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Abstract 
 
The Rho effector kinase Protein Kinase N2 (PKN2) is a serine/threonine kinase with 

crucial functions as a key regulator of cytoskeletal organisation and cell migration in 

addition to roles in disease progression. Understanding of PKN function at a molecular 

level is currently limited in terms of their overall structural organisation, how activating 

partners co-operate to promote PKN activation and finally what features are 

recognised by PKNs to target their substrates. The aims of this thesis were to address 

these questions using electron microscopy, biochemical and biophysical methods. 

  

The thesis has four components. First, biochemical characterisation revealed that 

recombinant PKN2 activation-loop phosphorylation requires both RhoA and PDK1. In 

vitro characterisation of a novel, single case patient-derived PKN2 mutation revealed 

an overall reduced enzymatic activity compared to WT PKN2 and potential differences 

in putative binding partners identified by co-IP/MS. Second, the architecture and 

dimeric nature of RhoA-PDK1-activated PKN2 are explored by negative-stain electron 

microscopy revealing a low-resolution map of an asymmetric PKN2 dimer stabilised 

through chemical cross-linking. The map permits tentative docking of existing crystal 

structures and homology models of PKN2 domains. Efforts to obtain a higher 

resolution cryo-EM structure were hampered by sample conformational flexibility and 

instability. Third, a local motif flanking the phospho-acceptor site was uncovered using 

PamGene microarray technology. Work focused on characterising PKN2 

phosphorylation of CLIP170, a microtubule associated protein and putative PKN2 

substrate.  In vitro phosphorylation was monitored over time permitting mapping and 

ordering of phospho-sites within the serine-rich regulatory region of CLIP170. Efforts 

to develop an assay to validate phosphorylation of CLIP170 by endogenous PKN2 

from mouse brain lysate revealed the need for better PKN2 small molecule inhibitors. 

The final chapter describes the development of PKN2 inhibitor compounds. Several 

compounds improved on existing benchmarked compounds and will be taken forward 

for selectivity screening and validation in cell-based assays.   
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JNK c-Jun N-terminal kinase 

kcat Turnover number 

kcat/KM Specificity constant 

KD Kinase domain 

kDa Kilodalton  

KM Michaelis constant 

MARCKS Myristoylated alanine-rich C-kinase substrate 

MEK Mitogen activated protein kinase 

MOE Molecular operating environment 

MRFTA Myocardin related transcription factor A 

mTOR Mammalian target of rapamycin  

Mw Molecular weight 
N- Amino- 

NMR Nuclear magnetic resonance  
P-loop Phosphate-binding loop 

pAb Polyclonal antibody 

PAK P21 activated kinase 

ParM Partitioning system of plasmid R1, protein M 

PCR  Polymerase chain reaction 
PDK1 Phosphoinositide-dependent protein kinase 1 

PIF PDK1-interacting fragment 

PIPs Phosphoinositides 

PKA Protein kinase A 

PKC Protein kinase C 

PKL Proline-Lysine-Leucine sequence 
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PKN/PRK Protein kinase N/Protein kinase C-related kinase 

ROCK1 Rho-associated protein kinase 1 

RSK1 Rbisomal protein S6 kinase 

RTK Receptor tyrosine kinase 

SDR Specificity determining residues 

SDS  Sodium dodecyl sulphate 
SDS-PAGE  Sodium dodecyl sulphate-polyacryamide gel electrophoresis 
SEC  Size exclusion chromatography 
SEC-MALLS Size exclusion chromatography multi-angle laser light scattering 
Sf21 Spodoptera frungiperda 21 

SH3 SRC Homology 3 

siRNA  Small interfering Ribose Nucleic Acid 
TBST Tris buffered saline, 0.1% Tween 

TCEP Tris(2-carboxyethyl)phosphine 

Tm Melting temperature 

TM Turn motif 

TSA Thermal shift assay 

v Velocity of reaction 

Vmax Maximum rate achieved by the system 

WT Wild Type 

Yop Yersinia outer protein 
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A Alanine (Ala) 

C Cysteine (Cys) 

D Aspartic acid (Asp) 

E Glutamic acid (Glu) 

F Phenylalanine (Phe) 

G Glycine (Gly) 

H Histidine (His) 

I Isoleucine (Ile) 

K Lysine (Lys) 

L Leucine (Leu) 

M Methionine (Met) 

N Asparagine (Asn) 

P Proline (Pro) 

Q Glutamine (Gln) 

R Arginine (Arg) 

S Serine (ser) 

T Threonine (Thr) 

V Valine (Val) 

W Tryptophan (Trp) 

Y Tyrosine (Tyr) 
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Chapter 1: Introduction 
 
1.1 Eukaryotic protein kinase structure and mechanism 
 
1.1.1 Overview of protein kinases 
 
Protein kinases are phospho-transferase enzymes that catalyse the transfer of a 

phosphate group to specific amino acid side chains of a protein substrate [1]. The 

phosphate group is typically donated by the nucleotide adenosine triphosphate (ATP). 

This process is known as phosphorylation. The majority of protein kinases specifically 

phosphorylate the hydroxyl group of serine and threonine side chains and are known 

as Ser/Thr kinases. The second most prominent group of protein kinases specifically 

phosphorylate the hydroxyl group of tyrosine side chains and are can be classified as 

either receptor tyrosine kinases (RTKs) or cytoplasmic/non-receptor tyrosine kinases. 

A much smaller population of protein kinases can phosphorylate hydroxyl group of 

serine, threonine and tyrosine residues and are known as dual specificity kinases [2]. 

Other residues that can also be phosphorylated post-translationally include cysteine, 

histidine, arginine, lysine, aspartic acid, and glutamic acid [3]. 

 

Protein kinases are also known as eukaryotic protein kinases (ePKs) which evolved 

in a divergent manner from the structurally similar but simpler eukaryotic-like protein 

kinases (eLKs) that are found in prokaryotes [4]. Approximately 1.7% of the human 

genome is comprised of ePK kinases with 535 kinases currently identified [5]. The 

importance of kinase mediated regulation of cellular processes is reflected by the scale 

and diversity of the human kinome. Phosphorylation is the most common eukaryotic 

post translational modification (PTM) and phosphorylation by protein kinases is the 

most widespread regulatory mechanism of protein function and cell signalling [6]. The 

rapidity and reversibility of protein phosphorylation makes it well suited for cellular and 

intracellular forms of communication. When specific protein substrates are altered 

through phosphorylation it can affect their conformation or subcellular localisation [7]. 

Phosphorylation of a protein substrate can trigger the activation or inhibition of 

enzymatic activity, can create recognition sites for other proteins to bind and interact 

with, or can mark the protein substrate for degradation [6]. Through these diverse 

mechanisms, protein kinases contribute to key decision making processes in cells 

such as cell cycle progression, cell migration, transcription, metabolism, differentiation 



 22 

and apoptosis [8]. Kinases can also be the substrates for other kinases meaning many 

kinases can phosphorylate and activate other kinases, initiating phosphorylation 

cascades to amplify phosphorylation signals [9-11]. 

 

Given the level of protein kinase regulation across different cellular processes and 

their role in cell signalling, it is not surprising that dysregulation of kinases has a 

profound effect on cellular function and can cause disease. Sustaining proliferative 

signalling involves correct regulation of protein kinases and is proposed as one of the 

eight hallmarks of cancer [12]. The protein kinase fold is the most common domain 

implicated in cancer with somatic dominant activating mutations within kinase domain 

encoding genes frequently contributing to cancer progression [13-16]. 

 

Protein kinases share a common catalytic domain called the kinase domain which 

typically consists of roughly 300 amino acids. Many kinases have regulatory and/or 

protein-protein interaction domains in addition to their core kinase domain [17, 18]. 

Comparison of conserved sequences within protein kinase domains enabled Manning 

and Hunter to classify protein kinases into distinct families that have held up to this 

day (Figure 1.1) [13].  
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  Figure 1.1 Dendrogram of human protein kinases 
Dendrogram generated using Coral (see http://phanstiel-lab.med.unc.edu/CORAL/) which uses 

phylogenetic information derived from Manning et al, 2002. 
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1.1.2 The catalytic cycle of protein kinases 
 
There are three main stages to the catalytic cycle of protein kinases; nucleotide and 

substrate binding, catalysis of phosphoryl transfer and product release. Once Mg-ATP 

has bound to the active site of the enzyme, an active conformation of the kinase has 

been adopted and a protein substrate is engaged with the phospho-acceptor residue 

positioned for transfer, phosphorylation can take place [19]. Prior to phosphorylation, 

the catalytic base, which is the Asp of the conserved HRD motif described in section 

1.1.3, deprotonates the nucleophilic hydroxyl group of the serine, threonine or tyrosine 

phospho-acceptor residue of the substrate [20]. This facilitates nucleophilic attack 

from the deprotonated hydroxyl groups towards the terminal  γ-phosphate of 

adenosine triphosphate (ATP), breaking the γ-β phosphodiester bond and transferring 

the phosphate group to the amino acid phospho-acceptor side chain [20]. This is an 

esterification reaction resulting in the formation of a covalent phospho-ester bond 

between the phosphate group and the hydroxyl side chain of the protein substrate. 

The phosphorylation reaction is followed by the release of adenosine diphosphate 

(ADP) and the phosphoprotein substrate [19].  

 

Whilst the phospho-ester bond formed is stable, protein phosphorylation is considered 

reversible as the phosphate group can be removed from the phosphorylated protein 

substrate by specific phosphatase enzymes [21]. Phosphatase enzymes catalyse the 

hydrolysis of the ester bond between the phosphate group and the hydroxyl group of 

the protein substrate side chain, resulting in the release of a free phosphate group and 

a dephosphorylated protein. The complete phosphatome is known for the human 

genome [22]. Protein phosphatase and protein kinase activity is balanced in order to 

maintain correct regulation of signalling and cellular pathways [23]. 

 

Magnesium ions (Mg2+) facilitate protein phosphorylation by lowering the energy 

threshold required for phosphoryl transfer by chelating the γ- and β- phosphate groups 

of ATP and stabilising ATP [24, 25]. Interactions between negatively charged oxygen 

groups in the phosphate groups of ATP and the positively charged Mg2+ help maintain 

conformations of ATP that are specifically recognised by the kinase and stabilise 

intermediate reaction states.  Mg2+ can also increase the binding affinity of ATP with 

the kinase binding pocket by providing additional interactions between Mg-ATP and 
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the kinase. For example the Asp side chain of the conserved DFG motif (see section 

1.1.3) of kinases can bind to ATP through a co-ordinating magnesium ion that is 

interacting with an oxygen atom of the β-phosphate of ATP [26]. Whilst generally 

divalent metals are required for kinase activity there is evidence that at least one 

protein kinase, calmodulin-activated Ser/Thr kinase (CASK) which lacks the 

conserved DFG motif, can function independently of metal ions [27]. Figure 1.2 

summarises the general catalytic cycle for most protein kinases. 

 

 

 

1.1.3 Conserved motifs and structural elements of the core kinase domain 
 

The core catalytic kinase domains of protein kinases known as the ePK fold, forms a 

bi-lobal structure with an ATP-binding catalytic cleft lying between the lobes [28]. The 

smaller N-lobe consists of mainly β-sheets and a single α-helix, whilst the larger C-

lobe consists of mainly α-helices [28]. The two lobes are connected by a short flexible 

linker called the hinge region which also forms part of the nucleotide binding cleft 

situated between the two lobes. ATP binds in the nucleotide binding cleft with the 

adenosine base towards the hinge region with which it forms hydrogen bonds [29]. 

Many small molecule kinase inhibitors form important interactions with the hinge 

region [30]. The ePK fold is characterized by twelve key elements involving ~30 highly 

conserved residues [31]. Nine of the invariant elements are shown mapped on the 

prototypical ePK, protein kinase A (PKA) crystal structure (PDB code: 1ATP) in Figure 

1.3 [32]. 

 

Figure 1.2 Schematic diagram depicting the general catalytic cycle of a protein kinase 
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Figure 1.3 Key conserved structural elements of the ePK domain mapped onto the PKA 
structure 
Crystal structure of PKA kinase domain (PDB code: 1ATP) bound to ATP (orange sticks) and Mn2+ 

(purple spheres). Conserved elements and motifs are coloured within the structure with 

accompanying labels of the same colour.  
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The regulatory αC-helix 
The only α-helix within the N-lobe of the kinase domain is referred to as the αC-helix. 

In active kinase conformations the αC-helix is positioned facing inwards, stacking 

against the N-terminal domain via a salt bridge formed between a conserved Glu 

residue within the αC-helix (PKAE91) and a conserved Lys residue within the β3 strand 

(PKAK72) [28]. Through the formation of this salt bridge the β3 Lys side chain can form 

hydrogen bonds with the oxygen atoms of the α- and β- phosphate groups of ATP, 

stabilising the ATP conformation to present the γ-phosphate for catalysis [28]. A 

positively charged residue within the αC-helix also contributes to the stabilisation of 

the conserved phosphorylated residue within the activation loop, vital for activation 

and stability of the kinase. In many inactive kinase conformations, the C-helix is rotated 

and positioned extending away from the N-terminal domain, this disrupts the Glu-Lys 

salt bridge between C-helix and β3 strand, removing the stabilising effect of the β3 

strand Lys on the α- and β- phosphate groups of ATP [33]. 

 
The phosphate-binding P-loop 
The P-loop is a glycine rich loop within the N-lobe, situated between the β1 and β2 

strands [34]. The P-loop is the phosphate binding loop and is also known as the 

glycine-loop. The P-loop contains the G-x-G-x-x-G motif and forms the ‘roof’ of the 

nucleotide binding site, maintaining ATP in the correct position for catalysis through 

interactions with the β- and γ-phosphate groups of ATP [4, 14]. Inactive kinase 

conformations involve alteration or disruption of P-loop arrangement [35]. 

 

The activation loop 
The activation segment of the kinase domain varies in length but usually consists of 

20 – 30 amino acids and is located between the β7 and β8 strands of the C-lobe [36]. 

This segment starts with the conserved Asp-Phe-Gly (DFG) motif (PKAD185/F186/G187 

and PKN2D800/F801/G802) which sits within the Mg2+ binding loop, is followed by the 

flexible activation loop, then the P+1 loop and ends with the conserved Ala-Pro-Glu 

(APE) motif (PKAA207/P208/E209 and PKN2A825/P826/E827) [37]. The activation segment is 

often central to kinase regulation and harbours key phospho-acceptor sites targeted 

by upstream activating or priming kinases, or by auto-phosphorylation in the case of 

tyrosine kinases [38]. Phosphorylation at the conserved site within the activation loop 

stabilises the core kinase fold by reducing dynamic flexibility between the lobes and 
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establishes a channel into which substrates can bind. Positively charged residues from 

both the N- and C-lobes contribute to the co-ordination of the conserved 

phosphorylated residue within the activation loop. These residues include the arginine 

of the HRD motif along with positively charged lysine, arginine and histidine residues 

from the αC-helix and an upstream region of the activation loop [39, 40]. The 

conserved P+1 loop lies downstream of the conserved activation loop phospho-

acceptor site and engages the residue adjacent to (+1) the phospho-acceptor site (P) 

of the substrate protein [41]. In in-active conformations of the kinase in which the 

conserved phospho-acceptor site in the activation loop is not phosphorylated , the 

activation loop remains disordered, blocking substrate binding [26] and or distorting 

the magnesium positioning loop (DFG motif) [37]. 

 

The catalytic loop 
The catalytic loop refers to the loop connecting the β6 and β7 strands and contains a 

conserved  His-Arg-Asp (HRD) motif. The aspartic acid of the HRD motif (PKAD166 and 

PKN2D782) stabilises the substrate-binding region of the activation loop and is the 

catalytic base responsible for deprotonating the hydroxyl group of the phospho-

acceptor residue of the substrate [42, 43]. This promotes the nucleophilic attack of the 

ATP γ-phosphate and the subsequent phosphoryl transfer reaction. As described 

previously, the arginine of the HRD motif (PKAR165 and PKN2R781) contributes to the 

co-ordination of the conserved activation loop phospho-site, stabilising the activation 

loop in the optimum orientation. The histidine of the HRD motif, which is substituted 

for a tyrosine residue in some kinases (PKAY164 and PKN2Y780), forms part of the 

hydrophobic spine of the kinase, discussed later [44]. 

 

The DFG motif 
The invariant Asp-Phe-Gly (DFG) motif is crucial to the regulation of kinase activity. 

The aspartic acid of the DFG motif (PKAD185 and PKN2D800) is essential for catalysis, 

in active kinase conformations the aspartic acid residue is positioned to directly co-

ordinate the magnesium ion bound to the β- and γ-phosphate groups of ATP [45]. The 

phenylalanine of the DFG motif forms part of the hydrophobic spine of the kinase [44], 

this ‘active’ kinase conformation is often referred to as ‘DFG-in’. The DFG motif can 

adopt an alternative, inactive conformation, referred to as ‘DFG-out’ in which the 

backbone rotates and the Asp and Phe residues swap positions. This results in the 
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Phe residue partially occupying the active site and subsequently blocking substrate 

binding [26, 46]. The Asp residue is also no longer positioned correctly to co-ordinate 

the Mg2+ and ATP in the DFG-out conformation. Some models have proposed the 

DFG-out conformer reflects a key conformational transition needed to release Mg-

ADP from the kinase prior to the next catalytic cycle [47, 48]. 

 

The gatekeeper residue 
The first residue of the hinge region connecting the two kinase lobes is termed the 

gatekeeper residue. This residue confers selectivity for binding small-molecule 

inhibitors [49, 50]. One role is to form part of the nucleotide-binding site by making van 

der Waals contacts with ATP or Type I inhibitors that target an active kinase 

conformation. A second role is to control access to a hydrophobic cavity behind the 

ATP-binding site [51]. This hydrophobic cavity is called the ‘allosteric pocket’ and can 

sometimes engage with small molecule kinase inhibitors known as Type II kinase 

inhibitors that target and stabilise inactive kinase conformers [52]. Kinases with small 

gatekeeper residues can accommodate Type II kinase inhibitors as the inhibitor 

molecule can extend past the gatekeeper residue and access the allosteric pocket. 

