 

production of all PKC domain viruses as described in Section 8.4.2 below. 

Name Composition 
LB medium 5 g Bacto yeast extract, 10 g Bacto-tryptone, 10 g NaCl, volume adjusted to 

1 l with water, autoclaved 
LB-Agar 6 g agar, 400 ml LB medium, autoclaved 15 minutes 
PBS buffer 5.3 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, 3.5 mM KCl, pH 7.2 
TBS buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl 
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Table 8-2 shows all constructs used for this study, including details of primers 

and restriction enzymes used for cloning. 

Table 8-2: Plasmids used in this study 

Construct Primer sequences 5’→3’ Enzymes 

pACYC-14-3-3ζ Provided by Prof. Alistair Aitken n/a 
pBacPAK-His3 Obtained from Clontech n/a 
pBacPAK-SBL Provided by Phillip Knowles n/a 
pBacPAK-SBL-
PKCθ1-296 

(for) GCCAAGCTTGTCGCAATTTCTTCG 
(rev) CCTCGAGTCACTCAATCATGGCCAGC 

HindIII/XhoI 

pBacPAK-SBL-
PKCη1-309 

(for) GCCAAGCTTGTCGTCTGGCACC 
(rev) GCCTCGAGTCACATCCCTGCCAGG 

HindIII/XhoI 

pBacPAK-SBL-
PKCθε1-306 

(for) GCCAAGCTTGGTAGTGTTCAATGG 
(rev) GCCTCGAGTCACAGGTCGGCCAGTAC 

HindIII/XhoI 

pBacPAK-SBL-
PKCθε149-306 

(for) GTCGACAAGCTTGGAACGCATGC 
(rev) GCCTCGAGTCACAGGTCGGCCAGTAC 

HindIII/XhoI 

pBacPAK-SBL-
PKCι16-180 

(for) GTCAGGGATCCAGTCCGGGTGAAAGCC 
(rev) GCCTCGAGTCATTCAATTGTGACG 

BamHI/XhoI 

pBacPAK-SBL-
PKCι16-181 

(for) GTCAGGGATCCAGTCCGGGTGAAAGCC 
(rev) ACTCGAGTCAACATTCAATTGTGACG 

BamHI/XhoI 

pBacPAK-SBL-
PKCθι11-186 

(for) GGATCCAGGGGACCATTCC 
(rev) GCTCGAGTCACAAAGAATGCC 

BamHI/XhoI 

pBacPAK-SBL-
PKCθι11-205 

(for) GGATCCAGGGGACCATTCC 
(rev) GCTCGAGTCACTGTGCATGG 

BamHI/XhoI 

pBacPAK-SBL-
PKCθι99-205 

(for)AAGCTTAACCCCTGAGCAGCCTGGCCTG 
(rev) GCTCGAGTCACTGTGCATGG 

BamHI/XhoI 

pBacPAK-SBL-
PKCζ15-181 

(for) GAGAAGCTTCCGCGTCCGCCTCAAG 
(rev) GCTCGAGTCAGCAGGTCAGCGGGAC 

HindIII/XhoI 

pBacPAK-SBL-
PKCζ11-185 

(for) CCAAAAGCTTAGGGAGCGGC 
(rev) GCTCGAGTCAATCCATATGCTTCC 

HindIII/XhoI 

pBacPAK-SBL-
PKCζ11-206 

(for) CCAAAAGCTTAGGGAGCGGC 
(rev) GCTCGAGTCAGGAAGGAAGGTCG 

HindIII/XhoI 

pBacPAK-SBL-
PKCζ99-206 

(for) GGATCCATGTGTACCAGAACGTCCTG 
(rev) GCTCGAGTCAGGAAGGAAGGTCG 

HindIII/XhoI 

pBacPAK-His3-
PKCεk 

Cloned from pBacPAK-SBL-PKCεk
a HindIII/XhoI 

pBacPAK-His3-
PKCιk 

Cloned from pBacPAK-SBL-PKCιk
a BamHI/XhoI 

pBacPAK-His3-
PKCζk 

Cloned from pBacPAK-SBL-PKCζk
a HindIII/XhoI 

pBacPAK-His3-
PKCι11-205 

Cloned from pBacPAK-SBL-PKCι11-205
a BamHI/XhoI 

pBacPAK-His3-
PKCζ11-206 

Cloned from pBacPAK-SBL-PKCζ11-206
a HindIII/XhoI 

a cloned directly from existing transfer vector (provided by Dr. Svend Kjaer) without PCR 
(for) – forward primer, (rev) – reverse primer, n/a – not applicable 
Viruses constructed from pBacPAK transfer vectors were named with preface bv and the tag identity (e.g. virus from 
pBacPAK-SBL-PKCεk is called bvGST-PKCεk and virus from pBacPAK-His3-PKCεk is called bvHis-PKCεk) 
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8.3.2. New constructs 

Buffers and solutions used for cloning experiments are shown in Table 8-3. 

Table 8-3: Buffers used for cloning 

Buffer/solution Composition 
SOC medium 20 g Bacto-tryptone, 5 g Bacto yeast extract, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM D-glucose, volume 
adjusted to 1 l with water, autoclaved 

DNA 6X sample buffer 0.25% bromophenol blue, 30% (v/v) glycerol 
TAE buffer (low EDTA) 40 mM Tris-acetate, 0.1 mM EDTA 
  
8.3.2.1 Polymerase chain reaction (PCR) 

PCR amplification (Old and Primrose, 1994) of the target gene was conducted 

by using an initial denaturation step of 3 minutes at 95ºC followed by 25 cycles 

of the following sequence: denaturation at 95ºC for 30 seconds, annealing at 

3ºC below the Tm of respective primers for 45 seconds and extension at 72ºC 

for 2.5 minutes per 1000 base pairs. A final extension step at 72ºC of 10 

minutes was followed by storage at 4ºC. Typical reactions contained 2 ng 

template, 1X Pfu Turbo buffer (Stratagene), 0.2 mM deoxyribonucleic 

triphosphates (dNTPs), 2 mM MgSO4, 1 μM each forward and reverse primers 

(as indicated in Table 8-2), and 1 unit Pfu Turbo polymerase (Stratagene). 

8.3.2.2 Sub-cloning into blunt vectors 

PCR products were ligated into the blunt vector pCR®-BluntII-TOPO® using the 

Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen) according to the 

manufacturer’s instructions. Blunt end ligation products were transformed into 

XL1blue chemically competent cells (Stratagene) by adding 5 μl ligation mixture 

to 100 μl XL1blue cells, incubating at 42ºC for 45 seconds followed by 

incubation on ice for 2 minutes and addition of 400 μl SOC media. Cells were 

then incubated at 37ºC for 60 minutes and plated on LB Agar plates with 30 

μg/ml kanamycin. Individual colonies were used to inoculate 2 ml LB cultures 

containing 30 μg/ml kanamycin which were incubated at 37ºC overnight. 

Plasmids were purified using the Qiagen miniprep kit according to the 

manufacturer’s instructions. DNA concentration was calculated by measuring 
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absorbance at 260 nm in a Nanodrop 1000 spectrophotometer (Thermo 

Scientific) after subtraction of a blank buffer sample. 

8.3.2.3 Cloning into pBacPAK vectors 

Restriction enzyme digests of either amplified blunt end cloning products or 

pBacPAK plasmids were performed with 3 μg DNA, 20 units of each restriction 

enzyme (as indicated in Table 8-2), 1X NEB2 buffer (New England Biolabs) and 

1 mg/ml bovine serum albumin at 37ºC for 3 hours with a 50 μl total reaction 

volume. Restriction enzyme digest samples were added to 10 μl 6x DNA 

loading buffer and DNA fragments were separated on a 1% electrophoresis-

grade agarose gel in TAE (low EDTA) buffer. A DNA ladder was run 

simultaneously in an adjacent well to estimate the sizes of digested DNA 

fragments. Slices corresponding to the correct sized DNA products were cut out 

of the gel and spun in an Ultrafree DA column (Millipore) to remove agarose. 

Components from Qiagen’s miniprep kit were used to further purify the digested 

DNA as follows; digests were added to 600 μl buffer PB, applied to a miniprep 

spin column and spun for 1 minute at 16,000 g, the column was washed with 

750 μl PE buffer and samples eluted with 30 μl EB buffer. 

Ligations were carried out by adding 3 μl of the digested, purified vector to 10 μl 

insert, 2 μl 10X T4 ligase buffer (New England Biolabs), 4 μl H2O and 1 μl of 1 

U/μl T4 ligase. The ligation mixtures were incubated at 16ºC for 6 hours. 

Ligated plasmids were transformed into XL1blue chemically competent cells as 

described in Section 8.3.2.2 except for the antibiotic used; cells were instead 

plated on LB Agar with 50 μg/ml ampicillin. Plasmids were purified using the 

Qiagen maxiprep kit according to the manufacturer’s instructions and sterilised 

using Spin-X centrifuge tube filters (Costar). Plasmid concentration was 

calculated using a Nanodrop 1000 spectrophotometer as described above. 

8.3.2.4 DNA sequencing 

All coding sequences were verified by DNA sequencing. Automated DNA 

sequencing was carried out by the Cancer Research UK Equipment Park staff 
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using the BigDyeTM Terminator Cycle Sequencing kit (PE Applied Biosystems) 

and capillary sequencing on an ABI Prism 3730. 

8.4. Baculovirus protocols 

Commonly used media and buffers for BV protocols are shown in Table 8-4. 

Table 8-4: Commonly used buffers for Baculovirus protocols 

Buffer/solution Composition 
Grace’s Basic (GB) medium Purchased from Clontech, see product 

manual for components 
Grace’s Complete (GC) medium Grace’s Basic (GB) Medium (Clontech) with 

10% foetal calf serum (FCS) (Gibco), 0.1% 
Pluronic F68 and 10 μg/ml gentamycin 

Sf9 lysis buffer A 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM 
TCEP, EDTA-free Cømplete protease 
inhibitors (Roche) 

Sf9 lysis buffer B 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM 
TCEP, 10 mM Benzamidine, 0.2 mM AEBSF, 
10 mM β-glycerophosphate, 1 mM EDTA 

  
8.4.1. Baculoviruses obtained from other sources 

Table 8-5: Viruses obtained for thesis project 

Baculovirus Source Description 
bvGST-PKCθk S. Kjaer PKCθ kinase domain, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCεk S. Kjaer PKCε kinase domain, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCηk S. Kjaer PKCη kinase domain, His-tag, GST-tag, 3C cleavage site
bvGST-PKCιk S. Kjaer PKCι kinase domain, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCζk S. Kjaer PKCζ kinase domain, His-tag, GST-tag, 3C cleavage site 
bvHis-PDK1 P. Parker PDK1, His-tag 
bvGST-PKCθι11-186 PPF PKCι reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCθι11-205 PPF PKCι reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCθι99-205 PPF PKCζ reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCζ15-181 PPF PKCζ reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCζ11-185 PPF PKCζ reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCζ11-206 PPF PKCζ reg. region, His-tag, GST-tag, 3C cleavage site 
bvGST-PKCζ99-206 PPF PKCζ reg. region, His-tag, GST-tag, 3C cleavage site 
bvHis-PKCιk PPF PKCι kinase domain, His-tag 
bvHis-PKCζk PPF PKCζ kinase domain, His-tag 
bvHis-PKCι11-205 PPF PKCι reg. region, His-tag 
bvHis-PKCζ11-206 PPF PKCζ reg. region, His-tag 
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Several viruses (described in Table 8-5) were generously provided for use in 

this thesis by Dr. Svend Kjaer, Prof. Peter Parker as indicated. Several 

additional viruses in Table 8-5 were prepared by the Protein Purification Facility 

(PPF) at Cancer Research UK from the corresponding BV transfer vectors 

described in Table 8-2. 