Conversely kinases with large, bulky gatekeeper residues cannot accommodate Type 

II kinase inhibitor binding as the gatekeeper residue restricts access to the allosteric 

pocket [53, 54]. The gatekeeper residue is therefore crucial in Type II inhibitor efficacy 

against a kinase, contributing to specificity in drug targeting. In some instances 

mutation of the gatekeeper residue has led to drug resistance. For example, a 

mutation of the gatekeeper residue of Bcr-Abl from a small threonine residue to a 

larger isoleucine residue can result in resistance to the Type II inhibitor imatinib [55]. 

This isoleucine substitution abolished binding of imatinib whilst maintaining ATP 

binding and kinase activity.  

 
The nucleotide-binding site 
The nucleotide-binding site selects for ATP over other nucleotides and is located 

between the N- and C- lobes of the kinase domain [56]. The site has a hydrophobic 

character and allows access to planar heterocyclic rings with available hydrogen-bond 

acceptor/donors. These atoms make key mainchain hydrogen-bonds in the hinge 

region connecting the two lobes, for example the adenine group of ATP makes two 

such hydrogen bonds [56]. The P-loop of the N-lobe forms the forms the roof of the 
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binding site and provides stabilisation for the two terminal phosphates of ATP. A valine 

residue within the P-loop also serves to stabilise ATP binding by forming stacking 

interactions with the heteroaromatic ring of the adenine group of ATP (PKAV56 and 

PKN2V671) [57]. There is also a conserved Asn-Phe-Asp (NFD) motif (PKAN327/F328.D329 

and PKN2N945/F946/D947) within the C-tail extension specific to AGC kinases. The Phe of 

the NFD motif points in towards and contacts the adenine ring of ATP forming part of 

the nucleotide binding site [18, 58]. 

 
An active kinase conformation is shown in Figure 1.4 with defining elements 

highlighted and labelled.

Figure 1.4 Key elements defining an active protein kinase domain conformation 
Crystal structure of PKA kinase domain (PDB code: 1ATP) bound to ATP (orange sticks and balls) 

and Mn2+ (purple spheres). Conserved elements and motifs are coloured within the structure with 

accompanying labels of the same colour. Residues involved in specific stabilising interactions of an 

active kinase conformation are shown. Phosphorylation at the conserved activation loop residue 
(PKAT197) stabilises the activation loop and downstream P+1 loop. 
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The hydrophobic regulatory and catalytic spines 

Kornev and Taylor explored key sequences in local spatial patterns from multiple 

kinase structures [44]. Two conserved hydrophobic spines of residues within protein 

kinase domains were identified. Each spine is made up of stacking interactions 

between non-continuous, aligned hydrophobic residues, spanning both the N- and C- 

lobes of the kinase domain. One spine is referred to as the regulatory (R) spine and 

the other as the catalytic (C) spine [44]. Both spines are anchored to the buried αF-

helix in the centre of the C-lobe. This observation indicated protein kinases can act as 

dynamic molecular switches toggling between an inactive state where the R-spine is 

not formed and an active state when it is stabilised [36]. 

 

The R-spine is comprised of four stacked hydrophobic residues anchored to the 

conserved first N-terminal residue of the αF-helix, aspartate (PKAD220 and PKN2D839), 

through a salt bridge with the main chain of the conserved histidine or tyrosine residue 

from the Y/HRD motif (PKAY164 and PKN2Y780). The tyrosine from the Y/HRD motif is 

the first of the four stacked residues, followed by the phenylalanine from the conserved 

DFG motif (PKAF185 and PKN2F801) and then continued with a hydrophobic residue 

from the C-helix in the N-lobe (PKAL95 and PKN2F709). A hydrophobic residue in the β4 

strand of the N-lobe (PKAL106 and PKN2L722) completes the R-spine [59]. Correct R-

spine formation depends on activation loop conformation and the Phe of the DFG motif 

adopting the ‘DFG-in’ position, within the hydrophobic spine. R-spine formation is 

therefore a good indicator of an active kinase conformation, whereas inactive kinase 

conformations display disruption of the R-spine and the Phe of the DFG motif adopts 

the ‘DFG-out’ position [44, 59, 60]. 

 

The C-spine hydrophobic stack is anchored to the conserved final C-terminal residue 

of the αF-helix, methionine (PKAM231 and PKN2M850), and is comprised of an additional 

αF-helix hydrophobic residue (PKAL227 and PKN2L846), a D-helix hydrophobic residue 

(PKAM128 and PKN2L745) and three consecutive β7 strand residues (PKAL172, PKAL173, 

PKAL174 and PKN2L788, PKN2L789 and PKN2L790). The adenosine of bound ATP in the 

nucleotide binding site then contributes to the stacking, continued by two N-lobe 

residues; a conserved hydrophobic residue from the β2 strand (PKAV57 and PKN2V671) 

and an alanine from the β3 strand (PKAA70 and PKN2A684) [60]. C-spine formation is 

dependent on ATP binding and upon ATP binding connects the two kinase lobes 
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together. As with the R-spine, formation of the C-spine indicates an active kinase 

conformer that encourages catalysis. The arrangement of the catalytic spine can 

explain how missense mutations that arise within the kinase domain but are distal from 

the nucleotide binding pocket can still impact ATP binding affinity and subsequently 

catalytic activity [60]. 
 
  

Figure 1.5 Regulatory and catalytic spine assembly in an active protein kinase domain 
Crystal structure of PKA kinase domain in an active conformation (PDB code: 1ATP). Regulatory 

spine residues are shown in blue, catalytic spine residues are shown in green (adenine ring of ATP 

is also shown in green). The αF helix  in the C-lobe from which both spines originate is highlighted in 

purple.  
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1.1.4 Kinetic mechanism of protein kinases 
 
In order for efficient in-line transfer of the γ-phosphate of ATP to the hydroxyl group of 

the substrate protein, the kinase must adopt an ‘active’ conformation. An active 

conformation requires the correct positioning of the motifs described above ensuring 

all favourable positions are achieved for catalysis. The most common mechanism for 

ATP hydrolysis and phospho-transfer is through a dissociative pathway, in which the 

bond between the β- and γ- phosphate groups of ATP is broken before the new 

phospho-ester bond is formed with the hydroxyl group of the substrate protein [42, 61]. 

The alternative mechanism follows an associative pathway, in which the bond 

between the γ- phosphate and the substrate hydroxyl group forms either 

simultaneously or before breaking of the bond between the β- and γ- phosphate 

groups of ATP [42, 62].  

 

The aspartic acid residue of the conserved Y/HRD motif (PKAD166) co-ordinates the 

proton of the substrate hydroxyl group and positions it for nucleophilic attack of the γ- 

phosphate of ATP. The lone pair of electrons on the substrate hydroxyl group is 

directed through the γ- phosphate to the oxygen atom between the β- and γ- 

phosphates, breaking the bond between the oxygen atom and the γ- phosphorus 

atom. Divalent metal ions are chelated by the aspartic acid of the conserved DFG motif 

(PKAD184) and a conserved glutamine (PKAN171) neutralise the negative charge that is 

acquired on the bridging oxygen atom during the reaction and stabilise the 

intermediate reaction state. The positive charge from the divalent metal ions along 

with lysine residues (PKAK168 and PKAK72) also stabilise the γ- phosphate leaving 

group as it transfers to the substrate hydroxyl. The hydroxyl group is deprotonated by 

the catalytic base, the aspartic acid of the conserved Y/HRD motif (PKAD166), allowing 

the phosphorylated product to be formed [63-65]. The final rate-limiting step is the 

release of Mg-ADP from the active site, allowing a new catalytic cycle to begin [66, 

67].  

 

1.1.5 Protein kinase activation mechanisms 
 
An active kinase conformation supports the catalytic mechanism of ATP hydrolysis 

and phospho-transfer, whilst inactive kinase conformations do not. Inactive kinase 

conformations, in which the R- and C- spines are not properly formed, can reflect a 
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single, defined conformation or a broad range of different conformers arising from the 

intrinsic plasticity of this state. Protein kinases display little to no activity in their inactive 

basal state. Numerous mechanisms are found to initiate the transition from an inactive 

to and active conformation but often similar themes are apparent within distinct protein 

kinase superfamily branches. Common kinase activation mechanisms include 

activation loop phosphorylation, binding of activator proteins, release of auto-inhibitory 

constraints, and control of subcellular localisation of the protein kinase relative to its 

substrates. Post-translational phosphorylation of the activation loop can be carried out 

by other kinases or the kinase itself (auto-phosphorylation or cis-phosphorylation) [8, 

68]. There are also additional unique kinase activation mechanisms specific to 

individual protein kinases. 

 

Cyclin dependent kinase (CDK) is an example of a kinase which incorporates both a 

binding partner requirement and a post translational phosphorylation into its activation 

mechanism. In order for CDK to become activated in mammals, first cyclin must bind 

to CDK and then cyclin activating kinase (CAK) must phosphorylate CDK at residue 

Thr 160 within the activation segment of CDK [69]. Cyclin binding induces a 

conformational change within CDK to properly form an R-spine and makes the crucial 

Thr 160 residue of the activation segment accessible [69]. Phosphorylation of Thr 160 

then stabilises the activation loop and renders CDK in an active, catalytically 

competent conformer. 

 

Kinase activation through destabilisation of inactive conformations can be achieved 

through disruption of auto-inhibitory mechanisms acting within the kinase. For 

example, type II p21-activated kinases (PAKs) are constitutively phosphorylated at 

their activation loop but adopt a pseudo-substrate mediated autoinhibited basal state 

[70]. Whilst GTPase binding to the GTPase binding domain (GBD, also known as a 

CDC42/RAC1 interactive binding domain (CRIB)) does not activate type II PAKs, it 

plays an important role in subcellular localisation of the kinase. A second binding 

event, such as SH3 domain binding, releases the pseudo-substrate. Upon release of 

the pseudo-substrate autoinhibition is abolished and catalytic activity is established 

[70]. This two-step activation pathway for type II PAKs combines initial subcellular 

localisation control with pseudo-substrate release, enabling tight regulation of the 

kinase activation. 
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An example of a ligand-dependent auto-activation is provided by the epidermal growth 

factor receptor (EGFR). This activation mechanism for a receptor tyrosine kinase 

involves binding of the EGF ligand to the receptor ectodomain of EGFR, triggering 

receptor dimerization. Receptor dimerization assembles and asymmetric kinase-

kinase interaction, where one kinase (the activator kinase) drives the activation of the 

other (receiver kinase) to adopt and active conformer. This drives the 

autophosphorylation of several important tyrosine residues within the C-terminal tail of 

the receptors [71-73]. Cytoplasmic proteins containing Scr homology 2 and 

phosphotyrosine-binding domains can then bind to the specific docking sites provided 

by the phosphorylated tyrosine residues in the carboxy tail of the EGFR, initiating 

intracellular signalling [74].  

 

1.1.6 Protein kinase specificity  
 
Protein kinase specificity usually refers to the nature of the phospho-acceptor site and 

the repertoire of substrates that can be phosphorylated by the kinase under 

physiological conditions. Many features contribute to protein kinase specificity of which 

the most relevant to this thesis are the specificity-determining residues (SDRs) that 

help select substrates for a given kinase. Other important contributing factors include 

that the kinase and substrate must be co-expressed and co-localised at a cellular level. 

 

Protein kinases often operate under sub-optimal conditions with limited amounts of 

substrate, a problem alleviated by the evolution of efficient substrate-targeting 

mechanisms. Depending on the protein kinase, they can recognise between one and 

a few hundred genuine phosphorylation sites out of ~700,000 potentially 

phosphorylatable residues in the human proteome [75]. There are a number of 

properties that contribute to this selectivity. First, the nature and flanking sequences 

around the phospho-acceptor site are important. Discrimination between tyrosine, 

serine or threonine residues is made by the depth of the substrate-binding cleft 

between the two lobes of the kinase domain [75]. A deeper cleft accommodates the 

bulkier tyrosine sidechain, whereas a shallower cleft would select for the smaller serine 

or threonine sidechains. The choice of serine versus threonine is thought to be 



 36 

influenced by the DFG+1 residue. If a bulky sidechain is present at DFG+1, this tends 

to select for serine over threonine sidechains [76].  

 

A second feature of protein kinase specificity is the recognition of local sequences 

flanking the phospho-acceptor site by SDRs. This is also known as the “peptide” 

specificity and is often defined as five residues N-terminal and C-terminal to the 

phosphorylation site [75]. Complementarity of SDRs from the kinase with substrate 

consensus peptide motifs is crucial whether by charged interactions, hydrophobic 

interactions or hydrogen bonds. For example, the consensus sequence for PKA is R-

R-X-S/T- Φ, where X denotes any amino acid, S/T is the phospho-acceptor residue 

(P) and Φ denotes a hydrophobic residue [77]. The crystal structure of PKA bound to 

a substrate surrogate demonstrated how key SDR sidechains of Glu 89 and Glu 120 

select for the arginine at the P-3 and P-2 positions of substrates [32, 78]. An additional 

hydrophobic pocket within the active site dictates a hydrophobic residue at the P+1 

position within the substrate [32, 78].  

 

As well as local sequence motifs, protein kinases can also use docking sites, either 

within the kinase or from a partner adaptor or scaffold protein, which are at distant and 

distinct locations separated from the catalytic site of the kinase or the phosphorylation 

site of the substrate [75, 79]. Docking sites can enforce proximity of the specific kinase 

and substrate and increase the local substrate concentration, subsequently increasing 

the rate of phosphorylation of low abundance substrates. Docking sites can also 

enhance the rate of substrate phosphorylation by correctly aligning the kinase with the 

phosphorylation site. Kinase activity can be allosterically regulated by docking motifs. 

Examples of protein kinases that utilise docking motifs to achieve substrate specificity 

are; c-Jun N-terminal kinase (JNK) [80], mitogen activated extracellular signal-

regulated kinases (ERK) [81], glycogen synthase kinase-3 (GSK3) [82] and 

phosphoinositide-dependent kinase 1 (PDK1) [83].  

 

The tight control of subcellular localisation of kinase or substrate is another 

mechanism to control protein kinase specificity, by increasing local kinase 

concentrations or restricting kinases to a smaller subset of available substrates in the 

local environment. As described previously type II PAKs are localised by GTPase 

binding to the cell membrane [70]. In addition to their activating role, cyclins also play 
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a key role in enhancing substrate specificity of CDKs by directing them to different 

subcellular compartments [84]. Studies have shown that it is the location of the cyclin-

CDK complex is important to their function as well as their intrinsic substrate specificity 

[85-88]. Another example where localisation might be important in generating 

substrate specificity is for protein kinase C (PKC). There are many isoforms of PKC 

that share similar peptide substrate specificity but are distributed to different 

subcellular locations [89, 90]. PKCγ is expressed exclusively in  the brain and spinal 

cord. PKC-binding proteins, also called receptors for activated C-kinase (RACKs), 

bind and localise active PKCs, restricting the pool of substrates that PKCs can 

encounter and phosphorylate [91].    

 

Additional mechanisms can contribute to specific targeting of residues for 

phosphorylation such as the presence of high affinity substrates competitively 

inhibiting lower affinity substrates which can add thresholds and temporal ordering to 

phosphorylation events. Additional complexity can arise from multi-site 

phosphorylation from one or more kinases [75].  
 
1.1.7 Non-canonical functions of protein kinases 
 
Studies on protein kinase function have been carried out using different methods for 

enzyme inhibition. Comparison of results for genetic knockout of a kinase versus 

introduction of a ‘kinase-dead’ mutation, such as mutation of the crucial catalytic base 

or activation loop phospho-acceptor site, reveals drastically different effects [92, 93]. 

For example, genetic knockout of EGFR results in an embryonic lethal phenotype [94], 

whilst a introduction of a kinase-dead mutation to EGFR results only in mild epithelial 

defects [95]. These observations have led to suggestions that some protein kinases 

could have additional functions independent of their phospho-transferase activity [96]. 

Furthermore some pseudo-kinases, that lack crucial catalytic residues or motifs for 

phospho-transfer, play important roles in cellular processes [97-100].  

 

Non-canonical functions of protein kinases and pseudokinases include scaffolding, 

allosteric regulation and protein-DNA interactions [92]. Scaffolding roles have been 

described for several kinases, in which the kinase or pseudokinase serves to facilitate 

interactions between multiple components of a signalling pathway. For example, the 
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kinase domain of type I p21 activated kinase 1 (PAK1) acts as a scaffold binding to 

both Akt and phosphoinositide-dependent kinase 1 (PDK1), coordinating Akt 

phosphorylation by PDK1 and promoting membrane recruitment of Akt [101]. Allosteric 

interactions are binding events that take place at a site distal to the active site of an 

enzyme and induce a conformational change in the enzyme, subsequently altering the 

behaviour of the enzyme. Protein kinases can allosterically regulate other kinases 

and/or unrelated enzymes. A-RAF, B-RAF and C-RAF make up the RAF family of 

kinases and can become activated allosterically through heterodimerisation of kinase 

domains. In this manner mutated catalytically inactive B-RAF can continue to stimulate 

cell proliferation through heterodimersation and allosteric activation of C-RAF [102, 

103]. Vaccinia-related kinase 3 (VRK3) is a pseudokinase that, despite its lack of 

catalytic activity [104], allosterically stimulates another enzyme, the vaccinia H1-

related phosphatase (VHR) [105]. Kinases can function to regulate transcription by 

interacting with transcription factors or by interacting directly with DNA. Mitogen-

activated protein kinase ERK2 suppresses transcription by directly binding to promoter 

sites within DNA [106]. 