8.4.2. Virus production 

Sf9 cell cultures in suspension (1X106 cells/ml) were obtained from Cell 

Services at Cancer Research UK. Cultures were prepared by plating 2 ml cells 

in each well of 6-well tissue culture plates and allowed to settle at 27ºC for 1 

hour. Cells were gently washed twice with GB medium and incubated in GB 

medium at 27ºC for 15 minutes. The transfection mixture was prepared by 

adding 500 ng of pBacPAK vector with the desired insert to 5 μl BacPAK6 viral 

DNA (Bsu36 I digested from Clontech) (total volume 100 μl) to 4 μl Bacfectin 

reagent (Clontech) and incubating at 25ºC for 15 minutes. Media was removed 

from the Sf9 cells and 1.5 ml fresh GB medium was added to each well. The 

Bacfectin-DNA mixture was added to cells and incubated for 5 hours at 27ºC. 

After the 5 hour incubation, 1.5 ml GC medium was added and cells were 

incubated for 5 days at 27ºC in a humid box. After 5 days, 100μl of the 

supernatant from the cell cultures was removed and used to infect new Sf9 cells 

in GC medium (Passage 2) and incubated at 27ºC for 5 days in a humid box to 

amplify the virus. Amplification was repeated in the same manner, but on a 

larger scale (1 ml virus-containing supernatant added to 30 ml cell culture in a 

15 cm diameter plate) and the resulting virus (Passage 3) was used for test 

expressions. 

8.4.3. Calculation of viral titre 

The viral titre of individual virus passages was determined using the End-Point 

Dilution method described by O’Reilly et al. (O’Reilly et al., 1992). Sf9 cells 

(5X105 cells/ml) in GC medium were plated in 96-well tissue culture plates (90 

μl/well) and allowed to settle for 15 minutes. Ten-fold dilutions of virus ranging 

from 10-2 to 10-9 were prepared and 10 μl aliquots added to cells such that each 

well in individual rows were infected with the same viral dilution. The 96-well 
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plate was incubated in a humid box at 27ºC for 7 days. Each well of the 96-well 

plate was then scored as either infected or uninfected based on Sf9 cell 

morphology and the 50% tissue culture infected dose (TCID50) was calculated 

using the Reed and Muench formula (Reed and Muench, 1938). The Reed and 

Muench formula requires that two rows of the 96-well assay plate have some 

infected and some uninfected wells. The TCID50 is estimated using Equation 8-1 

where J is the response above 50% and K is the response below 50% (see 

Figure 8-1 for an example calculation). 

 

Equation 8-1 

 

Figure 8-1: Determination of viral titre by end-point dilution method 

Plaque forming units per ml (pfu/ml) are typically used to express virus titre. The TCID50 
can be converted to pfu/ml by multiplying 1/TCID50 by a factor of 0.69 (O’Reilly et al., 
1992). 

8.4.4. Isolation of recombinant baculovirus  

To isolate recombinant BV from the parental vector, end-point dilutions were 

prepared as described in the previous section. Instead of incubation for 7 days, 

the end-point dilutions were incubated for 5 days. Fresh Sf9 cells (5X105 

cells/ml) were added to new 96-well tissue culture plates and allowed to settle 

for 15 minutes. Supernatants (10 μl) from the end-point dilutions were added to 

corresponding wells of the new 96-well plates to amplify the virus. The new 

plates were incubated at 27ºC in a humid box for 5 days. The amplification 
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process was repeated once more and after 5 days incubation, virus-containing 

supernatant was collected from those wells with the largest dilution which were 

determined to be infected by a change in morphology. These viruses were 

tested for protein expression and the best expressing virus was further amplified 

for use in large scale protein expressions. 

8.4.5. Insect cell culture and infection 

Sf9 insect cells were obtained from Cancer Research UK Cell Services in 

suspension at 1X106 cells/ml density. Cells were diluted 1:1 with GC medium 

upon receipt and 500 ml cells were incubated in each 2 litre suspension bottle 

overnight at 27ºC to allow the cells to recover. Cells were counted after the 

overnight incubation and if they were observed to have an approximate 

doubling time of 24 hours, were diluted to between 1X106 and 1.5X106 cells/ml 

in GC medium and used for infections. 

8.4.5.1 Test expressions in Sf9 cells 

Test expressions were conducted by plating either 2 ml of Sf9 cells (1X106 to 

1.5X106 cells/ml) in 6-well tissue culture plates or 30 ml of cells in 15 cm 

diameter tissue culture plates. Cells were allowed to settle for at least 15 

minutes before infection with virus at 1:500 dilution. Infected cells were 

incubated at 27ºC for 48-96 hours followed by removal of supernatant and 

resuspension in ice cold Sf9 lysis buffer A. Resuspended Sf9 cells were lysed 

by sonication and centrifuged at 16,000 g for 10 minutes at 4ºC. Supernatant 

was added to 50 μl glutathione Sepharose (GE Lifesciences) pre-equilibrated in 

Sf9 lysis buffer A. The beads were incubated on a rotor at 4ºC for 30 minutes 

and centrifuged at 500 g for 1 minute. The supernatant was removed and the 

glutathione Sepharose resin was washed three times by adding 1 ml Sf9 lysis 

buffer A and centrifuging for 1 minute at 500 g to remove any unbound 

components. The glutathione Sepharose resin was resuspended in 50 μl Sf9 

lysis buffer A and samples were analysed by Coomassie stained SDS-PAGE 

(see Section 8.6.2 for details on SDS-PAGE analysis). 
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8.4.5.2 Large scale expression in Sf9 cells 

Between 6 and 12 litres of Sf9 cells (1X106 to 1.5X106 cells/ml) were infected 

with a volume of virus corresponding to a MOI between 1.0 and 5.0 (see 

Section 8.4.3 for details on calculation of viral titre). Each 500 ml of infected Sf9 

cells was incubated in a 2 litre suspension bottle at 27ºC for 48 to 96 hours. 

Cells were centrifuged at 500 g for 20 minutes at 4ºC, the pellets were gently 

resuspended in ice cold PBS, transferred to 50 ml sterile tubes and centrifuged 

again at 500 g for 20 minutes at 4ºC. The cell pellets were either stored at -80ºC 

or used immediately for purification (see Section 8.5). 

8.5. Protein purification 

Buffers commonly used for protein purification and their compositions are listed 

in Table 8-6. 

Table 8-6: Buffers used for protein purification 

Buffer/solution Composition 
Purification buffer A 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP, 10 mM 

Benzamidine, 0.2 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride 
hydrochloride (AEBSF), 10 mM β-glycerophosphate, 1 mM EDTA 

Purification buffer B 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP, 10 mM 
Benzamidine, 0.2 mM AEBSF, 10 mM β-glycerophosphate 

Purification buffer C 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP, 10 mM 
Benzamidine, 0.2 mM AEBSF 

Purification buffer D 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP 
Elution buffer 20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP, 200 mM 

imidazole 
Low salt buffer 25 mM Sodium citrate pH 6.0, 50 mM NaCl, 5% (v/v) glycerol, 1 mM 

EDTA 
High salt buffer 25 mM Sodium citrate pH 6.0, 500 mM NaCl, 5% (v/v) glycerol, 1 mM 

EDTA 
Dilution buffer 50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP 
  
8.5.1. Purification of proteins from Sf9 cells 

Large scale Sf9 cell pellets either freshly prepared or from -80ºC stocks were 

resuspended in purification buffer A if intended for GS affinity purification and 

purification buffer B (without EDTA) if intended for purification with Ni-NTA 

agarose (Qiagen). Cells were resuspended in 10-20 ml buffer per litre original 

cell culture and sonicated for 1-2 minutes on ice. Lysed cells were centrifuged 
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at 30,000 g for 45 minutes at 4ºC and the supernatant collected for affinity 

chromatography. 

8.5.1.1 GST-purification and tag cleavage 

Supernatant from lysed cells was added to 500 μl GS resin per litre original cell 

culture. The crude extract and resin were allowed to mix on a rotor at 4ºC for 1 

hour and centrifuged at 500 g for 15 minutes. The supernatant fraction was 

removed and the GS resin was washed at least three times by addition of 20 ml 

purification buffer A followed by centrifugation at 500 g for 5 minutes. Washed 

and protein-bound GS resin was then resuspended in 1 ml purification buffer A 

with 24 μg GST-tagged 3C protease per 500 μl resin and incubated overnight at 

4ºC on a rotor. The 3C protease cleavage step was carried out in small aliquots 

(1.5 ml tubes) instead of a single larger aliquot (15 ml or 50 ml tubes) because 

loss of protein was observed with the larger tubes, presumably because of non-

specific protein binding to the large tube surface area. Purified and cleaved 

protein was recovered by centrifuging the cleavage reactions and collecting the 

supernatant. 

8.5.1.2 Ni-NTA batch method purification 

Supernatant from lysed cells containing His-tagged protein was added to Ni-

NTA agarose resin (500 μl per litre original culture) and incubated for 1 hour on 

a rotor at 4ºC. The samples were then centrifuged at 500 g for 15 minutes and 

supernatant fraction removed. The protein-bound Ni-NTA resin was then 

washed with 20 ml purification buffer B followed by centrifugation at 500 g for 5 

minutes at 4ºC at least three times. Proteins were eluted with elution buffer and 

purified protein recovered by centrifugation at 500 g and collection of the 

supernatant. 

8.5.1.3 Anion exchange purification 

The supernatant from affinity purification was diluted 1:1 in low salt buffer to 

reduce the sample’s salt concentration. The solution was then filtered with a 

0.22 μm syringe filter and applied to a 1 or 5 ml HiTrap Q HP column (GE 

Lifesciences). Unbound protein was washed out with low salt buffer and a 
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gradient from 100% low salt buffer to 100% high salt buffer was run over 40 

column volumes on an ÄKTA Purification system (GE Lifesciences). Protein 

was detected by absorbance at 280 nm wavelength and 0.5 ml fractions 

collected into tubes containing 1.0 ml dilution buffer. This immediate dilution into 

a buffer with pH 7.4 was added following the observation that several PKC 

kinase domains aggregated at concentrations greater than 0.5 mg/ml in pH 6.0 

buffer. When immediately diluted into buffer containing 50 mM HEPES pH 7.4, 

no aggregation was observed by dynamic light scattering (see Section 8.6.4). 

Desired fractions were pooled and concentrated in Vivaspin centrifugation 

devices (Sartorius). Protein concentration was measured at 280 nm wavelength 

with a Nanodrop spectrometer (see Section 8.6.1). Purified protein was dialysed 

in purification buffer D at 4ºC for a minimum of 3 hours. 