 
1.2 PKN2 structure and function 

 
1.2.1 The diverse AGC serine/threonine kinase family 
 
AGC kinases are a subgroup of Ser/Thr kinases made up of 60 protein kinases names 

after the three founder members: the cAMP-dependent protein kinase 1 (PKA), cGMP-

dependent protein kinase (PKG) and protein kinase C (PKC). This grouping is based 

on sequence alignments within their catalytic kinase domains as well as C-terminal 

elements and phosphorylation sites [13, 14]. There is a remarkable diversity within the 

AGC family, with 42 out of the 60 AGC kinases having additional functional domains 

and motifs important for regulation of  kinase activity and localisation [107]. There are 

also multiple splice variants and isoforms of most AGC kinases generating further 

diversity. Relevant to this thesis, the PKN kinases (also known as PRKs or PKC-

related kinases) are closely related to PKC kinases and present as constituent 

members of the AGC kinase family. A phylogenetic tree showing the evolutionary 

relationship between members of the AGC kinase group are shown in Figure 1.6. 
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  Figure 1.6 Phylogenetic tree of the AGC kinase family 

PKC and PKN kinase families are highlighted in the red box. The line length between proteins 

represents the Hamming distances between proteins with the scale bar for reference in the bottom 

left. Figure taken from Cell Signalling Technologies (https://www.cellsignal.co.uk/contents/science-

protein-kinases/protein-kinases-agc-kinase-group/kinases-agc)  
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Structures of AGC kinases solved to date all share the common bilobal kinase fold first 

described for PKA [45] (section 1.1.3) and revealed a distinguishing feature of AGC 

kinases, namely a unique C-terminal extension that wraps back around the kinase 

domain. The C-tail extension consists of around 70 amino acids and starts at the base 

of the C-lobe of the kinase domain, extends past the hinge region, folds around the N-

lobe and ends by the regulatory αC-helix. There are two conserved phospho-acceptor 

motifs within the C-terminal extension that are important for the regulation of AGC 

kinases, the hydrophobic motif (HM) and the turn motif (TM) [107]. The HM is defined 

by the following sequence Φ-X-X-Φ-S/T-F/Y where Φ denotes an aromatic residue, X 

denotes any amino acid and S/T is the phospho-acceptor site [108-110]. 

Phosphorylation of the HM and TM by the Ser/Thr kinase mammalian target of 

rapamycin complex 2 (mTORC2) [111] contributes to kinase stability and activity. It 

should be noted that not all AGC kinases possess a TM and for a small subset of AGC 

kinases the HM is not a phospho-acceptor residue but is a phospho-mimetic aspartate 

or glutamate instead. PKNs are indeed examples of this and have a phospho-acceptor 

threonine TM residue (PKN2T958) and an aspartate residue in the HM (PKN2D978). 

 

Most AGC kinases are activated by phosphorylation of two or three highly conserved  

motifs and/or conformational change induced by binding partners or second 

messengers. The conserved motifs include the previously discussed activation loop 

phosphorylation site, the HM and the TM.  Both the activation segment and the HM 

aid in positioning of the αC-helix in an active conformation [112]. The activation loop 

phosphorylation site of AGC kinases is frequently phosphorylated by PDK1 [113] on a 

T-F-C-G-T-P motif, with the first Thr residue being the phospho-acceptor site [114-

116]. PDK1 has a pocket within its N-lobe termed the PDK1 interacting fragment (PIF) 

pocket, which acts as a docking site for binding the phosphorylated HM of the target 

AGC kinase. The PIF pocket-HM interaction promotes PDK1 kinase activation and 

phosphorylation of the target AGC kinase activation loop [83, 117, 118]. 

Phosphorylation of the activation loop leads to conformational changes in the αC-helix 

which contribute to the active conformation of the kinase domain and stabilises the 

bound ATP molecule (see section 1.1.3). Furthermore, the αC-helix of most AGC 

kinases forms part of a hydrophobic pocket within the N-lobe which is required for 

regulatory interactions with the HM [118]. Where the C-terminal tail extends around 

the N-lobe of the kinase domain, the HM within the C-tail inserts two aromatic residues 
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into the hydrophobic pocket created by the αC-helix, this interaction stabilises the 

active conformation of the αC-helix [108, 119]. The TM precedes the HM in the C-

terminal tail extension [120, 121] and can increase the local concentration of the HM 

at the hydrophobic pocket within the N-lobe by assisting the C-terminal extension 

around the N-lobe. This is achieved through an interaction between the 

phoshphorylated TM and a corresponding positively charged patch on the N-lobe, this 

interaction is crucial for full kinase activity [120].  

 

In addition to the phosphorylation of conserved motifs described above, AGC kinases 

can utilise regulatory domains outside of the kinase domain for regulation and 

activation. The presence of a diverse array of regulatory domains within most AGC 

kinases allows them to respond to a specific ligands from a broad range of signals. 

Regulatory domains can mediate substrate or membrane interactions, ensure correct 

subcellular localisation of the kinase or contribute to activation of the kinase [107, 122]. 

Membrane derived signals such as phospholipids or diacylglycerol are common AGC-

kinase activating ligands. For example, activation loop phosphorylation stabilises the 

primed and mature form of PKC isoforms, but it is not until activating diacylglycerol 

interacts and displaces an auto-inhibitory pseudo-substrate motif that full activation is 

triggered. 

 
1.2.2 PKN isoforms 
 

The protein kinase N (PKN) family of Ser/Thr kinases, or protein kinase C related 

kinases (PRKs), are members of the AGC kinase family. The three human isoforms in 

the family, PKN1, 2 and 3, were originally identified in a PCR screen of human cDNA 

libraries using redundant oligonucleotide probes corresponding to invariant regions of 

the PKC kinase domain [123]. The PKN family kinase domain shares a high degree of 

homology with that of the PKC family whilst the N-terminal regulatory region of PKNs 

diverges from PKC. PKN shares the conserved PDK1 activation loop phospho-

acceptor site (PKN2T816), the mTORC2 TM phospho-acceptor site (PKN2T958) and the 

HM in which, as discussed previously and similarly to atypical PKCs, the phospho-

acceptor site is replaced by a negatively charged residue (PKN2D978) [124].   
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The PKN N-terminal regulatory region, which is more similar to the PKC yeast homolog 

PKC1 [125], consists of three polybasic coiled-coil heptad repeat (HR1) domains 

followed by a C2 like domain. The HR1 domains contain a Class I Rho binding motif 

which is characterised by a  polybasic region followed by a leucine zipper motif [126]. 

Rho family small GTPases can bind and regulate PKNs via the HR1 domains [127]. 

The C2 homology domain has been identified to confer sensitivity to activation by 

arachidonic acid and could potentially be involved in membrane localisation [128, 129]. 

Unlike canonical C2 domains, the PKN C2-like domain has been shown not to bind 

Ca2+ [130]. Following the C2-like domain is the Pro-Lys-Leu (PKL) sequence which 

has been reported to be involved in intermolecular auto-inhibitory contacts within 

PKN2 dimers [131]. A proline rich region has been identified in the region between the 

PKL auto-inhibitory region and the kinase domain in PKNs. For both PKN2 and PKN3 

the proline rich region has been shown to provide a docking site for the SH3 domains 

within Rho GTPase activating partners. PKN2 is the longest human isoform (984 

residues) followed by PKN1 (942 residues) then PKN3 (899 residues). PKN1 and 

PKN3 have fewer residues in the region between the HR1 domains and the kinase 

domain. All three isoforms are ubiquitously expressed although at differing amounts 

[132, 133]. The domains of PKN2 and homologous PKC1 in yeast and PKN in flies 

are shown in Figure 1.7. A sequence alignment of the kinase domain for all human 

PKN isoforms, mouse PKN2, chicken PKN2, xenopus PKN2, drosophila PKN and 

yeast PKC1 is shown in Figure 1.8. Secondary structure elements and conserved 

features are highlighted and the entire sequence alignment can be found in Appendix 

1. 
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Figure 1.7 Conserved domain architecture of human, yeast and fly PKN and PKC proteins 
HR = heptapeptide repeat, C1 = cysteine rich phorbol ester or diacylglycerol (DAG)  binding domain, 

C2-like = similar domain to known Ca2+ and phospholipid binding domains, PKL = PKL-region 
proposed autoinhibitory region. Conserved activation loop (AL), turn motif (TM) and hydrophobic motif 

(HM) phosphorylation sites/acidic residues are indicated. 
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Figure 1.8 Alignment of PKN kinase domain and their AGC kinase-specific C-tail sequences 
from different species. The sequence alignment includes all human PKN isoforms 1-3, mouse 

PKN2, chicken PKN2, xenopus PKN2, drosophila PKN and yeast PKC1. The numbering corresponds 

to the human PKN2 sequence. 
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1.2.3 Molecular structure of PKN isozymes 
 
To date, there are several high-resolution structures for some of the isolated domains 

of PKNs. However, due to the lack of full length PKN structures the interplay between 

the regulatory and catalytic domains and an integrated understanding of PKN 

activation and regulation is still poorly understood. Structures of PKN domains 

available prior to this thesis are listed below. 

 

 

 

Structures of the kinase domain of both PKN1 and PKN2 have been solved by X-ray 

crystallography. The crystal structure of the Mg-ATPγS bound PKN2KD was solved at 

2.75 Å by Knapp et al, at the Structural Genomics Consortium (SGC) and deposited 

in the Protein Data Bank (PDB) (code: 4CRS). The structure is shown in Figure 1.10 

and shows PKN2 to possess the conserved features described previously (see section 

1.1.3) that are necessary for catalysis by protein kinases. PKN2KD adopts an active 

conformation with the hydrophobic and catalytic spines assembled. The hydrophobic 

motif  (HM) of PKN2 is stabilised by the contacts from the acidic PKN2D978, as is seen 

at the HM phosphorylation site observed for other AGC kinases. The majority of the 

C-tail extension is visible wrapping around the N-lobe of the kinase domain with 

several short segments disordered. PKN2F946 of the conserved NFD motif within the 

C-tail extension is pointing in to the nucleotide binding cleft and contacts the adenine 

moiety of the ATPγS.  Interestingly the crystal structure reveals a crystal contact that 

produces a symmetric dimer through a C-lobe to C-lobe interaction. The contact 

involves an interleaved arginine based motif, R-Y-P-R, at the dimeric interface. The 

RYPR motif (PKN2R875 PKN2Y876 PKN2P877 PKN2R878) is homologous to the RIPR motif 

Figure 1.9 Table of previously solved structures of individual domains of PKN isoforms 

 



 46 

identified in  aPKCι, previously reported to be involved in the recruitment and 

phosphorylation of a specific subset of PKC substrates [134]. There is however, no 

experimental evidence yet for this C-lobe-C-lobe dimer interface in solution.  

 

 
 
 
 
 
 
 
 
The crystal structure of the Mg-AMP-PNP and Cytoplasmic Linker Protein of 170 kDa 

(CLIP170) substrate peptide bound PKN2KD reveals the binding mode and peptide 

specificity of PKN2. This structure also reveals a C-lobe to C-lobe RYPR motif 

mediated dimer. Contrastingly the dimer in this case is asymmetric and displays 

alternative RYPR motif contacts which also engage the substrate peptide. This 

structure will be described in section 1.2.5. 

Figure 1.10 Crystal structure of PKN2KD bound to Mg-ATPγS (PDB code: 4CRS) 
(A) Symmetric dimer of PKN2KD observed in crystal structure (PDB: 4CRS), mediated by a C-lobe to 

C-lobe contact involving interwoven RYPR motifs. (B) Conserved elements and motifs are coloured 

within the structure with accompanying labels of the same colour.  

 



 47 

The crystal structure of the HR1a domain of PKN1 in complex with the GTP analogue 

guanosine-diphosphate-monothiophosphate (GSP) bound RhoA (PDB code: 1CXZ), 

reveals the structure of the PKN effector domain and the specific interactions at the 

HR1a-RhoA interface [135]. The PKN effector domain is comprised of a short α helix 

(α1) and two long α helices (α2 and α3) which form an anti-parallel coiled-coil (ACC) 

with a slight lefthanded twist. There is a basic region and a leucine rich repeat (LRR) 

region within the ACC, which were previously identified as the Rho-binding region. 

The structure also revealed a glycine and proline rich linker region between α2 and 

α3, suggesting this region to be highly flexible. The domain structure is stabilised 

through packing of the N-terminal short α1 against the bundled α2 and α3, to form a 

hydrophobic core [135]. 

 

The major contact observed between PKN1 HR1a and RhoA is between the PKN1 α2  

helix and several regions of RhoA including the antiparallel β sheet β2/β3, the N-

terminal half of helix A5 and the switch I region. The interface between PKN1 and 

RhoA here is mediated by an extensive network of hydrogen bond and salt bridge 

interactions, these interactions are shown in Figure 1.11. There is also a 

complementary electrostatic potential distribution with the positively charged PKN1 

ACC contacting a negatively charged region of RhoA. In the centre of the interface 

PKN1K53 is inserted into a shallow groove of RhoA, forming hydrogen bonds with 

RhoAD28 and the main chain of RhoAF25 at the base of the interface. The binding 

determinant residues of PKN1 HR1a, PKN1K51, PKN1K53, PKN1R60 and PKN1D85, are 

somewhat conserved in HR1b and not conserved at all in HR1c. This is likely to 

account for the preferential binding of RhoA to certain HR1 domains. A second 

extended symmetry contact was observed in the crystal lattice was between RhoA 

and the symmetry related PKN1 ACC. This contact is largely hydrophobic and involves 

the RhoA switch II region and the hydrophobic patch of the α3 of the PKN1 ACC, 

located on the opposite surface of the molecule to the previous contact described.  

 

The results from this structure suggests there could be two possible PKN1-RhoA 

interaction modes and implies multiple interactions of PKN1 with RhoA could occur 

through two homologous HR1a and HR1b effector domains. 



 48 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
1.2.4 Activation of PKN 
 
PKNs have been proposed to be auto-inhibited as dimers in their basal activity states. 

The current model for activation of PKN involves a combination of phosphorylation of 

conserved residues T816 in the activation loop and T958 at the TM, along with 

allosteric input of Rho-GTPase binding at the HR1 domains. Since PDK1 requires 

Figure 1.11 Crystal structure of PKN1 HR1a domain  bound to RhoA in complex with Mg-GSP 
(PDB code: 1CXZ)) 
(A) PKN1 HR1a complex with GSP bound RhoA, switch I region of RhoA is highlighted red and switch 

II region of RhoA is highlighted green.  (B) Close up of main interface observed between PKN1 HR1a 
and RhoA showing network of hydrogen bonds formed between the α3 helix of PKN1 HR1a. (C) 
Close up of main interface observed between PKN1 HR1a and RhoA showing network of hydrogen 

bonds formed between the α2 helix of PKN1 HR1a. 
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access to the C-tail HM motif of PKN2 in order to phosphorylate T816, a plausible 

hypothesis is that this region is unavailable in the basal ‘off’ state and that Rho-

GTPase binding in some way releases the C-tail rendering it accessible to PDK1 for 

activation loop phosphorylation. Other lipid activators have been proposed for PKN2 

including arachidonic acid. Currently the full molecular details of PKN activation are 

unclear due to the lack of structural information about the full-length kinase in complex 

with activating partners.   

 

As described for most AGC kinases, PKNs are phosphorylated at their activation loop 

residue by PDK1 [107, 136] and at their TM by mTORC2 [137] leading to stabilisation 

and activation of the kinase. The conserved HM of PKN2D978 interacts with high affinity 

with the PIF pocket of PDK1 [138], promoting activation loop phosphorylation. The N-

terminal regions of PKN2 play a role in mediating the PKN2-PDK1 interaction by 

inhibiting the docking of PDK1 [131]. In addition to increasing the specific activity of 

the kinase domain [120], phosphorylation of the TM in PKN2 supports the release of 

the PDK1 docking interaction [139]. 

 

PKNs were first identified as targets of Rho when PKN1 was shown to bind directly to 

GTP-RhoA in vitro and to form a complex with and activate PKN1 in COS-7 cells [140]. 

RhoA since been shown in cultured cells to interact with the N-terminal Rho-binding 

domains of PKNs and stimulate the docking interaction with PDK1 and promote 

activation loop phosphorylation of PKNs [141].  RhoA is a small GTPase and a 

member of the Ras-superfamily. Rho GTPases interchange between active GTP-

bound and inactive GDP-bound forms, this cycle is regulated by guanine nucleotide-

exchange factors, guanine nucleotide-dissociation inhibitors and GTPase-activating 

proteins. Upon formation of the active GTP-bound state there is a conformational 

change in two regions; switch I and switch II, providing a selective platform for the 

binding of diverse downstream effector proteins [142-144]. With this interchange Rho 

GTPases can act as molecular switches to regulate intercellular signalling pathways 

[126].  RhoA has been shown to be involved in the regulation of cell morphology [145], 

cell motility [146], cell migration [147], cytokinesis [148], cytoskeletal reorganisation 

[142, 149], and formation of stress fibres and focal contacts [150, 151].  
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PKN2 is an effector protein of RhoA with a Class I Rho binding motif, which is 

characterised by a polybasic region followed by a leucine zipper motif [126], found in 

the anti-parallel coiled coil HR1 domains of the regulatory N-terminal of PKN2. RhoA 

binds and regulates PKN2 via the first HR1 domain HR1a [127]. The crystal structure 

of RhoA in complex with the amino terminal region of PKN1 reveals hydrophobic 

contacts between a helical segment of the switch II region of RhoA and the symmetry 

related anti-parallel coiled-coil region of the PKN1 HR1 domain [135, 152]. Although 

PKN2 is most commonly referred to as being activated by RhoA, studies have shown 

the RhoB homologue binds with higher affinity and is able to bind both HR1a and 

HR1b rather than HR1a alone [153]. 