8.5.2. 14-3-3ζ expression and purification 

Transformation into 100 μl chemically competent BL21 (DE3) E. coli cells 

(Invitrogen) was performed by addition of 10 ng plasmid pACYC-14-3-3ζ and 

incubation at 42ºC for 45 seconds. After 2 minutes incubation on ice, 400 μl 

SOC medium (Table 8-3) was added and cells were incubated at 37ºC for 1 

hour. Cells (20 μl) were plated on LB Agar plates containing 34 μg/ml 

chloramphenicol and incubated overnight at 37ºC. A single colony was used to 

inoculate a 100 ml starter culture (LB medium with 34 μg/ml chloramphenicol) 

which was incubated overnight on a shaker at 37ºC. Sterile LB medium (without 

antibiotic) was inoculated with a 1:50 dilution of the starter culture and 

incubated at 37ºC on a shaker until the optical density (OD) at 600 nm 

wavelength reached OD600 = 0.8. To induce 14-3-3ζ expression, 400 μM IPTG 

was added to the culture and incubation at 37ºC was resumed for 5 hours. 

Large scale 14-3-3ζ BL21 (DE3) E. coli cell cultures were centrifuged at 4000 g 

for 20 minutes at 4ºC. Cells were resuspended in 20 ml purification buffer C per 

litre original cell culture and sonicated for 5 minutes on ice. Lysed cells were 

centrifuged at 30,000 g for 60 minutes at 4ºC and the supernatant collected for 

affinity chromatography. 
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8.5.2.1 Ni-HiTrap purification 

Supernatant from lysed cells containing His-14-3-3ζ protein was added to a 5 

ml HiTrap (GE Lifesciences) chelating column loaded with Ni2+. The column 

was washed with 10 column volumes of purification buffer C, followed by 10 

column volumes of 90% purification buffer C and 10% elution buffer to wash out 

non-specifically-bound proteins. The His-14-3-3ζ protein was eluted from the 

column with elution buffer. Protein was concentrated using a Vivaspin 

centrifugal concentration device. Where the His-14-3-3ζ protein was intended 

for experiments with pre-bound PKCεV3 di-phosphopeptide (crystallisation and 

stoichiometry determination), a five- to ten-fold molar excess of peptide was 

added and incubated with the protein for a minimum of 30 minutes before 

application to a size exclusion column. 

8.5.2.2 Size exclusion chromatography 

Protein solution from affinity purification with a volume totalling no more than 

1/50 of the gel filtration column bed volume was applied to either Superdex 75 

or Superdex 200 (GE Lifesciences) pre-equilibrated in purification buffer D. 

Following sample injection, purification buffer D was applied at a rate chosen so 

that the maximum recommended column pressure was not exceeded using an 

ÄKTA Purifier (GE Lifesciences). Eluted protein was detected by absorbance at 

280 nm and fractions collected and concentrated in Vivaspin centrifugation 

devices. Protein samples for 14-3-3ζ were diluted to 2–8 mg/ml concentration 

before measurement because protein above 10 mg/ml gave inconsistent 

concentration values. 

8.6. Protein Analysis 

8.6.1. Measurement of protein concentrations 

Protein concentrations were measured with a Nanodrop 1000 

spectrophotometer (Thermo Scientific) using the Protein A280 calculation tool 

from its supplied software. Protein molecular weights and extinction coefficients 
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(Table 8-7) were estimated using the ExPASy ProtParam tool (Gasteiger et al., 

2005). 

Table 8-7: Molecular weights and extinction coefficients for proteins 

Protein Molecular weight Extinction coefficient 
PKCεk 39098 kDa 38765 

PKCηk 39139 kDa 34420 

PKCζk 40720 kDa 37080 

PKCιk 40127 kDa 38640 

His-14-3-3ζa 29260 kDa (monomer) 27390 
a Protein diluted to < 8 mg/ml before concentration measurements 

   
8.6.2. SDS-PAGE 

Denatured proteins were separated by size by sodium dodecyl sulfate 

polyacrylamide gel elecrophoresis (SDS-PAGE) (Laemmli, 1970). Freshly 

prepared resolving gel solution (see Table 8-8 for SDS-PAGE solution 

compositions) was poured between two glass plates, covered with butanol and 

allowed to polymerise. The butanol was removed and the top of the gel rinsed 

with water before addition of stacking gel solution and placement of a plastic 

comb to create wells for sample loading. After polymerisation of the gel, the 

comb was removed and wells rinsed with SDS-PAGE running buffer. The gel 

was assembled in the electrophoresis apparatus and SDS running buffer was 

added. For some experiments, pre-cast NuPAGE® Novex Bis-Tris 4-12% 

gradient gels (Invitrogen) were used with the MOPS running buffer (Invitrogen) 

recommended by the manufacturer. 

Samples were prepared by addition of 6x SDS-PAGE loading buffer and 

incubation for 10 minutes at 95ºC. Samples were loaded into the wells of the 

SDS-PAGE gel in addition to molecular weight markers (New England Biolabs). 

Voltage between 120 and 200 V was applied to the gels for approximately 1 

hour or until the dye from the SDS-PAGE loading buffer had migrated to the 

bottom of the gel. Following electrophoresis, gels were removed from the plates 

and were either used for Western blot (see Section 8.6.3) or stained with 

PhastGel™ Blue R-350 Coomassie staining solution (GE Lifesciences). 
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Table 8-8: Buffers used for SDS-PAGE 

Buffer Composition 
Resolving gel 12% acrylamide:bisacrylamide (37.5:1), 100 mM Tris-HCl pH 8.8, 0.1% SDS, 

0.03% ammonium persulfate (APS), 0.3% tetramethylethyl-enediamine 
(TEMED) 

Stacking gel 4% acrylamide:bisacrylamide (37.5:1), 100 mM Tris-HCl pH 6.8, 0.1% SDS, 
0.06% APS, 0.35% TEMED 

SDS-PAGE 
running buffer 

15.1 g Tris base, 94 g Glycine, 50 ml 10% SDS, volume adjusted to 1 l with 
water 

6x SDS-PAGE 
sample buffer 

0.25% bromophenol blue, 30% (v/v) glycerol 

Coomassie 
staining solution 

One PhastGel™ Blue R-350 Coomassie dissolved in 80 ml water, added 120 
ml methanol, stored at 4ºC. Before use 1 part PhastGel™ Blue R-350 
Coomassie solution was added to 1 part 20% acetic acid. 

Destaining 
solution 

10% acetic acid, 40% methanol 

  
8.6.3. Western blots 

Table 8-9: Buffers used for WB 

Buffer Composition 
WB transfer 
buffer 

25 mM Tris base, 14.4 g Glycine, 3.7 ml 10% SDS, 200 ml methanol, volume 
adjusted to 1 l with water 

WB blocking 
buffer 

TBS, 0.05% Tween-20, 3% bovine serum albumin 

WB wash buffer TBS, 0.05% Tween-20 
  
Several antibodies for use in WB analyses were generously provided by Prof. 

Peter Parker at Cancer Research UK. Samples were run on an SDS-PAGE gel 

and transferred to a polyvinylidene fluoride (PVDF) membrane in a BioRad 

transfer chamber at 100 V for 1 hour in WB transfer buffer. The PVDF 

membrane was incubated with WB blocking buffer to coat unbound surfaces of 

the membrane with protein and minimise unspecific antibody binding. The 

PVDF membrane was then incubated with primary antibody diluted to between 

1:2000 and 1:10,000 in WB blocking buffer for 1 hour (Table 8-10). 

When detecting specific phosphate residues, de-phosphorylated peptide 

corresponding to the region of the protein to be detected was added to the 

primary antibody mixture at 1 μg/ml final concentration (Table 8-11). Following 

primary antibody treatment, the PVDF membrane was washed a minimum of 

three times in Western blot wash buffer for 10 minutes. The membrane was 

incubated in horse radish peroxidise (HRP)-conjugated secondary antibody 
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diluted 1:3000 – 1:5000 in WB blocking buffer for 1 hour followed by three 

washes in WB wash buffer for 10 minutes each. The membrane was coated 

with enhanced chemiluminescence (ECL) reagents (GE Lifesciences) which 

promote luminescence of the HRP. The membrane was exposed to ECL film 

(GE Lifesciences) for between 10 seconds and 15 minutes and the film was 

developed to visualise migration of proteins on the SDS-PAGE gel. 

Table 8-10: Antibodies used for Western blot 

Antibody name Specificity Species Dilution Source 
Phospho-PKCζ/ι 
(Thr410/403) 

PKCζk
pT410 

PKCιk
pT403 

rabbit 1:4000 Cell Signaling Technologies

PPA-206 PKCζk
pT410 

PKCιk
pT403 

rabbit 1:2000 Parker laboratory 

PPA-211 PKCζk
pT560 

PKCιk
pT555 

rabbit 1:2000 Parker laboratory 

PPA-203 PKCεk
pS566 

PKCηk
pT513 

rabbit 1:4000 Parker laboratory 

PPA-218 PKCεk
pT710 

PKCηk
pT656 

rabbit 1:4000 Parker laboratory 

p-PKCε (Ser 729) PKCεk
pS729 

PKCηk
pS675 

rabbit 1:4000 Santa Cruz Biotechnology 

PKCε (C-15) PKCε 
PKCη 

rabbit 1:2000 Santa Cruz Biotechnology 

Pan 14-3-3 (B-11) Pan 14-3-3 mouse 1:4000 Santa Cruz Biotechnology 
THE His Hexahistidine tags mouse 1:10,000 GenScript 
Anti-GST GST rabbit 1:5000 Sigma-Aldrich 
Rabbit IgG - HRP Rabbit IgG goat 1:5000 Santa Cruz Biotechnology 
Mouse IgG - HRP Mouse IgG goat 1:3000 Santa Cruz Biotechnology 
     
 

Table 8-11: Peptides used for WB 

Peptide Residue range Sequence 
PKCζ-T410 407-413 TTSTFCG 

PKCζ-T560 558-564 QLTPDDE 

PKCε-T566 563-569 TTTTFCG 

PKCε-T710 708-714 VLTLVDE 

PKCε-S729 726-732 KGFSYFG

   



 Experimental methods 

Kostelecky PhD Thesis 2009 203 

8.6.4. Dynamic light scattering 

DLS is used to determine the size distribution of macromolecules in solution. 

Particles in solution are constantly in motion and the movement of small 

particles is faster than that of larger particles. When a laser is focused onto a 

solution, light is scattered and the intensity of the scattered light fluctuates as 

some scattering is constructive and some destructive. The rate of scattered light 

fluctuation depends on the sizes of the molecules in solution and a profile of the 

approximate diameters of particles can be obtained. Although DLS gives a 

relatively poor estimate of particle diameter (and molecular weight) of a protein 

in solution, the technique is a rapid way of examining whether the protein is 

extensively aggregated. 