 

Rho-GTPases, although synthesised as cytosolic proteins, are able to associate with 

cell membranes by the post translational modification (PTM) of its C-terminal CAAX 

(cysteine, followed by two aliphatic amino acids, ending in a variant amino acid) motif 

[154]. The cysteine residue of the CAAX motif is firstly prenylated by the addition of 

an isoprenoid, facilitating attachment and anchoring to the membrane where the AAX 

residues are degraded and the carboxy-terminus methylated [155, 156]. Most Rho-

GTPases including RhoA are modified by the addition of a geranyl-geranyl moiety 

[157]. Rho family members  have a polybasic region (PBR), made up of multiple lysine 

and arginine residues, upstream of the CAAX motif which also contributes to 

membrane association [158]. The ability of RhoA to translocate between cytosol and 

membrane is thought to be integral to their biological function; prenylation may 

regulate interaction with downstream effectors whilst exact subcellular localisation 

may be critically important for the proper function of a particular effector [157]. The 

RhoA CAAX motif is not required for interaction with PKN [127]. Whilst PKN2 has a 

C2-related domain which may be involved in phospholipid binding, it is unclear 

whether or how PKN2 is targeted to the membrane. It is not yet known whether 

membrane localisation is important for the PKN2-RhoA interaction and activation, and 

whether the activated kinase is redistributed within the cell. 

 

PKN2 has also been shown to be activated through caspase-mediated clipping 

between the regulatory and catalytic domains, releasing the active kinase domain. 

This is consistent with a repressive impact of the regulatory domain on PDK1 

phosphorylation of PKN2 and PKN2 activation [131]. PKN2 activity is also stimulated 
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by unsaturated fatty acids and phosphatidylinositols. The precise binding site is not 

yet known for these lipid activators. Unlike PKC, PKN is not activated by any 

combination of Ca2+, diacylglycerol or phorbol esters, this is in keeping with their lack 

of a C1 domain [159, 160]. Similarly to PKC, PKN is reportedly activated by limited 

proteolysis and fatty acids. Activation of partially purified PKN was increased 4-5 fold 

by the addition of 40 µM unsaturated fatty acids arachidonic acid, linoleic acid and 

oelic acid [161]. Phosphatidylinositol 4,5-bisphosphate and phosphatidylinositol 3,4,5-

triphosphate, as sonicated lipids and in detergent mixed micelles, also enhance PKN1 

activation in vitro [159]. There was, however, little specificity for inositol lipid by the 

kinase in vitro, implying that if either is responsible for acute regulation in vivo then 

other specific conditions or distinct factors must be present [159, 160]. PKN is cleaved 

at specific sites in apoptotic cells with the major proteolysis site occurring between the 

regulatory N-terminal domain and the catalytic C-terminal domain, this proteolysis is 

inhibited with a caspase inhibitor [162]. The same cleavage fragments have been 

generated in vitro by treatment of PKN with caspase 3, mutagenesis of caspase 

selective aspartate residues stopped these fragments from forming, suggesting PKN 

is cleaved by caspase 3 or a similar protease during apoptosis [162].  

 

It would be of great interest to understand the complex interplay between all reported 

activators of PKN in physiological conditions; to understand the triggers that release 

the suppression of the N-terminus on the catalytic domain, the importance of the 

subcellular location, whether or not there is a membrane requirement and which 

activating factor contributes the most to kinase activity. Given this complexity of 

activating inputs, there may be are different combinations of these factors and unique 

requirements depending on the function of PKN at a given location or point in time.  

 

An investigation of the N-terminal mediated regulation of PKN2 showed the N-terminal 

domains to inhibit interaction with upstream activation loop kinase PDK1 [131].  

Furthermore, dimerisation of PKN2 was found to inhibit PKN2 activity. Dimeric full-

length PKN2 was observed by crosslinking with BS3 both in vitro and in cells.  

Oligomerisation is proposed to occur in trans via an intermolecular, rather than 

intramolecular, interaction. Amino acids 464-500, situated between the C2-like and 

catalytic domains, in particular were required for dimerisation and inhibition. This 
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region is known as the PKL-tide, the PKL-tide from one PKN2 molecule is able to bind 

in trans to the active site of the second protomer, preventing substrate binding and 

activity [131]. The model suggests that activation by Rho-GTP interacting with the N-

terminal region causes conformational changes that allow kinase phosphorylation and 

stabilisation, whether this leads to the release of active monomeric PKN2 is not yet 

clear [131].   

 
 
1.2.5 Substrate recognition by PKN  
 
The co-crystal structure of PKN2KD with ATPγS (PDB: 4CRS) revealed that PKN2 

possesses two equivalent acidic specificity determining residues (SDRs) to PKC to 

engage the -3R residue of substrates (PKN2E849 and PKN2D744) that are also seen in 

other AGC kinases. It also shows PKN2KD to have the conserved P+1 loop required 

for orienting substrates in the correct N- to C- terminal polarity. Based on their 

sequence homology to the PKC family of kinases, PKNs would be expected to favour 

substrates with a basophilic phosphorylation site consensus sequence following the 

R-X-X-S-Φ motif (where Φ is a hydrophobic residue) reported for PKC [163]. This was 

confirmed to be the case following a peptide array study carried out by Collazos et al, 

2011, reporting substrate consensus sequences for PKN kinases [164]. This study 

lists proposed PKN substrates including a microtubule plus end tracking protein, 

Cytoplasmic Linker Protein of 170 kDa (CLIP170), and the EGFR receptor tyrosine 

kinase. The PKN1 phosphorylation sites in CLIP170 and EGFR were mapped to Ser 

312 and Thr 654 respectively, with both substrate phospho-acceptor sites displaying 

the R-X-X-S-Φ consensus sequence [164]. Both PKN1 and PKN3 were also found to 

be unable to tolerate arginine residues at the -1 and +1 positions relative to the 

phospho-acceptor residue [164]. These findings led to the initiation of a 

crystallography study by Robert Constable, a previous member of the McDonald 

laboratory, with the aim to structurally characterise a peptide derived from these sites 

with PKN2KD and Mg-AMP-PNP and understand substrate recognition in PKN2 

(unpublished).  

 

A co-crystal structure of Mg-AMP-PNP bound PKN2KD in complex with a CLIP170 

derived peptide substrate was solved at 3.1 Å with four molecules in the asymmetric 

unit (unpublished). The peptide substrate was ordered in each PKN2 molecule, though 
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two molecules showed the entire peptide consisting of residues of 297-318 of CLIP170 

and two PKN2 molecules showed density for a much shorter region of the peptide.  

The CLIP170 peptide corresponded to the serine-rich region of the protein 

(RRVMATTSASLKRSPSASSLSS). In the crystal structure the four copies of PKN2 

pair as two identical asymmetric dimers, each with conserved activation loop and TM 

residues phosphorylated and hydrophobic spines assembled. The dimer formed via 

C-lobe to C-lobe contacts and continuous density corresponding to the CLIP170 

peptide substrate could be observed in the substrate binding cleft of each PKN2KD 

molecule of the dimer. One PKN2 protomer showed density for a longer peptide chain 

while the second protomer showed density for a shorter CLIP170 peptide. These 

results suggested the presence of an extended, more distal PKN2 local consensus 

motif in addition to a shorter PKN2 local consensus motif within the asymmetric dimer. 

In each PKN2 molecule within the dimer the CLIP170 peptide register conforms to the 

proposed R-X-X-S-Φ consensus motif with the equivalent residue to Ser 312 

positioned as the phospho-acceptor as was predicted previously [164]. The +1 alanine 

residue sits within the conserved +1 hydrophobic pocket of PKN2 whilst the +1 to +3 

substrate residues form a short β-sheet with the conserved P+1 loop of PKN2 

(PKN2817-820). The -1P substrate residue promotes a kink in the peptide but also adds 

rigidity. The  -3R substrate residue forms a strong salt bridge with PKN2D744 and is 

surrounded by an acidic pocket comprised of PKN2D786, PKN2D947 and PKN2E949. The 

-4K substrate residue is in close proximity to PKN2E849, although a salt bridge is not 

formed, and the PKN2M746 side chain sits between the -3R and -4K substrate  residues, 

potentially favouring their conformations. The crystal structure is shown in Figure 1.11 

with the binding mode of the local peptide shown close up in Figure 1.12 B and a close 

up of the extended peptide and RYPR motif mediated dimer contacts in Figure 1.12 

C. 
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  Figure 1.12 Crystal structure of Mg-AMP-PNP bound PKN2KD in complex with a CLIP170 
derived peptide (Robert Constable, McDonald Laboratory, unpublished) 

(A) Asymmetric dimer of PKN2KD showing C-lobe to C-lobe contacts between PKN2KD molecule 

(chain) A (purple) and PKN2KD molecule (chain) B (green), CLIP170 peptide is shown in orange stick 

and ball representation. Local peptide binding is outlined in yellow, extended peptide binding is 
outlined in blue. (B) Close up of CLIP170 substrate peptide contacts in local binding mode. Substrate 

residues are labelled in orange and the numbering refers to the position of the residue with respect 

to the phospho-acceptor Serine residue ‘S0’ (‘-‘ residues precede S0 and ‘+’ residues follow on from 

S0). PKN2KD molecule A residues are labelled in black. (C) Close up of CLIP170 substrate peptide 

contacts in extended binding mode and dimer interface. Substrate residues are labelled in orange 

and the numbering refers to the position of the residue with respect to the phospho-acceptor Serine 

residue ‘S0’, PKN2KD  molecule A residues are labelled in pink, PKN2KD  molecule B residues are 

labelled in blue. 
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To date this is the only structural characterisation of PKN2 in complex with a substrate. 

The structure suggests features beyond the local motif of  R-X-X-S-Φ, with contacts 

as far away as -15R and -14R potentially contributing to PKN2 substrate specificity. 

The dimeric organisation of the PKN2 core kinase domain and the substrate-mediated 

dimer contacts are not yet validated but suggest an additional layer of complexity to 

PKN2 substrate interaction. The question remains as to whether the extended 

substrate contacts observed here are unique to CLIP170 or a common feature 

throughout PKN substrates and whether the RYPR motif is involved in the recruitment 

of more PKN substrates. There is also further evidence required to determine if the 

dimer observed represents a physiological conformation of PKN2, and whether 

CLIP170 is indeed a physiological substrate of PKN2. Some of the work in this thesis 

aims to address these questions. 

 

1.2.6 Substrates of PKN 
 
Numerous substrates for PKN isoforms have been found in vitro, frequently with links 

to the cytoskeleton and include; the inhibitor of myosin phosphatase CPI-17 [165], 

EGFR [164], CLIP170 [164], intermediate filament proteins vimentin and GFAP (Glial 

Fibrillary Acidic Protein) [166], neurofilament protein M [167], and actin filament cross-

linking protein MARCKS (Myristoylated Alanine Rich C-kinase Substrate) [168]. 

Previous efforts in the laboratory used a thermal shift assay to identify peptide 

substrates binding to PKN2 giving the greatest thermal shift and likely the highest 

affinity. This analysis identified a peptide from CLIP170 (peptide sequence: 

RRVMATTSASLKRSPSASSLSS) as a suitable candidate for crystallisation that was 

ultimately successful. The CLIP170 peptide was therefore selected as a model peptide 

substrate for PKN2 . 

 

CLIP170 is a +TIP (microtubule plus end tracking protein) and acts to stabilise 

microtubules, promote microtubule growth and regulate cytoskeleton dynamics [169-

171]. CLIP170 was first identified as a microtubule binding protein in HeLa cells [172] 

and has been shown to link microtubules to endocytic vesicles in vitro [173]. CLIP170 

is a functional dimer which forms through a central parallel coiled-coil domain which 

makes up the majority of the protein. The N-terminal domain of the protein is 

comprised of two cytoskeleton-associated protein-glycine-rich (CAP-gly) domains 
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whilst the C-terminal domain of the protein is comprised of two Zinc knuckle domains 

followed by an EEY/F motif, which is a conserved motif also found in other microtubule 

end binding proteins (EB) and α-tubulin. A hydrophobic cavity within the CAP-Gly 

domain interacts with the EEY/F motif of microtubules and EBs, allowing CLIP170 to 

track microtubules directly and as part of hierarchical protein networks [169, 170]. 

Whilst the CAP-gly domain is responsible for CLIP170 interaction with microtubules, 

the C-terminal Zinc knuckle domain can bind to dynactin [174] and Rho-GTPase-

activating-like protein (IQGAP1) [175]. The domain architecture of CLIP170  is shown 

in Figure 1.13 and illustrates how CLIP170 may act as an adaptor protein, interacting 

with both microtubule and actin elements of the cytoskeleton.  

 

 

 
 
 
 
Through the CAP-Gly domain EEY/F interaction, the N- and C-terminal domains of 

CLIP170 are able to associate with each other, resulting in a folded, closed 

conformation of CLIP170 that is inactive. The conformation of CLIP170 is reportedly 

regulated by phosphorylation [171, 176], adopting a closed, auto-inhibited 

conformation upon phosphorylation, which is unable to bind to microtubules, in 

contrast to its open, unphosphorylated conformation [177].  Three serine rich regions 

have been identified in the N-terminal domain of CLIP170, surrounding the CAP-Gly 

domains. It is unclear whether phosphorylation in these regions always leads to a 

conformational change in CLIP170 and subsequent auto-inhibition. PKA has been 

reported to phosphorylate CLIP170 at Ser 312 and phosphorylation or phospho-

mimetic mutations at this residue have been shown to promote the closed, inactive 

conformer of CLIP170 [177]. Ser 312 was also identified as a putative PKN 

phosphorylation site [164] and shown to occupy the phospho-acceptor position in a 

Figure 1.13 Domain architecture of human CLIP170 protein 
Previously reported phosphorylation sites and associated kinases are indicated. 
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PKN2KD-CLIP170 peptide co-crystal structure (section 1.2.5). Ser 312 and Ser 195 

have been identified as Polo like kinase 1 (Plk1) phosphorylation sites, [178] whilst 

Ser 1318 in the C-terminal domain of CLIP170 has been shown to be phosphorylated 

by  Casein kinase 2 (CK2) [179]. A phosphorylation/dephosphorylation cycle involving 

these sites has been proposed to be required for proper CLIP170 function in the 

temporal regulation of cell division and microtubule-kinetochore attachments [179] 

[178].  

 

Other proteins reportedly selectively phosphorylated by PKN2 include the 

inflammasome component pyrin [180]  and the myocardin-related transcription factor 

A (MRTFA) [181]. RhoA was shown to regulate pyrin through activation of PKN1 and 

PKN2 which were found to phosphorylate pyrin at Ser 208 and Ser 242, permitting 

binding of 14-3-3 proteins which in turn inhibits the pyrin inflammasome activity [182, 

183]. The effects of MRFTA phosphorylation by PKN will be discussed in section 1.2.8. 

 

1.2.7 Physiological functions of PKN  
 
PKNs are primarily involved in control of cytoskeleton dynamics in response to direct 

Rho-GTPase signalling. Roles for PKN2 in various cellular processes have been 

reported including cytoskeleton regulation [184], cell cycle progression [185], cell 

migration [186, 187], cell adhesion [188], and inflammation [189].  

 

PKN2 is a confirmed regulator of cytokinesis. During cytokinesis endogenous PKN2 

is shown to localise around the cleavage furrow and midbody in HeLa S3 cells [185]. 

The depletion of PKN2 from HeLa S3 cells using siRNA targeting PKN2, leads to the 

formation of binucleated cells and delays the progression from the G2 to M phase of 

the cell cycle [185].  A role for PKN2 in regulating the organization of filamentous actin 

within the cell was suggested following microinjection experiments in which NIH 3T3 

fibroblasts injected with kinase-deficient PKN2 exhibited disrupted actin stress fibre 

formation [184]. PKN2 was proposed to link the Rho and Fyn pathways which when 

activated had previously been shown independently to positively regulate cell-cell 

adhesion [188]. Rho activated enriching of E-cadherin at cell-cell adhesions was 

shown to be dependent on PKN2 binding to Rho. PKN2 expression was then shown 

to trigger Fyn kinase activation and to induce catenin tyrosine phosphorylation. 
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Increased PKN2 activity also promoted cell-cell adhesion in keratinocytes [188]. A 

non-redundant role for PKN2 during mouse development has recently been described 

[187]. Quantitative phospho-proteomic analysis revealed an enrichment of phospho-

peptides associated with cytoskeletal organization, corroborating the reduced 

proliferation and migration of neural crest cells observed upon induced PKN2 deletion 

in vivo [187].  

 

The function of cytoskeleton regulation by PKNs is conserved across fly and yeast 

PKN homologs, Pkn and PKC1. The Drosophila homolog of PKN, Pkn, is also 

activated by Drosophila Rho and Rac GTPase homologs. Pkn is involved in Drosophila 

embryo morphogenesis, being required for correct dorsal closure [190, 191]. During 

Drosophila oogenesis Pkn acts a negative regulator of actin-myosin activity [192]. It is 

suggested that the most likely function of this actin-myosin regulation is to coordinate 

cellular contractility throughout morphogenesis, with Pkn providing a negative 

feedback loop to avoid excessive contractility following local Rho GTPase activation 

[192]. In Drosophila it has also been shown that the spatiotemporal regulation of Rok 

(Rock homolog) and Pkn by polarity protein Pins controls Myosin localisation [193]. 

Polarity cues are required in asymmetrically dividing fly neural stem cells to regulate 

Myosin localization in order to correctly position the cleavage furrow. During 

metaphase Pkn is recruited to the apical cortex by polarity protein Pins, here Pkn is 

required to induce the Myosin relocalisation for correct apical myosin clearing [193]. 

The budding yeast Saccharomyces cerevisiae PKC homolog PKC1, which incidentally 

bares more similarity to human PKNs than PKCs, has been shown to participate in 

microtubule cytoskeleton regulation through the EB1 homolog, BIM1 [194]. 

 

An alternative downstream effect of Rho GTPase signaling through PKN1 and 2 is the 

negative regulation of pyrin. Pyrin is encoded by the MEFV gene in which mutations 

are known to cause the autoinflammatory disease Familial Mediterranean Fever 

(FMF) [195, 196]. In response to pathological inactivation of Rho GTPases pyrin forms 

a caspase-1-activating inflammasome [195]. Whilst activated by Rho GTPases PKN1 

and 2 mediate the phosphorylation dependent inhibition of pyrin by phosphorylating 

pyrin directly at residues Ser 205 and Ser 242 [189]. Phosphorylation at these two 

residues causes the interaction of pyrin with chaperone 14-3-3 proteins which maintain 

an inactive conformation of pyrin, preventing the formation of an active inflammasome. 
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If PKN phosphorylation of pyrin is reduced, by Rho GTPase inactivation, the 14-3-3 

proteins are released leading to an active conformation of pyrin and triggering an 

inflammasome response [189, 195, 196]. 

 

1.2.8 PKN2 in disease  
 

Given the roles of PKN2 in fundamental cellular processes it is unsurprising that 

dysregulation of PKN2 causes disease. PKN2 is reportedly involved in the progression 

of cancer, developmental defects [187, 197] and heart disease [181]. 

 

PKN2 has previously been implicated in the progression of colon [198], breast [199], 

neck [200], prostate [201] and bladder [186] cancers. In bladder cancer PKN2 has 

been found to be highly expressed in a bladder tumour cell line and plays a crucial 

role in migration and invasion of these cells [186]. More recently collaborators in Angus 

Cameron’s laboratory at Barts Cancer Institute have been studying the emerging role 

of PKN2 as a new target in pancreatic cancer. Pancreatic cancer is one of the most 

lethal solid tumours with a 5-year survival rate below 5-7% [202]. This low survival and 

poor response to therapy is attributed both to late diagnosis and also to the fibrotic 

nature of the associated cancer stroma [203]. The stroma is the cellular tissue 

environment that surrounds and supports a tumour. Fibrotic stroma means the tissue 

surrounding the tumour is thickened and with an increase in connective tissue, making 

it more difficult for various treatments to access the tumour. This fibrotic tissue can 

also promote tumour growth and invasion [203]. Given the link between fibrosis and 

drug resistance is also well-established in lung, breast and prostate cancers, targeting 

the cancer stroma to augment therapy responses is a promising new approach [204]. 

In pancreatic cancer, pancreatic stellate cells (PSCs) are responsible for driving the 

fibrotic changes within the stroma when they become abnormally activated, driving 

invasion and therapy resistance [205]. Work in the Cameron lab has shown that upon 

knockout of PKN2 from PSCs, the invasion phenotype associated with PSC activation 

is lost. Adding PKN2 back into the PKN2 knockout PSCs rescues the invasion 

phenotype. PKN2 deletion from PSCs reduced PSC activation and two cell lines from 

different pancreatic cancer mouse models show a dependence on PKN2 expression 

in PSCs for growth and invasion in mini organotypic 3D co-culture models. This work 

highlights PKN2 as an important anti-stromal target. Further work investigating the 
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interactions of PKN2 with activating partners and the substrates It regulates will shed 

light on how PKN2 contributes to the observed invasion phenotype. 

 

During the course of this thesis, collaborators in Edward Tobias’ group at the 

University of Glasgow described a multiple anomaly syndrome caused by a de novo 

variant in the PKN2 gene (Gazdagh et al, manuscript in preparation). The missense 

mutation is a substitution of leucine residue 489 to a proline residue, this corresponds 

to the Leu of the PKL-tide auto-inhibitory region of PKN2 described previously. The 

syndrome is characterised by growth retardation, hearing loss, distinct facial features, 

hypospadias, neural tube defect and cardiovascular abnormalities. Whilst PKN2 gene 

variants have not previously been linked to developmental pathologies in humans 

before, evidence from PKN2 knockout mouse models have shown PKN2 to be 

essential for development. Whilst both PKN1 and PKN3 knockout mice have been 

shown to survive into adulthood without defect, PKN2 knockout mice are embryonic 

lethal, reportedly dying at embryonic day 10 [187, 197]. Two separate studies carried 

out by Danno et al (2017) and Quetier et al (2016) describe a plethora of pathologies 

displayed by PKN2 knockout mice. Both studies identified neural tube defects, lack of 

mesoderm expansion and cardiovascular defects ultimately leading to lethality in the 

embryos. Characterisation of the human patient derived PKN2 mutation in vitro would 

help understand how the mutation affects PKN2 activity and regulation. This 

information will be important in understanding how the mutation causes the observed 

symptoms.  

 

Following on from the observation that PKN2 plays a non-redundant role in mouse 

development, plausibly due to compromised cardiovascular integrity, studies were 

continued with conditional knockout PKN2 mice. These studies were conducted by 

collaborator Dr Jacqui Marshall from the Protein Phosphorylation Laboratory at the 

Francis Crick Institute and the data are yet to be published. Tissue-specific Cre lines 

causing floxed allele deletion of PKN2 in myocardial tissue were used and cardiac 

phenotypes were characterised at E14.5 by High Resolution Episcopic Microscopy 

(HREM). 95% of Cre+/- PKN2fl/fl mice displayed abnormal cardiac phenotypes. The 

main cardiac defects are still under investigation but point to a crucial role for PKN2 in 

proper cardiac development. 
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Interestingly, a contrasting role for PKN in heart disease was recently reported. 

Sakaguchi et al (2019) showed that PKN1 and 2 are activated in cardiomyocytes in 

response to angiotensin II and pressure overload. The study revealed that PKN1 and 

2 phosphorylated myocardin-related transcription factor A (MRTFA), which in turn 

activates the serum response factor (SFR) mediated expression of fibrosis associated 

genes and cardiac hypertrophy. The phosphorylation of MRFTA by PKN was shown 

to mediate MRFTA-SFR signalling through disruption of the MRFTA-G-actin 

interaction. PKN1 and PKN2 double deficient mice were resistant to pressure overload 

and angiotensin II induced cardiac dysfunction. These results confirm a role for PKNs 

in regulating hypertrophy and fibrosis in the heart and mark them as a unique target 

for heart failure therapeutics. This evidence for multiple roles of PKN2 in heart 

regulation, from being essential in development to contributing to the progression of 

heart failure,  is intriguing and highlights the need for specific and tight control of the 

diverse functions of PKN2.  

 

Parallels can be drawn between the role for PKN2 in promoting fibrosis in the 

pancreatic cancer stroma and promoting fibrosis in the heart. It would be of great 

interest to further understand the components of the signalling pathway leading to 

stromal fibrosis and to determine whether MRFTA phosphorylation was also involved 

or whether a distinct PKN2 substrate is responsible.  

 

1.3 Chemical inhibition of kinases 
 
Protein kinases are the largest family of enzymes encoded by the human genome, are 

the major regulators of cellular phosphorylation signalling pathways and are involved 

in crucial cellular processes such as growth, motility, differentiation, and adhesion 

[206].  Given the dependence of crucial cellular processes on correct kinase 

regulation, aberrant kinase activity is implicated in numerous diseases including 

cancer, chronic inflammation and diabetes [207]. Protein kinases are therefore an 

attractive therapeutic target and there has been considerable effort towards 

developing pharmacological agents against them. 

 

Kinase inhibitors can be categorised into four main classes according to whether they 

are ATP competitive and whether they bind to the active or inactive conformation of 
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the kinase [52, 208]. Type I kinase inhibitors are ATP competitive and bind to the 

kinase in an active, DFG-in conformation.  Type I inhibitors occupy the nucleotide 

binding cleft of the kinase and form hydrogen bonds with the hinge region, mimicking 

the hydrogen bonds normally formed by the adenine group of ATP (see Figure 1.14 

for ATP binding schematic) [209]. The first kinase inhibitors to be developed were 

Type I ATP competitive inhibitors and to date Type I inhibitors make up the majority of 

kinase inhibitors. There are however, caveats to Type I inhibitors. The first drawback 

being that due commonality of the nucleotide binding cleft of the kinase domain and 

the highly conserved nature of the DFG-in active conformation adopted across the 

kinome, it is difficult to develop highly selective Type I inhibitors [56, 210, 211]. The 

second drawback being that ATP competitive inhibitors must bind with high affinity to 

overcome the high intracellular levels of ATP [212]. This can often lead to a 

discrepancy between IC50 values determined in biochemical assays compared to 

those determined in cellular assays.   

 

Conversely, Type II kinase inhibitors, whilst still occupying the nucleotide binding cleft 

of the kinase, bind to the inactive DFG-out conformation of the kinase [209]. As Type 

II inhibitors still make contacts to regions of the ATP binding site but do not actively 

compete with ATP for binding to an active kinase conformation, they have been 

referred to as both ATP-competitive [213] and non-ATP competitive inhibitors [214]. 

Type II inhibitors can either select for and stabilise the DFG-out conformation or induce 

the displacement of the DFG motif upon binding, rendering the kinase in an inactive 

conformation [52]. As described previously the DFG-out conformation involves the 

rotation of the DFG backbone, resulting in the Phe residue pointing into the active site, 

partially occupying the nucleotide binding cleft and disrupting the hydrophobic spine 

required for catalysis. This conformational change in the DFG motif exposes a newly 

accessibly hydrophobic allosteric pocket adjacent to the ATP binding site and behind 

the gatekeeper residue (‘Hydrophobic Region I’ in Figure 1.14). Type II inhibitors often 

extend into and favourably occupy this hydrophobic pocket [215, 216]. Type II 

inhibitors typically bind through a heterocyclic system that forms one or two hydrogen 

bonds with the kinase hinge residue and in addition bear a hydrogen bond donor-

acceptor pair, usually an amide or urea substituent, that links the hinge-binding portion 

to the hydrophobic moiety in the allosteric site [52]. Type II inhibitors can display higher 

selectivity than Type I inhibitors. This is due to the interaction of Type II inhibitors with 
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less-conserved residues in the allosteric pocket, i.e. outside of the highly conserved 

ATP binding site, combined with the variation in inactive kinase conformations [209, 

217]. Some kinases are more difficult to disrupt the DFG motif into a DFG-out 

conformation, therefore limiting the number of kinases that the Type II inhibitor can 

interact with compared to Type I inhibitors. Furthermore, Type II inhibitors tend to 

display slower dissociation rates and longer residence times than Type I compounds, 

leading to higher potencies [209, 218].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
The effectiveness of Type II inhibitors can somewhat be determined by the gatekeeper 

residue of the kinase. As described previously in section 1.1.3, the gatekeeper residue, 

at the top of the hinge region in the nucleotide binding pocket (Figure 1.14), controls 

access to the allosteric pocket [213]. Whilst Type II inhibitors can offer greater 

specificity and potencies than Type I inhibitors, they come with additional challenges 

in their testing. For example, when quantifying kinase inhibition by measuring the rate 

of substrate phosphorylation, the kinase must be catalytically stable and active. This 

Figure 1.14 Schematic representation of ATP binding site highlighting different sub-regions 
that can be utilised by Type I and Type II kinase inhibitors  
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requires phosphorylation of the activation loop of the kinase, reducing the propensity 

for the kinase to adopt the inactive conformation favoured by Type II inhibitors [213, 

216].  

 

Other classes of non-ATP competitive kinase inhibitors include Type III and Type IV 

inhibitors. Type III inhibitors exclusively bind to the allosteric hydrophobic pocket 

adjacent to the ATP binding site (‘Hydrophobic Region I’ shaded in blue in Figure 1.14) 

and do not interact with any other region of the nucleotide binding cleft [52]. A 

conformational change in the kinase domain is induced by the binding of these 

compounds. The C-helix is forced out, adopting an inactive conformation in which the 

Glu-Lys salt bridge essential for catalysis cannot properly align [52]. A well-studied 

example of a Type III inhibitor is the MEK inhibitor CI-1040 [219]. Type IV inhibitors 

are also allosteric binders but bind to a distinct allosteric site of the kinase, remote 

from the nucleotide binding cleft, and induce conformational changes that render the 

protein kinase inactive [220]. The location of the allosteric binding site may be 

anywhere on the kinase away from the active site apart from Hydrophobic Region I as 

inhibitors binding there are considered Type III inhibitors. A schematic diagram 

summarising the main four categories of kinase inhibitors is shown in Figure 1.15. 

 

In summary, the majority of kinase inhibitors to date are ATP-competitive Type I 

inhibitors that bind to the active conformation of the kinase in the nucleotide binding 

pocket. Type II compounds bind the kinase in an inactive conformation, engaging the 

ATP pocket and can extend deep into a the hydrophobic allosteric pocket, conferring 

additional specificity. Allosteric inhibitors offer the potential for much more selective 

kinase inhibitors with reduced off-target effects, however, these types of inhibitors are 

much more challenging to screen and develop.  
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1.4 Project Aims 
 
Roles for PKN2 in development, the progression of heart disease and various cancers 

have been proposed. While PKN2 presents as a potential anti-stromal therapeutic 

target in pancreatic cancer, at a molecular level the PKN2 architecture and activation 

mechanism are poorly understood. Equally there is a lack of high-quality chemical 

probes selective for PKN2 to use for target validation and provide potential start 

points for drug discovery. The aim of this project was to use a combination of structural 

biology, biochemistry and chemical biology to improve a molecular understanding of 

this AGC kinase. 

  

To carry out these analyses, the production of soluble and active full-length PKN2 

protein was essential. Both Sf21 insect cells and HEK 293 cells were used as a host 

Figure 1.15 Schematic representation of Type I, II, III and IV kinase inhibitor binding modes 
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expression system to produce sufficient pure and active full-length PKN2 for structural, 

biochemical and chemical analyses. In Chapter 2 the research methodology is 

described and explained. Chapter 3 describes the production of recombinant PKN2 

and a pathogenic mutant from a patient and their characterisation by biophysical and 

biochemical studies. Negative stain and cryo-electron microscopy were carried out on 

cross-linked full-length PKN2 dimers, leading to new models for full-length PKN2 

architecture and are described in Chapter 4. Chapter 5 describes the characterization 

of PKN2 substrate peptide specificity and tracking the phosphorylation trajectory of 

putative PKN substrate CLIP170 in vitro. Efforts to develop an assay to validate the 

phosphorylation of CLIP170 by endogenous PKN2 are also described here, using 

mouse brain lysate as a source of endogenous PKN2 coupled with an ELISA. Chapter 

6 describes work carried out to develop selective inhibitors for PKN2 to meet criteria 

of a good quality chemical probe. Modification of an existing PKN2 hit compound with 

significant off-target cellular toxicity was used as the main starting point for compound 

development. Conditions to produce PKN2 kinase domain crystals in complex with 

candidate PKN2 compounds inhibitor were also screened with the aim to provide an 

atomic description of the binding pose for the best compounds.  
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Chapter 2. Materials and Methods 
 
2.1 Commonly used materials 
 
All standard chemicals and oligonucleotide primers were purchased from Sigma 

Aldrich unless stated otherwise. All enzymes were purchased from New England 

Biolabs and all plasticware was purchased from Corning International. Synthetic 

peptides were prepared by the Peptide Chemistry Facility at the Francis Crick Institute. 

A complete list of consumables and reagents obtained from other suppliers can be 

found in Table 2.1. 
 

Table 2.1: Reagents and Consumables  
 

Reagents and Consumables Source 
3,3’,5,5’-tetramethylbenzidine (TMB)  
30 ml filter syringe Chromabond 
3C Protease PreScission Amersham Bioscience 
Amersham ECL Western Blotting Detection Reagent GE healthcare  
Amersham Hyperfilm ECL GE Healthcare 
Ampicillin Melford Laboratories 
Base-Muncher Expedeon 
BigDye Terminator Applied Biosystems 
Bis(sulfosuccinimidyl)suberate (BS3) ThermoFisher 
Bolt Bis-Tris 4-12% Gels ThermoFisher 
Bolt MES SDS-PAGE Running Buffer Invitrogen 
Bovine Serum Albumin Sigma Aldrich 
Bradford Assay Reagent  BioRad 
CHAPS Anatrace 
Complete EDTA Free Protease Inhibitor Tablets Sigma Aldrich 
Corning 384 Well Microtiter Plates Sigma Aldrich 
DNA Gel Loading Dye, Purple (6X) New England Biolabs 
dNTPs 100mM Stock Invitrogen 
Durapore 0.22 μm PVDF filter Merck-Millipore 
Empore SPE C18 Disk Sigma Aldrich 
Fugene HD Reagent Promega 
GelRed Biotium 
Gentamycin Life Technologies 
Gibson Assembly Master Mix New England Biolabs 
Glutaraldehyde 25% in H2O Sigma Aldrich 
Glutathione Sepharose 4B GE Healthcare 
HiSpeed Plasmid Maxi Kit Qiagen 
iBlot Transfer Stack, Mini ThermoFisher 
Immobilon-FL PVDF Membrane Sigma Aldrich 
Iodoacetamide ThermoFisher 
Isopropyl b-D-1-thiogalactopyranoside (IPTG) Bioline 
Kanamycin Melford Laboratories 
LI-COR Odyssey Blocking Buffer LI-COR 
Lightning-Link Rapid Biotinylation Kit Type B Expedeon 
MicroAmp 96-well Quantitative PCR Plate ThermoFisher 
NEBuilder HiFi Assembly Cloning Kit New England Biolabs 
Ni-NTA Agarose Invitrogen 
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NucleoSpin Gel and PCR Clean Up Kit Macherey-Nagel 
NuPAGE 3-8% Tris-Acetate Gels ThermoFisher 
NuPAGE 4-12% Bis-Tris Gels ThermoFisher 
NuPAGE LDS Sample Loading Buffer (4X) ThermoFisher 
NuPage MOPS SDS-PAGE Running Buffer Invitrogen 
ParM In-house 
PCR Tubes ThermoFisher 
PD 10 Desalting Column GE Healthcare 
Pierce Phosphatase Inhibitor Tablets Mini ThermoFisher 
Pierce Sliver Stain Kit ThermoFisher 
Pierce Black Streptavidin High Binding Capacity Coated 96 
Well Plate  