DLS measurements were carried out using a Zetasizer Nano ZS (Malvern 

Instruments) and analysis was performed using the manufacturer supplied 

software. Protein samples were prepared as described in Section 8.5 and 50 μl 

samples of proteins with concentrations ranging from 0.5 mg/ml to 10 mg/ml 

were measured in a quartz DLS cuvette. DLS was measured at an angle of 90º 

for 60 seconds according to the Zetasizer manufacturer’s recommended 

protocol and particle diameter profiles per unit volume were used to assess the 

extent of protein aggregation. 

8.6.5. Kinase activity assays 

8.6.5.1 ADP Quest™ assay method 

The ADP Quest™ (GE Healthcare) assay kit was used for kinase activity 

experiments. The method uses a coupled reaction to measure ADP 

accumulation. In this system, hydrogen peroxide is generated from ADP 

released from the kinase reaction. The hydrogen peroxide then reacts with 

Amplex Red™ to generate a fluorescently active dye, resorufin. The rate of 

ADP accumulation can then be tracked by measuring the change in resorufin 

fluorescence intensity with excitation at 530 nm and emission at 590 nm. A 

known-concentration ADP titration control was run in order to determine ADP 

concentrations for each experiment. ADP standard controls were run with each 
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protein, inhibitor, DMSO and substrate in order to insure the reagents didn’t 

interfere with the ADP Quest™ coupled reaction. 

Peptide substrate ε-pseudosubstrateA→S (sequence ERMRPRKRQGSVRRRV) 

was dialysed in PBS overnight at 4ºC with 2000 MWCO Slide-A-Lyzer cassettes 

(Pierce) before use. ATP was diluted in 20 mM HEPES pH 7.5, 15 mM NaCl 

and 200 μM MgCl2. Proteins were diluted in ADP Quest™ supplied dilution 

buffer containing 15 mM HEPES pH 7.4, 20 mM NaCl, 1 mM ethylene glycol 

tetraacetic acid (EGTA), 0.02% Tween 20, 10 mM MgCl2 and 0.1 mg/ml bovine-

γ-globulins. Inhibitors were diluted in DMSO and all other components were 

diluted in 15 mM HEPES pH 7.5, 20 mM NaCl. All reactions were set up in 384-

well flat bottomed black plates (Corning) and total reaction volumes were 50 μl. 

Fluorescence intensity was measured with excitation at 530 nm and emission at 

590 nm in a Safire2 microplate reader (Tecan). 

8.6.5.2 Data analysis in kinetic mode 

Kinetic mode analysis was performed in order to determine kcat and Km for ATP 

using each of the PKC kinase domain species. Kinetic mode was also used for 

analysis of substrate inhibition. Measurements were performed every 2 minutes 

for a period of 40 minutes. Each curve exhibited an initial lag phase, a linear 

phase and a final plateau phase. Two data points at least 8 minutes apart were 

chosen for each measurement at time points during the linear phase. The 

goodness of fit for a linear plot of the data between and including these points 

was greater than 0.98 in all cases. Because the ADP Quest™ background 

increased throughout the duration of the experiments, controls were run in 

parallel using titrations with known concentrations of ADP. Linear plots of the 

ADP titrations at separate time points were then used to extrapolate the ADP 

concentrations for kinase activity measurements at those times (control 

reactions using no kinase protein were used to subtract background). Reaction 

velocities were then determined for each well of the reaction plate by 

subtracting the ADP accumulation at the first chosen time point from that at the 

later time point and dividing by the number of minutes between the two 

measurements. Data was plotted using SigmaPlot software and fitted with a 

single site ligand binding model using (Equation 8-2) where V is the velocity 
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calculated as described above and [S] is the concentration of ATP (curves were 

not fitted for ε-pseudosubstrateA→S titrations because of substrate inhibition). 

 

Equation 8-2 

All measurements were performed on a minimum of two independent samples, 

each in triplicate. Error bars shown in all plots represent standard deviations 

from the mean. 

8.6.5.3 Data analysis using end-point measurements 

End-point data analysis was used for the PKC kinase domain inhibition assays. 

Measurements were performed every 2 minutes for a period of 40 minutes and 

a single data point was chosen where all samples were observed to be in the 

linear phase. Data was plotted using SigmaPlot software and dose response 

curves were fitted using Equation 8-3 where RFU is the measured fluorescence 

intensity and [Inh] is the inhibitor concentration. 

 

Equation 8-3 

All measurements were performed on a minimum of two independent samples, 

each in triplicate. Error bars shown in all plots represent standard deviations 

from the mean. 

8.6.5.4 Activity assays conditions 

For determination of Km and kcat values reactions were prepared by adding ε-

pseudosubstrateA→S (200 μM final concentration) and PKC kinase domain 

protein (final concentration 5 nM for PKCεk
pT566/pT710/pS729, PKCιk

pT403/pT555 and 

PKCζk
pT410/pT560 and 50 nM for PKCεk

pT566*/pS729, PKCεk
pT710*/pS729, PKCιk

pT555 and 

PKCζk
pT560) to 10 μl of Reagent A and 20 μl of Reagent B. Serial ATP dilutions 
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ranging from 0 nM to 200 μM (final concentrations) were then added and 

fluorescence intensity was measured in kinetic mode. 

For determination of IC50 values reactions were prepared using 20 μM ATP and 

20 μM ε-pseudosubstrateA→S. Protein concentrations were the same as 

indicated in the previous paragraph. Serial dilutions of inhibitors with 

concentrations ranging from 1 nM to 100 μM were added and fluorescence 

intensity measured in end-point mode. Inhibitors were diluted in DMSO and 

controls showed no inhibition of either the kinase reaction or the coupled 

reaction by DMSO alone The Gö6983 inhibitor was purchased from Calbiochem 

and the BIM-1 inhibitor was purchased from Sigma-Aldrich. 