ThermoFisher 

Pierce Clear Streptavidin High Binding Capacity Coated 96 
Well Plate 

ThermoFisher 

PIP Strips Membrane ThermoFisher 
PMSF ThermoFisher 
Polyethylimine (PEI) Polysciences 
Polyvinylidene Fluoride (PVDF) Membrane GE Healthcare 
PureLink Fast Low-Endotoxin Maxi Plasmid Purification Kit Invitrogen 
Q5 High-Fidelity Master Mix New England Biolabs 
Q5 Site Directed Mutagenesis Kit New England Biolabs 
Qiagen Spin Miniprep Kit Qiagen 
QiaPrep Gel Extraction Kit Qiagen 
Quick Stain Coomassie Generon 
Slide-A-lyzer Dialysis Cassette ThermoFisher 
Spectra Multicolour Broad Range Ladder ThermoFisher 
StrepTactin Sepharose GE Healthcare 
SulfoLink Immobilization Kit for Peptides ThermoFisher 
SYPRO Orange Protein Gel Stain ThermoFisher 
TEV Protease Sigma Aldrich 
TriDye 2-log DNA Ladder New England Biolabs 
Trifluoroacetic Acid ThermoFisher 
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) ThermoFisher 
Trypsin Promega 
UltraPure Agarose Invitrogen 
Uranyl Acetate Agar Scientific 
Urea ThermoFisher 
Vivaspin Concentrators ThermoFisher 
X-Gal ThermoFisher 

 
Table 2.2 Reagents and Consumables for Crystallography  
 

Reagents and Consumables Source 
Ammonium Sulphate Screen Hampton Research 
BCS Crystallisation Screen Molecular Dimensions 
CSS1 Crystallisation Screen Hampton Research 
CSS2 Crystallisation Screen Hampton Research 
Index Crystallisation Screen Hampton Research 
JCSG Crystallisation Screen Molecular Dimensions 
Morpheus I Crystallisation Screen Molecular Dimensions 
Morpheus II Crystallisation Screen Molecular Dimensions 
MRC 2 Drop 96 Well Trays SwissCi 
PACT Crystallisation Screen Molecular Dimensions 
PEG Ion Screen HT Hampton Research 
pH CLEAR Crystallisation Screen Hampton Research 
PiPEG Crystallisation Screen JenaBioScience 
ProPlex Crystallisation Screen Molecular Dimensions 



 69 

Salt RX Crystallisation Screen Hampton Research 
 
Table 2.3 Reagents and Consumables for Electron Microscopy  
 

Reagents, Consumables and Equipment Source 
626 Cryoholder FEI 
C-flat cryo-EM grids TAAB 
Cryo-station FEI 
EM Tweezers Dumont 
Glow Discharger Pelco EasiGlow 
Negative stain EM grids EM resolutions 
Quantifoil cryo-EM grids Agar Scientific 
Vitrobot Mark IV FEI 

 
 
Table 2.4 Cell Lines  
 

Cells Source 
Competent E. coli, NovaBlue Prepared in house using Promega method 

(original source: Novagen) 
Competent E. coli, FB810(DE3) Prepared in house using Promega method 

(original source: Novagen, derived from 
BL21 recA- version) 

Competent E. coli, FB810(DE3) pLysS Novagen 
Sf21 (Spodoptera frugiperda) Insect cells  Invitrogen 
Freestyle 293 HEK cell line Cell Services, Francis Crick Institute 

 
 
Table 2.5 Media and Buffers 
 

Media/Buffer Composition/Source 
Gibco FreeStyle 293  ThermoFisher 
LB 10g NaCl, 10g bacto-tryptone, 5g bacto-yeast extract made up to 1L 

with dH2O, autoclaved 
LB Agar 6g agar, 400ml LB medium, autoclaved 
Gibco Optimem ThermoFisher 
PBS 5.3 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, 3.5 mM KCl, pH 7.2 
Sf-900 III SFM Gibco 
SOC 20g bacto-tryptone, 5g bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 

10 mM MgCl2, 10 mM MgSO4, 20 mM D-glucose made up to 1L with 
dH2O, autoclaved 

TAE 40 mM Tris-acetate, 0.1 mM EDTA 
TB 12g bacto-tryptone, 24g bacto-yeast extract, 4ml glycerol, 100ml 0.17M 

KH2PO4 and 0.72M K2HPO4 made up to 1L with dH2O, autoclaved 
TBS 50 mM Tris-HCl pH 7.5, 150 mM NaCl 
TBST 1 mL Tween 20 per 1L TBS 
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Table 2.6 Antibodies  
 

Antibody Species Reactivity Host Dilution Source 
Primary Antibodies     
PKN2  Human, Mouse, Rat Mouse, mAb 1:1000 R&D 

Systems 
#MAB5686 

Phospho-PRK1 
(Thr774)/PRK2 (Thr816) 

Human, Mouse, Rat Rabbit, pAb 1:1000 Cell 
Signalling 
Technology 
#2611 

Phospho-PKCa/b II 
(Thr638/641) 

Human, Mouse, 
Monkey 

Rabbit, pAb 1:1000 Cell 
Signalling 
Technology  
#9375 

CLIP170 Human, Mouse, 
Monkey 

Rabbit, pAb 1:1000 Cell 
Signalling 
Technology 
#8977 

CLIP170 pS312 Human, Mouse Rabbit, pAb 1:1000 Petingill 
Technology 
(Custom 
made) 

RSK1 Human, Mouse, 
Monkey, Bovine, Pig 

Rabbit, mAb 1:1000 Cell 
Signalling 
Technology 
#8408 

Phospho-Akt Substrate 
(RXXXS*/T*) (110B7E) 

All Rabbit, mAb 1:1000 Cell 
Signalling 
Technology 
#9614 

Secondary Antibodies      
Mouse IgG HRP Mouse Horse 1:3000 Cell 

Signalling 
Technology 
#7076 

Rabbit IgG HRP Rabbit Goat 1:3000 Cell 
Signalling 
Technology 
#7074 

Mouse IgG Alexa-488 Mouse Goat, pAb 1:5000 Invitrogen 
#A11001 

Rabbit IgG Alexa-488 Rabbit Donkey, pAb 1:5000 Invitrogen 
#A21206 

 
Table 2.7 Peptides 
 
All peptides were N-terminal acetylated and C-terminal amidated unless otherwise 
stated. 

Peptide Modifications Sequence 
ArhGAP15  VKSRLKKKFITRRPSLKTLQEKGLIKDQIF 
Biotinylated 
CLIP170 

N-terminal 
Biotinyation 

RRVMATTSASLKRSPSASSLSS 
 

Biotinylated 
CLIP170 pS312 

N-terminal 
Biotinylation 

RRVMATTSASLKRSP(pS)ASSLSS 
 

CLIP170  RRVMATTSASLKRSPSASSLSS 
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CLIP170 297-379  RRVMATTSASLKRSPSASSLSSMSSVASSVSSRPSRTGL
LTETSSRYARKISGTTALQEALKEKQQHIEQLLAERDLER
AEVA 

CLIP170 297-391  
 

RRVMATTSASLKRSPSASSLSSMSSVASSVSSRPSRTGL
LTETSSRYARKISGTTALQEALKEKQQHIEQLLAERDLER
AEVAKATSHVGEIEQE 

CREB  KRREILSRRPSYR 
Fluorescent 
CLIP170 

N-terminal 
Cyanine-5 

RRVMATTSASLKRSPSASSLSS 

Fluorescent 
CLIP170 pS312 

N-terminal 
Cyanine-5 

RRVMATTSASLKRSP(pS)ASSLSS 
 

hClip170 1phos  CSLKRSP(pS)A 
hClip170 2phos  CSLKR(pS)P(pS)A 
hClip170 unphos   CSLKRSPSA 

 
Table 2.8 Small Molecule Inhibitors  
 

Compound 
ID 

Name Chemical 
Formula 

Molecular 
Weight 
g/mol 

Source 

3CNS332 (S)-N1-(3-benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazine-6-yl)-
4-methylpentane-1,2-diamine 

C19H23N5O2 353.19 CRT 

3CNS146 (S)-4-methyl-N1-(3-(quinolin-6-
yl)imidazo[1,2-b]pyridazin-6-
yl)pentane-1,2-diamine 

C21H24N6 360.465 The Francis 
Crick Institute 

3CNS161 (S)-N1-(3-(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-yl)-3-
methylbutane-1,2-diamine 

C18H21N5O2 339.399 The Francis 
Crick Institute 

3CNS149 (R)-N1-(3-(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-yl)-4-
methylpentane-1,2-diamine 

C19H23N5O2 353.426 The Francis 
Crick Institute 

3CNS147 (S)-4-methyl-N1-(3-(pyridin-3-
yl)imidazo[1,2-b]pyridazin-6-
yl)pentane-1,2-diamine 

C17H22N6 310.405 The Francis 
Crick Institute 

3CNS143 (1R,2R)-N1-(3-
(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C19H21N5O2 351.41 The Francis 
Crick Institute 

3CNS193 (1R,2R)-N1-(3-(quinolin-6-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C21H22N6 358.449 The Francis 
Crick Institute 

3CNS144 (1R,2S)-N1-(3-
(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C19H21N5O2 351.41 The Francis 
Crick Institute 

3CNS145 (S)-4-methyl-N1-(3-(quinolin-5-
yl)imidazo[1,2-b]pyridazin-6-
yl)pentane-1,2-diamine 

C21H24N6 360.465 The Francis 
Crick Institute 

3CNS246 (1R,2R)-N1-(3-bromoimidazo[1,2-
b]pyridazin-6-yl)cyclohexane-1,2-
diamine 

C12H16BrN5 310.199 The Francis 
Crick Institute 

3CNS245 (1S,2S)-N1-(3-bromoimidazo[1,2-
b]pyridazin-6-yl)cyclohexane-1,2-
diamine 

C12H16BrN5 310.199 The Francis 
Crick Institute 

3CNS158 (S)-N1-(3-(3-
aminophenyl)imidazo[1,2-
b]pyridazin-6-yl)-4-methylpentane-
1,2-diamine 

C18H24N6 324.432 The Francis 
Crick Institute 
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3CNS205 3-(((3-bromoimidazo[1,2-
b]pyridazin-6-
yl)oxy)methyl)morpholine 

C11H13BrN4
O2 

313.155 The Francis 
Crick Institute 

3CNS187 6-(6-chloroimidazo[1,2-b]pyridazin-
3-yl)quinoline 

C15H9ClN4 280.715 The Francis 
Crick Institute 

3CNS253 (1R,2R)-N1-(3-(naphthalen-2-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C22H23N5 357.461 The Francis 
Crick Institute 

3CNS210 6-(5-chloro-1H-pyrrolo[2,3-
b]pyridin-3-yl)quinoline 

C16H10ClN3 279.727 The Francis 
Crick Institute 

3CNS256 (1S,2S)-2-((3-(quinolin-6-
yl)imidazo[1,2-b]pyridazin-6-yl)-l3-
oxidaneyl)cyclohexan-1-ol 

C21H21N4O2 361.425 The Francis 
Crick Institute 

3CNS252 (1S,2S)-N1-(3-(quinolin-6-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C21H22N6 358.449 The Francis 
Crick Institute 

3CNS251 (1S,2S)-N1-(3-(naphthalen-2-
yl)imidazo[1,2-b]pyridazin-6-
yl)cyclohexane-1,2-diamine 

C22H23N5 357.461 The Francis 
Crick Institute 

3CNS206 3-(((3-(quinolin-6-yl)imidazo[1,2-
b]pyridazin-6-
yl)oxy)methyl)morpholine 

C20H19N5O2 361.405 The Francis 
Crick Institute 

3CNS207 3-(((3-(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-
yl)oxy)methyl)morpholine 

C18H18N4O4 354.366 The Francis 
Crick Institute 

3CNS071 3-(benzo[d][1,3]dioxol-5-yl)-N-((1-
methylpiperidin-4-
yl)methyl)imidazo[1,2-b]pyridazin-
6-amine 

C20H23N5O2 365.437 The Francis 
Crick Institute 

3CNS094 tert-butyl (S)-(1-((3-
(benzo[d][1,3]dioxol-5-
yl)imidazo[1,2-b]pyridazin-6-
yl)amino)-4-methylpentan-2-
yl)carbamate 

C24H31N5O4 453.543 The Francis 
Crick Institute 

3CNS098 3-(benzo[d][1,3]dioxol-5-yl)-6-
chloroimidazo[1,2-b]pyridazine 

C13H8ClN3O2 273.676 The Francis 
Crick Institute 

3CNS100 (S)-N1-(3-bromoimidazo[1,2-
b]pyridazin-6-yl)-4-methylpentane-
1,2-diamine 

C12H18BrN5 312.215 Enamine 

Z12411448
07 

2-(4-(1H-pyrrolo[2,3-b]pyridin-3-yl)-
3,6-dihydropyridin-1(2H)-
yl)acetonitrile 

C14H14N4 238.294 Enamine 

Z20400752
77 

1-((5H-pyrrolo[2,3-b]pyrazin-7-
yl)methyl)-N-benzylpiperidine-4-
carboxamide 

C20H23N5O 349.438 Enamine 

Z26872038
18 

5-(1H-pyrrolo[2,3-b]pyridin-5-
yl)pyridin-3-amine dihydrochloride 

C12H12Cl2N4 283.156 Enamine 

Z21768970
29 

(3-(((5H-pyrrolo[2,3-b]pyrazin-7-
yl)methyl)amino)pyrrolidin-1-
yl)(pyridin-4-yl)methanone 

C17H18N6O 322.372 Enamine 

Z21768033
45 

1-(3-(1-(((5H-pyrrolo[2,3-b]pyrazin-
7-
yl)methyl)amino)ethyl)phenyl)pyrrol
idin-2-one 

C19H21N5O 335.411 Enamine 

Z39966569
96 

N-(4-(aminomethyl)benzyl)-3-
(quinolin-6-yl)acrylamide 

C20H19N3O 317.392 Enamine 

Z21770033
53 

(1-((5H-pyrrolo[2,3-b]pyrazin-7-
yl)methyl)-4,4-difluoropyrrolidin-2-
yl)methanol 

C12H14F2N4
O 

268.268 Enamine 
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Z21769739
19 

7-((3-(1H-1,2,4-triazol-1-
yl)pyrrolidin-1-yl)methyl)-5H-
pyrrolo[2,3-b]pyrazine 

C13H15N7 269.312 Enamine 

Z29054363
06 

5-(1H-pyrrolo[2,3-b]pyridin-3-yl)-N-
((tetrahydro-2H-pyran-4-
yl)methyl)pyridin-2-amine 

C18H20N4O 308.385 Enamine 

Z28553544
43 

5-(indolin-5-yl)-1H-pyrrolo[2,3-
b]pyridine-3-carbonitrile 

C16H12N4 260.3 Enamine 

Tofacitinib 3-((3R,4R)-4-methyl-3-(methyl(7H-
pyrrolo[2,3-d]pyrimidin-4-
yl)amino)piperidin-1-yl)-3-
oxopropanenitrile 

C16H20N6O 312.369 Cambridge 
Bioscience 

 
2.2 Cloning 
 
2.2.1 Polymerase Chain Reaction 
 
Polymerase Chain Reaction (PCR) was used to amplify target protein encoding 

sequences from template DNA using a thermocycler PCR was carried out with an 

initial denaturation at 98°C for 30 seconds followed by 30 cycles of amplification. Each 

amplification cycle consisted of a 10 second denaturation step at 98°C, followed by a 

30 second annealing step and an extension step at 72°C. The optimal temperature for 

the annealing step was determined using the NEB Tm Calculator tool 

(https://tmcalculator.neb.com/#!/main). The duration of the extension step was 

determined as 30 seconds per kilobase of amplified sequence. A final extension step 

was performed at 72°C for 2 minutes. Reactions were stored at 4°C or -20°C. Reaction 

volumes of 25 or 50 µL were used, containing 1x Q5 High-Fidelity Master Mix (New 

England BioLabs), 0.5 μM forward and reverse primers and 50-200 ng of template 

DNA. 

 
2.2.2 Site Directed Mutagenesis 
 
Site directed mutagenesis (SDM) was performed using the Q5 SDM NEB kit (New 

England BioLabs). Mutagenesis primers were designed using the NEBaseChanger 

tool (https://nebasechanger.neb.com/). Thermocycling conditions were as described 

for PCR. A 25 µL reaction volume was used containing 1x Q5 High-Fidelity Master 

Mix, 1-25 ng plasmid DNA and 0.5 μM forward and reverse primers. Phosphorylation 

of the 5’ ends of the amplicon, ligation of the mutagenesis product and removal of 

template DNA was carried out in one step using the KLD reaction mix (Kinase, Ligase, 

Dpn1). 1 μL of SDM product was incubated with 5 µL of 2x KLD reaction buffer and 1 

µL of 10x KLD enzyme mix, made up to 10 µL total volume with nuclease-free water 
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for 5 minutes at room temperature. 1 µL of this reaction volume was then used to 

transform 250 µL of chemically competent NovaBlue E. coli cells as described in 2.2.4.  
 

2.2.3 Gibson Assembly 
 
Primers were designed for both vector and inserts to contain complementary 

overlapping ends to allow annealing. Primers were designed using the NEBuilder 

online tool (https://nebuilder.neb.com/#!/). PCR was carried out as previously 

described to prepare linearised vector and insert. PCR products were inspected 

visually by agarose gel electrophoresis, as described in 2.2.7, to check that the PCR 

amplification had been successful and the vector and insert fragments were of the 

expected size. Successful PCR products were purified using the NucleoSpin Gel and 

PCR Clean-up kit (Machery-Nagel). 50-100 ng vector was incubated with a 3-fold 

molar excess of insert for a 2-3 fragment assembly. 10 µL of 2x Gibson assembly 

master mix was added to the DNA in a total reaction volume of 20 µL and incubated 

at 50°C for 15 minutes. The master mix contains a 5’ exonuclease which removes 5’ 

ends to expose adjoining complementary sequences, a 3’ DNA polymerase which fills 

the gaps in the adjoining region and a ligase which covalently links the DNA 

fragments.1 µL of product was transformed into chemically competent NovaBlue E. 

coli cells as described in 2.2.4. 