8.6.6. Stoichiometry determinations 

8.6.6.1 Stoichiometry of 14-3-3ζ:PKCε 

HEK-293 cells with tetracycline induced GFP-PKCε (kindly provided by Dr. 

Adrian Saurin) were treated with 100 nM PMA to promote S346 and S368 

phosphorylations and 100 nM calyculin A phosphatase inhibitor for 2 hours. Cell 

lysate was incubated with Ni-NTA beads (Qiagen) pre-bound to His-tagged 14-

3-3ζ to form 14-3-3ζ:PKCε complex. The Ni-NTA beads were washed and 

complex was eluted with imidazole. Purified complex was then separated by 

size-exclusion on a Superdex 200 10/30 GL column (GE Lifesciences) in 50 

mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100 and 10 mM NaF. Molecular 

weight standards were separated under identical conditions and used as a 

reference to approximate molecular weight of the 14-3-3ζ:PKCε complex. 

Complex elution was detected by WB of size-exclusion fractions, probing with a 

PKCε antibody (Santa Cruz). 

8.6.6.2 Stoichiometry of 14-3-3ζ:PKCεV3-pS346-pS368 

Stoichiometry of binding was determined using the EZ Biotin Quantitation Kit 

(Pierce). Excess biotinylated PKCεV3-pS346-pS368 peptide was incubated with 

purified 14-3-3ζ followed by gel filtration on a HiLoad 26/60 Superdex 200 

column in phosphate buffered saline (PBS) to wash out unbound peptide. 14-3-
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3ζ:PKCεV3-pS346-pS368-biotin complex was added to HABA:avidin solution in 

PBS. Because HABA absorbs at 500 nm wavelength only when bound to 

avidin, displacement of HABA by biotinylated peptide binding to avidin allowed 

calculation of the 14-3-3ζ:PKCεV3-pS346-pS368-biotin ratio by measurement of 

decrease in HABA absorbance at 500 nm. Quantitation was achieved by taking 

absorbance measurements at 500 nm, subtraction from reference sample 

absorbance, and calculation of the biotin to protein ratio. 

8.6.7. Isothermal titration calorimetry 

ITC is technique used to probe thermodynamics of molecular interactions. The 

ITC microcalorimeter consists of two cells (a sample cell and reference cell). 

One component of a reaction is injected through a syringe into the cell 

containing a second component. Upon interaction of the two molecules, heat is 

either released or absorbed and the microcalorimeter measures the change in 

enthalpy (ΔH) by calculating how much energy is required to return the cell to 

the reference temperature. The binding curves obtained by measuring a series 

of injections can be used to determine the dissociation constant (KD) of the 

reaction, the binding stoichiometry (N), the change in entropy (ΔS) and the 

change in free energy for the reaction (ΔG). 

Isothermal titration calorimetry (ITC) in this thesis was used to probe the binding 

of various phosphorylated peptides to 14-3-3ζ. Analysis was carried out on 

peptides with the sequences as described in Table 5-1. Purified 14-3-3ζ was 

dialyzed overnight in PBS at 4ºC in the same container as the HPLC purified 

peptide (dialysed with Slide-A-Lyzer cassettes (Pierce)). Ligand binding to 14-3-

3ζ was measured using a iTC200 MicroCalorimeter (Microcal). Peptides were 

injected in 1.4 μl increments into 200 μl 14-3-3ζ using concentrations ranging 

from 100 μM to 1400 μM injectant and from 10 μM to 100 μM concentration in 

the cell. All measurements were conducted a minimum of three times. Data 

from the iTC200 MicroCalorimeter (Microcal) were fitted using a single site 

binding model for all peptides except PKCεV3-site1-site1 (fitted using a two site 

binding model) with the Origin software (OriginLab). 
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8.6.8. Fluorescence polarisation 

Fluorescence polarisation was used to determine KD values for PKCεV3-derived 

peptide binding to 14-3-3ζ. The peptides (~4 kDa) are significantly smaller than 

14-3-3ζ (58 kDa). The difference in molecular weights means the change in 

intensity of polarised light parallel (I⎟⎜) to the excitation plane will be larger for 

free peptide (which rotates more quickly away from the excitation plane) 

compared to 14-3-3ζ-bound peptide. Anisotropy indicates the ratio of free 

peptide to 14-3-3ζ-bound peptide and is related to the intensity of polarised light 

by Equation 8-4 where I⊥ is the intensity of fluorescence perpendicular to the 

excitation plane. 

 

Equation 8-4 

Protein was titrated at different dilutions and peptide concentration remained 

constant. Reaction volumes totalling 20 μl were prepared in 384-well flat 

bottomed black plates (Corning) and incubated for at least 10 minutes at 25ºC. 

Each reaction contained 50 nM peptide and between 3 nM and 250 μM 14-3-3ζ 

protein. Samples were measured in a Safire2 microplate reader (Tecan) with 

excitation at 470 nm and emission at 525 nm. Both excitation and emission 

bandwidths were 20 nm, time between move and flash was 10 ms, integration 

time was 40 μs and optimal gain and Z position were determined automatically 

by the microplate reader software. Anisotropy was calculated for each well of 

the multiwell plate by Magellan software using a G-factor of 1.2041. Non-linear 

regression fits to determine KD were performed using GraFit version 4 software 

(Erithacus Software) using Equation 8-5 (Heyduk and Lee, 1990). 

 

Equation 8-5 
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A is the measured anisotropy, Af the anisotropy of free peptide, Ab the 

anisotropy of 14-3-3-bound peptide, [X] and [Y] are the total peptide and 14-3-3 

concentrations, respectively and KD is the dissociation constant. 
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