 
2.2.4 Construct amplification and DNA extraction 
 
Constructs were transformed into chemically competent NovaBlue E. coli cells using 

a heat shock protocol. 5 – 500 ng of plasmid DNA was incubated with 250 µL of 

NovaBlue cells for 30 minutes at 4°C. Cells were incubated at 42°C for 45 seconds 

then incubated at 4°C for 5 minutes. 900 µL of super optimal broth (SOC) media was 

added to the cells which were then grown for 1 hour at 37°C with mild shaking. The 

transformed cells were plated on LB agar plates containing 50 µg/mL ampicillin, the 

ampicillin resistance gene being carried on the NovaBlue pFL plasmid, and incubated 

at 37°C overnight. Additional appropriate antibiotics were included according to the 

resistance genes carried by the amplification plasmid of interest. Ampicillin was used 

at 100 mg/L, chloramphenicol at 34 mg/L and kanamycin at 30 mg/L. Single colonies 

were selected and grown in LB with ampicillin and any additional antibiotics overnight 
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at 37°C with shaking at 220 rpm. The volume of LB culture grown was dependent on 

the scale of downstream DNA purification; 5 mL for miniprep and 150 mL for maxiprep. 

Cultures were spun down at 4000 x g for 10 minutes at 4°C in a rotary centrifuge and 

the supernatant discarded. Plasmid DNA was purified from the cell pellets using the 

Qiagen Spin Miniprep kit or the Invitrogen PureLink Fast Low-Endotoxin Maxi Plasmid 

Purification Kit according the manufacturer’s instructions.  

 
2.2.5 DNA quantification 
 

DNA concentrations were determined using absorption at 260nm using a NanoDropTM 

2000 spectrometer (ThermoFisher). 
 
2.2.6 DNA sequencing 
 
All plasmids were sequence verified. DNA sequencing was carried out by the 

genomics equipment park staff at the Francis Crick Institute using the BigDye 

Terminator Cycle Sequencing kit (Applied Biosystems) followed by capillary 

sequencing on an ABI Prism 3730 DNA sequencer (ThermoFisher). Sequencing 

primers were supplied at 3.2 µM for the reactions. 

 
2.2.7 Agarose gel electrophoresis 
 
In order to visualise DNA after modification, agarose gel electrophoresis was carried 

out. Gels were made up of 0.8% agarose in TAE buffer with 0.5 µg/mL GelRed for 

visualisation with a UV-transilluminator (ThermoFisher). DNA 6x loading dye (New 

England Biolabs) was added to each DNA sample prior to electrophoresis and 

molecular weight was estimated by comparison with TriDye 2 log DNA ladder (New 

England Biolabs). Gels were run in a Sub-Cell electrophoresis tank (BioRad) in TAE 

buffer for 30 minutes at 120 volts. 
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2.3 Protein Expression 
 
2.3.1 Bacterial expression 
 
2.3.1.1 E. coli transformation 
 
A volume of 0.5 µL of plasmid DNA at 100-500 ng/μL was incubated with 50 µL of E. 

coli FB810(DE3) (Novagen) electrocompetent cells unless otherwise stated. Cells 

were transferred to a 2 mm electroporation cuvette (geneflow) and pulsed with 2.5 kV 

(25 μF/200 Ω) using a Biorad electroporator. 600 µL SOC media was added to the 

cells followed by incubation for 1 hour at 37°C. Cells were plated on LB-agar 

containing the appropriate antibiotic and grown at 37°C overnight.  

 
2.3.1.2 Protein expression in E. coli 
 

E. coli expression was carried out in FB810(DE3) or FB810(DE3)pLysS cells. 

Following E. coli transformation single colonies were selected to inoculate 100 mL LB 

media with the appropriate antibiotic for 16 hours at 37°C with mild shaking. 10 mL of 

these 100 mL starter cultures were used to inoculate multiple 1 L expression cultures 

in 2 L baffled flasks. Large cultures were grown at 37°C with mild shaking until log 

growth phase was reached at OD600nm = 0.6 using a spectrophotometer (Unico). 

Protein expression was induced by the addition of 100 µM isopropyl β-S-1-

thiogalactopyranoside (IPTG) and cells incubated either for 4 hours at 37°C or 18 

hours at 18°C. Note that cells incubated at 18°C were grown at 37°C with mild shaking 

until OD600 = 0.4 was reached, cells were then transferred to an incubator at 18°C and 

induced with 20 µM IPTG once OD600 = 0.6 was reached. Following expression cells 

were harvested in 1 L centrifuge flasks using a Beckman J26 ultracentrifuge at 4000 

x g for 15 minutes prior to extraction. 
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Table 2.9 Bacterial Constructs 
 

Protein Affinity Tag 
& Cleavage 
Site 

Vector Expression 
Cells 

Source Purification 

RhoA1-181 GST-3C pMW FB810 Erika 
Soriano 

GST batch affinity, 3C 
cleavage 

RhoA1-181 
Q63L 

GST-3C pMW FB810 
pLysS 

This 
Study 

GST batch affinity, 3C 
cleavage,  anion exchange, 
SEC Superdex 75 26/300 

CLIP1701-484  His-
enterokinase 

pET14b FB810 Thomas 
Surrey 

Ni batch affinity, Co2+ 

HiTrap column, SEC 
Superdex 200 26/300 

YopM GST-TEV pGEX FB810 Miguel 
Zamora 
Porras 

GST batch affinity, TEV 
cleavage, SEC Superose 6 
10/300 

 
 
2.3.2 Insect cell expression 
 
2.3.2.1 Baculovirus generation 
 
Insect cell baculovirus transfer vectors were used to generate baculoviruses according 

to the Bac-to-Bac expression system (ThermoFisher). For transposition into the 

bacmid, baculovirus transfer vectors containing the Tn7 transposition cassette were 

incubated with electrocompetent transformed DH10BAC E. coli cells and electroporated 

as described in 2.3.1.1, 900 µL of SOC media was added followed by a 5 hour 

incubation at 37 °C. The cells were plated onto LB-agar containing 50 µg/mL 

kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracycline, 100 µg/mL X-gal and 40 

µg/mL IPTG at 37 °C for 42-72 hours. Blue-white screening is used to select 

recombinant colonies. Recombinant colonies appear white as the recombinant DNA 

is be inserted within the LacZ gene of the host and therefore is unable to produce b-

galactosidase and so will not cause the X-gal to turn blue. Non-recombinant colonies 

appear blue as the recombinant DNA has not been taken up and the LacZ gene of the 

host is intact and able to produce b-galactosidase, turning the X-gal blue. 

 
2.3.2.2 Bacmid isolation and purification 
 
A volume of 5 mL of LB media was inoculated with a single white recombinant bacmid 

colony with appropriate antibiotics and grown at 37°C overnight. The cells were 

pelleted by centrifuging at 4000 x g for 10 minutes and treated with P1, P2 and N3 

buffers from the Qiagen Spin Miniprep kit according to the manufacturer’s instructions. 

The DNA was centrifuged at 13,000 x g for 20 minutes and the supernatant transferred 



 78 

to a fresh Eppendorf tube with 900 µL isopropanol. The sample was incubated at -

20°C for 20 minutes followed by centrifugation at 13,000 x g for 15 minutes, the 

supernatant was removed without disturbing the DNA pellet and 500 µL 70% ethanol 

was added to wash the bacmid. The 70% ethanol was removed and the pellet dried 

thoroughly prior to the bacmid DNA being dissolved in 20 µL dH2O. 

 
2.3.2.3. Recombinant virus production 
 
Sf21 cells were seeded at 1 x106 cells per well in a 6-well tissue culture plate and 

allowed to settle at 27°C for 30 minutes. Bacmid DNA was sterilised using a 0.22 µm 

filter. 500 ng of sterilised bacmid DNA was resuspended in 100 µL of Sf-900 III media 

and 2 µL of Fugene HD reagent was subsequently added. The transfection mixture 

was incubated for 15 minutes at room temperature. 800 µL of media was then added 

to the transfection mixture. From the 6-well tissue culture plate media was aspirated 

from wells and replaced by the DNA and transfection reagent mix, added dropwise in 

the centre of the well. Cells were incubated overnight at 27°C in a humid box. The 

following day 1 mL media containing 10 µg/mL gentamycin was added to each well. 

Cells were incubated for a further 72 hours at 27°C in a humid box and supernatants 

collected as the Passage 1 (P1) baculovirus sample.  

 
2.3.2.4 Insect cell culture 
 
At the start of this study Sf21 cells were grown in serum-free Sf-900 III media with 10 

µg/mL gentamycin at a density of 1 x106 cells/mL. Part way through the study an 

antibiotic free protocol was adopted and for the duration of the study Sf21 cells were 

grown in serum-free Sf-900 III media at a density of 1 x106 cells/mL with optional 

addition of amphotericin B. 250-500 mL cell cultures were grown at 27°C in 2 L roller 

bottles at 120 rpm. Cell viability, density and diameter were measured using a Vi-CELL 

cell counter (Beckman Coulter) using Trypan blue. Cultures with a viability of 97% or 

higher and a cell diameter between 14-15 µM were deemed healthy and used for 

protein expression and viral amplification. Changes in these parameters such as 

reduced viability below 95%, reduced increase in cell density for example cells no 

longer doubling every 24 hours and an increased diameter between 16-21 µM are all 

indicators that cell cultures were successfully infected with baculovirus. 
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2.3.2.5 Baculovirus amplification 
 
Baculovirus’ were amplified through the sequential infection of Sf21 cell cultures. 

Passage 2 (P2) of the virus was prepared by adding 100 µL – 1 mL of P1 to infect 50 

mL cultures at 1 x106 cells/mL. Infected cultures were incubated for 84 hours at 27°C 

and 120 rpm. Infected cultures were centrifuged at 1500 x g for 15 minutes at 4°C and 

the virus containing supernatant stored in the dark at 4°C. This process was 

repeated multiple times on a larger scale, 1 – 10 mL P2 added to 250 ml cultures at 

1 x106 cells/mL, in order to propagate the virus and passages 3-5 (P3-5) were used 

to induce protein expression. The volume of virus added at each stage was 

determined empirically.  
 
2.3.2.6 Protein expression in high density insect cells 
 
Sf21 cells were grown to 10x106 cells/mL and 250 mL cultures were infected with P4 

virus stocks, the volume added was determined empirically. To each culture 12 mL 

yeastolate at 166.5 g/L (Ditco), 12 ml 50x lactalbumin solution (Sigma) and 1% glucose 

was added. The cultures were diluted up to 300 mL with Sf-900 III media containing 

10 µg/mL gentamycin. Infected cells were incubated for 84 hours at 27°C and 120 

rpm. Infected cells were harvested at 1500 x g for 15 minutes at 4°C. 
 
2.3.2.7 Protein expression in low density insect cells 
 
500 mL Sf21 cells at 1x106 cells/mL were infected with P4 baculovirus stocks, the 

amount of baculovirus added was determined empirically. Infected cells were 

incubated for 84 hours at 27°C and 120 rpm. Infected cells were harvested at 1500 x 

g for 15 minutes at 4°C. 
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Table 2.10 Baculovirus Constructs 
 

Proteins 
expressed 

PKN2 
Affinity 
Tag & 
Cleavage 
Site 

Vector Cells Source Purification 

PKN2FL_PDK1  GST-3C pFL Sf21 This Study GST batch affinity, 3C 
cleavage, anion exchange and 
or/ SEC superdex 200 26/300 

PKN2FL_PDK1
_RhoAmut  

GST-3C pFL Sf21 This Study GST batch affinity, 3C 
cleavage, SEC superdex 200 
26/300 

L489P 
PKN2FL_PDK1
_RhoAmut 

GST-3C pFL Sf21 This Study GST batch affinity, 3C 
cleavage, SEC superdex 200 
26/300 

PKN2KD_PDK1 GST-3C pFL Sf21 Robert 
Constable 

GST batch affinity, 3C 
cleavage, anion exchange, (for 
crystallisation SEC supderex 
200 10/300) 

AYPA 
PKN2KD_PDK1 

GST-3C pFL Sf21 Robert 
Constable 

GST batch affinity, 3C 
cleavage, anion exchange 

PKN2KD644-
984_PDK1 

GST-3C pFL Sf21 This Study GST batch affinity, 3C 
cleavage, anion exchange, (for 
crystallisation SEC supderex 
200 10/300) 

(All PDK1 constructs used in this study were full length (residues 1-556) and all 
RhoA constructs were C-terminally truncated and comprised residues 1-181). 
 
 
Table 2.11 Baculovirus Infections 
 

Baculovirus Infection Optimised infection volume 
PKN2FL_PDK1  High Density 8 mL per 250 mL cells 
PKN2FL_PDK1_RhoAmut  Low Density 1 mL per 500 mL cells 
L489P PKN2FL_PDK1_RhoAmut Low Density 1 mL per 500 mL cells 
PKN2KD_PDK1 Low Density 2 mL per 500 mL cells 
AYPA PKN2KD_PDK1 Low Density 2 mL per 500 mL cells 

 
2.3.3 HEK cell expression 
 
2.3.3.1 HEK cell culture and transfection 
 
Suspension Freestyle HEK 293 cells were passaged at least 3-5 times before 

transfections and were not used for transfections after 20-30 passages. Cells must be 

>90% viable prior to transfections. Cells were sub-cultured at 1-3x106 cells/mL by 

vortexing for 10-30 seconds followed by dilution with pre-warmed Freestyle media to 

0.1-0.3x106 cells/mL. Alternatively cells were harvested at 100 x g for 5 mins at 4°C 

and the pellet resuspended in pre-warmed Freestyle media. Cells were grown in 

suspension polypropylene conical flasks at a volume not exceeding 30% of the total 
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volume of the flask. Cells were incubated in a 37°C incubator containing humidified 

atmosphere of 8% CO2 in air on an orbital shaker platform rotating at 125 rpm. 
 
2.3.3.2 Small scale transient HEK cell transfection 
 
A total of 1 µg DNA was required per 1x106 cells for transfections. For small scale 

transfections 30 mL Freestyle HEK 293 cells at 1x106 cells/mL were transfected with 

30 µg purified plasmid DNA.  90 µL polyethylenimine (PEI) (Ployscience) at 1 mg/mL 

was added to 410 µL Optimem  and incubated for 5 minutes at room temperature. 30 

µg of plasmid DNA of interest was made up to 500 µL with Optimem. PEI and DNA 

solutions were mixed and incubated for 20-30 minutes at room temperature. The PEI 

and DNA mixed solution was then added to the cells. Cells were harvested after 96 

hours incubation at 37°C and 125 rpm with 8% CO2 . 
 
2.3.3.3 Large scale transient HEK cell transfection 
 
For large scale transfections 200 mL Freestyle HEK 293 cells at 1x106 cells/mL were 

transfected with 200 µg purified plasmid DNA.  600 µL PEI at 1 mg/mL was added to 

9.4 mL Optimem (ThermoFisher) and incubated for 5 minutes at room temperature. 

200 µg of plasmid DNA of interest was made up to 10 ml with Optimem. PEI and DNA 

solutions were mixed and incubated for 20-30 minutes at room temperature. The PEI 

and DNA mixed solution was then added to the Freestyle cells. Cells were harvested 

after 96 hours incubation at 37°C and 125 rpm with 8% CO2 . 
 
Table 2.12 HEK Cell Constructs 
 

Protein  Affinity 
Tag & 
Cleavage 
Site 

Vector Cells Source Purification 

CLIP1701-
480 

Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

CLIP170FL Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

PDK1FL  pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

PDK1FL 
D205A 

 pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

PDK1FL 
D205N 

 pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 
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PDK1FL 
D223A 

 pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

PKN2FL  Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

PKN2FL His-TEV pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Nickel batch affinity, imidazole 
elution, SEC superpose 6 
10/300 

PKN2FL 
L489P 

Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

PKN2FL 
T816A  

Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

Rac11-182 
Q61L 

His-TEV pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

RhoA1-181 
Q63L 

 pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

RhoB1-180 
Q63L 

 pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

RSK1 Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

RSK1  pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Co-expression and pulldown 

RSK1 His-TEV pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Nickel batch affinity, imidazole 
elution, SEC superpose 6 
10/300 

YopM Strepx2-
TEV 

pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Strep batch affinity, 
desthiobiotin elution, SEC 
superpose 6 10/300 

YopM His-TEV pcDNA3.1 
(+) 

Freestyle 
293 

This 
Study 

Nickel batch affinity, imidazole 
elution, SEC superpose 6 
10/300 

 
2.4 Protein Purification 
 
Buffers used throughout protein purification are listed in Table 2.13. 

Table 2.13 Protein Purification Buffers 
Buffer Composition/Source 
CLIP170 
Optimisation Lysis 
Buffer 

50 mM potassium phosphate pH 7.5, 50 mM NaCl, 1 mM MgCl2, 1 mM 
b-mercaptoethanol, protease inhibitor cocktail tablet (1 tablet per 50 mL 
buffer) 

CLIP170 
Optimisation Lysis 
Buffer 

50 mM  potassium phosphate pH 7.5, 50 mM NaCl, 1 mM MgCl2, 1 mM 
b-mercaptoethanol, protease inhibitor cocktail tablet (1 tablet per 50 mL 
buffer) 

Cryo Buffer  20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 
0.01% CHAPS 

Cryo Lysis Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol, 0.1% CHAPS, protease inhibitor cocktail tablet (1 tablet per 50 
mL buffer) 

Cryo Working Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol, 0.1% CHAPS 

Crystallisation Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP 
General Lysis Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 

glycerol, protease inhibitor cocktail tablet (1 tablet per 50 mL buffer) 



 83 

General Working 
Buffer 

20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol 

High Salt Buffer 20 mM HEPES pH 7.5, 1 M NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol 

Initial Trial Lysis 
Buffer 

20 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 10 mM 
Benzamidine, 5 mg/100 mL AEBSF 

Initial Trial Working 
Buffer 

20 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM TCEP 

Low Salt Buffer 20 mM HEPES pH 7.5, 50 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol 

Nickel Elution Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol, 200 mM imidazole 

Nickel Wash Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, 1 mM MgCl2, 5% 
glycerol, 20 mM imidazole 

 
2.4.1 Protein extraction 
 
Cell pellets were resuspended in appropriate lysis buffer at 4 °C as follows; 20-30 mL 

buffer per litre of culture for E. coli and Sf21 cells and 14 mL buffer per 200 mL HEK 

cell culture. Cell suspensions were sonicated on ice (MSE Soniprep 150) with 3 x 30 

second pulses (bacterial cells) 3 x 15 second pulses (insect and mammalian cells) 

with a 30 seconds pause between each pulse. In order to pellet insoluble cell debris 

lysates were centrifuged at 20,000 rpm for 1 hour at 4°C, the clarified supernatant 

was collected and retained for batch affinity purification.  
 
2.4.2 Batch affinity purification 
 
Nickel nitrilotriacetic acid (Ni-NTA), glutathione sepharose 4b (GST) and strep-tactin 

(SII)  affinity resins were used to purify tagged recombinant protein from cell lysates. 

0.3 mL of resin per litre of culture was washed in lysis buffer, added to clarified cell 

lysates and incubated for 1-3 hours rotating at 4°C. Protein-bound resin was  

separated from the lysate in a filter syringe or column using a vacuum pump and 

washed extensively with a minimum of 5 column volumes of working buffer.  

 

All GST tagged protein constructs harboured a 3C protease site following the GST 

tag. Washed protein-bound GST resin was resuspended in 4-5 mL working buffer and 

recombinant 3C protease was added at 100 µg per mL of resin and incubated 

overnight rotating at 4°C. Subsequently the cleaved protein was collected using a PD 

10 desalting column fitted with an Empore SPE C18 disk filter to separate from the 

unbound resin. 
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Washed protein-bound SII resin was resuspended in working buffer with 3 mM d-

desthiobiotin at a 2:1 buffer:resin ratio and incubated for 15 minutes at 4°C. Samples 

were centrifuged for 5 minutes at 400 x g at 4°C and the eluted protein was collected 

by removing the supernatant.  

 

Washed protein-bound Ni-NTA resin was washed with a further 5 column volumes of 

nickel-NTA wash buffer and resuspended in nickel-NTA elution buffer at a 2:1 

buffer:resin ratio and incubated for 15 minutes at 4°C. Samples were centrifuged for 5 

minutes at 400 x g at 4°C and the eluted protein was collected by removing the 

supernatant. Following elution with imidazole containing nickel-NTA elution buffer 

samples were buffer exchanged into working buffer using a slide-A-lyzer 2kDa cut-off 

dialysis cassette in 2 L of working buffer overnight at 4°C. 

 

Alternatively SII or Ni-NTA bound protein was eluted by cleavage of a protease site 

between the tag and protein sequence in which case protein-bound resin was 

resuspended in working buffer at a 2:1 buffer:resin ratio, recombinant protease added 

at 100 µg per mL of resin and incubated overnight rotating at 4°C. Eluted protein was 

collected by centrifugation and removing supernatant or using a PD 10 column with 

filter. All eluted protein samples were passed through a 0.22 µm PES filter unit and 

then centrifuged at 17,000 x g in a benchtop centrifuge prior to column purification to 

remove large molecular weight aggregates. 

 

2.4.3 Column purification  
 

All column purification steps were carried out using the ÄKTA Pure FPLC system (GE 

Healthcare) at 4°C.  
 
2.4.3.1 Anion exchange chromatography 
 
Anion-exchange chromatography was carried out using a 1 mL or 5 mL HiTrap Q HP 

column (GE Healthcare) using flowrates of 1 mL/min or 2 mL/min respectively for 

sample application, washing and elution. Columns were washed with 3-5 column 

volumes of low salt buffer followed by 3-5 column volumes of high salt buffer. Columns 

were equilibrated with 3-5 column volumes of low salt buffer. Protein samples were 

diluted to 50 mM NaCl, loaded into a 10 mL capillary loop and injected onto the column. 
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At pH 7.5 in 50 mM NaCl protein samples of interest bound the heparin matrix and 

unbound material was discarded. At least 5 column volumes of low salt buffer were 

used to wash the sample-bound column until the UV absorbance at 280nm returned to 

baseline. A salt gradient was then run from 50 mM to 500 mM NaCl over 8-10 column 

volumes eluting the sample. A short salt gradient was then run from 500 mM to 1 M 

NaCl to ensure all bound material was removed from the column.  Fractions were 

collected throughout loading and elution. Fractions were analysed via SDS-PAGE. 

Peak fractions were pooled and diluted to 100 mM NaCl then concentrated using an 

appropriate molecular weight cut off Vivaspin concentrator prior to downstream use or 

further purification.  
 
2.4.3.2 Cobalt-HiTrap affinity chromatography 
 
Supernatant from lysed cells containing His-Clip1701-484 protein was applied to a 5 mL 

HiTrap chelating column (GE Healthcare) loaded with Co2+ using a peristaltic pump. 

The column was prepared by washing with 3 column volumes of dH2O followed by 3 

column volumes 0.5 M CoCl2, followed by 3 column volumes working buffer. 

Application of lysate to the column was followed by 3 column volumes of buffer with 

8.5 mM imidazole. To elute the protein the column was attached to the ÄKTA pure 

system and a gradient of buffer containing imidazole from 20 mM to 300 mM was 

applied over 10 column volumes and fractions collected. Protein was analysed by 

SDS-PAGE and CLIP170 containing fractions were pooled and concentrated using a 

Vivaspin concentrator prior to size exclusion chromatography. 

 
2.4.3.3 Size exclusion chromatography (SEC) 
 
Protein solutions from affinity purification were applied to the appropriate columns 

using the parameters stated in Table 2.13. All columns were pre-equilibrated with 1.5-

2 column volumes of the appropriate gel filtration buffer, samples were injected and 

subsequently buffer was applied at the given flowrate for the total volume of the 

column. Eluted protein was detected by absorbance at 280 nm and fractions were 

collected in a 96 deep well block. 
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Table 2.14 Size Exclusion Chromatography Column Parameters 
Column (GE Healthcare) Column Bed 

Volume mm 
Total Volume 
mL 

Volume Sample 
Loaded 

Flow Rate 
mL/min 

Superdex 200  26/300 150  2-5 mL 2  
Superdex 75  26/300 150 2-5 mL 2 
Superdex 200 increase 10/300 24 500 µL 0.5 
Superdex 75 increase 10/300 24 500 µL 0.5 
Superose 6 increase 10/300 24 500 µL 0.5 

 
2.4.4 In vitro complex assembly and stabilisation 
 
2.4.4.1 Batch BS3 crosslinking 
 
Preparation of homogeneous dimeric full length PKN2 that had been co-expressed 

with PDK1 and RhoAmut was optimised resulting in the following protocol. Purified 

PKN2 (affinity chromatography followed by size exclusion chromatography using cryo 

lysis buffer and cryo working buffer) was concentrated to 0.3-0.5 mg/mL using a 

Vivaspin concentrator. Concentrated protein was transferred to a fresh tube and 

bis(sulfosuccinimidyl)suberate (BS3) was added to the protein at a final concentration 

of 2.5 mM and incubated for 2 hours at 4°C or for 30 minutes at room temperature. 

The crosslinking reaction was quenched with Tris pH 7.5 at a final concentration of 20 

mM. Crosslinked protein was then concentrated to 500 µL and loaded onto a Superdex 

200 increase column pre-equilibrated with cryo buffer. Dimeric PKN2 fractions were 

verified by SDS-PAGE. Dimeric fractions were only concentrated prior to EM grid 

preparation if necessary.  

2.4.4.2 Multi-protein complex formation 
 
Multi-protein complexes were formed by affinity chromatography pull downs following 

either; co-expression in cells, incubation of separately expressed protein lysates, or 

incubation of separately purified protein with separately expressed protein lysates. For 

co-expression of protein complexes proteins were transfected with a 1:1 ratio of 

plasmid DNA in Freestyle293 cells. Lysates were incubated together at a ratio of 1:1 

and lysates incubated with purified protein were incubated at a ratio of 2:1 lysate to 

purified protein. Table 2.14 outlines protocols for each multi-protein complex 

formation. Following complex formation samples were taken forward for further 

purification by size exclusion chromatography or gradient fixation. 
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Table 2.15 Successful Multi-protein Complex Formation Protocols 
Protein Complex Complex Formation Method 
 Strepx2-TEV PKN2FL - 
Strepx2-TEV YopM 

Co-expression in Freestyle293 cells > Strep batch affinity > 
desthiobiotin elution > GraFix with glutaraldehyde and BS3 > 
dialysis 

Strepx2-TEV PKN2FL – His-
TEV YopM 

Co-expression in Freestyle293 cells > Strep batch affinity > 
desthiobiotin elution > Nickel affinity > Imidazole elution> GraFix 
with glutaraldehyde and BS3 > dialysis 

His-TEV PKN2FL – Strepx2-
TEV YopM 

Co-expression in Freestyle293 cells > Strep batch affinity > 
desthiobiotin elution > Nickel affinity > Imidazole elution> GraFix 
with glutaraldehyde and BS3 > dialysis 

His-TEV PKN2FL- GST YopM 
– Strepx2-TEV RSK1 

Separate protein expression: 200 mL culture GST-YopM in E. 
coli, 2 L culture His-PKN2FL and 1 L Strepx2-RSK1 separately in 
Freestyle293 cells. 
GST batch affinity of bacterial YopM > wash YopM-bound GST 
beads > incubation of His-PKN2FL and Strepx2-RSK1 lysates to 
YopM-bound GST beads > Strep affinity > desthiobiotin elution 
> and/or Nickel affinity and imidazole elution > GraFix with 
glutaraldehyde and BS3 > dialysis 

 
2.4.4.3 Gradient fixation (GraFix) 
 
In order to separate complexes by molecular weight and to stabilize complexes with 

gradual addition of chemical crosslinker, GraFix was performed. 4 mL 5% - 30% (w/v) 

continuous gradients of glycerol containing 0.1% (v/v) glutaraldehyde crosslinker were 

prepared. 2 mL of the 5% glycerol solution was mixed  with 2 mL of the 30% glycerol 

solution containing crosslinker, both prepared in working buffer, using a gradient mixer 

(BioComp Instruments). The gradients and the rotor to be used for ultracentrifugation 

were pre-cooled at 4°C for 1 hour. 125 µL purified protein complex was loaded onto 

the glycerol gradient. The sample was purified via density gradient ultracentrifugation 

at 4°C in an SW55 Ti rotor (Beckman Coulter) for 16 hours at 33,000 rpm. The gradient 

was then manually fractionated in 150 µL aliquots into a 96 deep well block containing 

20 µL 1 M Tris pH 7.5 in order to quench and neutralise the crosslinker. Fractions were 

analysed using SDS-PAGE. Fractions containing complex of interest were buffer 

exchanged via dialysis or gel filtration and concentrated if necessary prior to EM 

sample preparation. For double crosslinking experiments BS3 was added to the 30% 

glycerol solution at a final concentration of 5 mM. 

 
2.4.5 Antibody purification 
 
Specific antibodies were generated against peptide immunogens by Pettingil 

Technologies. In order to purify the specific Clip170 phospho-Ser 312 antibody (α-

pCLIP)  from the harvested bleeds from rabbit. Specific resins were prepared for 
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affinity purification. Peptides were designed to have terminal cysteine residues 

followed by the epitope sequence that was used to generate the pAb antibody. Both 

phospho- and non-phospho peptides were designed: Clip170 1phos CSLKRSP(pS)A 

and Clip170 unphos CSLKRSPSA. The SulfoLink Immobilization Kit for Peptides, 2 

mL (ThermoFisher cat no. 44999) was used to prepare the two resins, phospho and 

non-phospho, according to the manufacturer’s instructions. Iodoacetyl groups of the 

SulfoLink Resin react specifically with exposed sulfhydryls from reduced cysteine 

residues of the peptides to form covalent, irreversible thioester bonds that permanently 

attach the peptide to the resin. The harvest rabbit bleed of the α-pCLIP antibody was 

diluted with PBS and in order to remove any non-specific non-phospho antibody was 

first applied to the custom made non-phospho resin as per the manufacturer’s 

instructions. The flow through was collected and subsequently applied to the custom 

made phospho resin and purified as per the manufacturer’s instructions. The purified 

antibody was buffer exchanged by dialysis or gel filtration and concentrated using a 

Vivaspin concentrator. The antibody was aliquoted and stored at -20°C.  

 
2.5 Protein Analysis 
 
2.5.1 SDS-PAGE 
 

Proteins were visualised by denaturation and separation by molecular weight using 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Protein 

samples were incubated with 4x SDS-PAGE loading buffer and denatured by heating 

to 98°C for 5 minutes prior to loading. Samples were loaded into 4-12 % acrylamide 

pre-cast Bolt Bis-Tris Plus gels (ThermoFisher) and run at 200 V for 22 minutes in 

MOPS running buffer. Cross-linked protein samples were loaded into NuPage 3-8% 

Tris-Acetate gels and run at 150 V for 60 minutes in TAE running buffer. Spectra BR 

molecular weight standards were run alongside the protein samples. Gels were 

stained by incubation with QuickStain Coomassie followed by de-staining in dH2O 

overnight. 

 

2.5.2 Silver stain 
 
Low levels of protein were visualised by silver staining using the Pierce Silver Stain 

Kit (ThermoFisher cat no. 24612) according to the manufacturer’s instructions. 
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2.5.3 Western blot 
 
Protein samples were run on an SDS-PAGE gel and transferred to a PVDF membrane 

via wet transfer or via dry transfer using the iBlot 2 (ThermoFisher) as per 

manufacturer’s instructions. For wet transfer the PVDF membrane was activated by 

incubation with methanol for 1 minute, washed in transfer buffer and assembled into 

a sandwich as follows: cathode, sponge, filter paper, gel, membrane, filter paper, 

sponge, anode using the transfer cassette (BioRad). The cassette was placed in the 

transfer tank (BioRad), filled with transfer buffer and transferred at  100 V for 90 

minutes at 4°C. Following transfer the PVDF membrane was blocked in blocking 

buffer at room temperature for 1 hour then incubated with primary antibody diluted 

as appropriate in blocking buffer for 1 hour at room temperature or overnight at 4°C 

with mild shaking. The membrane was then washed at least 3 times for 5 minutes 

with TBST followed by incubation with appropriate secondary antibody prepared in 

blocking buffer for 1 hour at room temperature with mild shaking. Membranes were 

subsequently washed again at least 3 times for 5 minutes with TBST. For HRP-

conjugated secondary antibodies the membrane was incubated for 1 minute with 

Enhanced Chemiluminescence (ECL) reagents mixed 1:1, 1 mL applied per 

membrane. Chemiluminescent signal was imaged by exposing membrane to 

Amersham Hyperfilm ECL photographic film and developing the film. For 

fluorescently-conjugated secondary antibodies signals were detected digitally using 

the LI-COR Odyssey system according to manufacturer’s instructions.  
 
2.5.4 Measurement of protein concentration 
 
Protein concentrations were measured in one of two ways; either using a Nanodrop 

1000 spectrophotometer (ThermoFisher) or using a Bradford protein assay [221]. 

Nanodrop concentrations were calculated based upon the absorbance at 280 nm 

(A280) measurement using protein molecular weights and extinction coefficients 

specific for each sample. Bradford solution was prepared by diluting the stock reagent 

1:5 with dH2O. 15 µL protein sample was added to 750 µL in a 1.5 mL cuvette and 

optical density at 595 nm (OD595) was measured using a spectrophotometer (Unico). 

OD595 readings were compared to a standard curve generated from OD595 values of 
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known concentrations of  protein standard Bovine Serum Albumin (BSA) and 

concentration determined. 
 
2.5.5. Thermal shift assay 
 

Thermal shift assays were carried out using SYPRO-orange protein stain which 

fluoresces upon binding to hydrophobic residues, exposed when proteins unfold, at a 

200-fold dilution from the manufacturers stock provided. 1 µL of 2-fold diluted stock 

dye was mixed with 12 µL of 2X protein kinase solution at 0.1-0.2 mg/mL and 12 µL 

of 2X inhibitor solution (such that the final inhibitor concentration was a 10-fold molar 

excess of the kinase solution). All dilutions were prepared in TBS. The 25 µL reaction 

was prepared in a MicroAmp optical 96-well quantitative PCR (qPCR) plate. 

Samples were heated from room temperature to 98°C over 30 minutes using the 

Applied Biosystems 750 Fast qPCR machine (ThermoFisher). SYPRO-orange 

fluorescence at 470 nm excitation and 570 nm emission was measured. Raw melt 

curve data was exported and fluorescence curves were generated by plotting the 

derivative value against temperature using GraphPad Prism7 (GraphPad Software, La 

Jolla, CA). Melting temperatures were determined from the inflection point of the curve.  

 

2.5.6 SEC MALLS 
 

Size exclusion chromatography coupled to multi angle laser light scattering (SEC-

MALLS) was used to determine the molecular weight of protein samples in solution. 

100 µL protein sample at 2-3 mg/mL was pre-incubated for 30 minutes at 4°C with 3-

fold molar excess of ATPgS or peptide of interest. The sample was injected onto a 

Superose 6 increase 10/300 column using an ÄKTA purifier system (GE Healthcare). 

The ÄKTA was coupled to an Optilab T-rEX (Wyatt Technology) that measures the 

differential refractive index, a DAWN HELEOS II (Wyatt Technology) MALLS detector 

and a UV-900 spectrophotometer (GE Healthcare). The data generated from the 

simultaneous measurement of elution volume and anisotropic light scattering enables 

the accurate calculation of molecular weight. Data analysis was carried out using the 

Astra VI software package (Wyatt Technology). 

 



 91 

2.5.7 Phosphoinositide (PIP) nitrocellulose strips 
 
PIP Strips (Echelon Biosciences Ltd) are 2 cm x 6 cm nitrocellulose membranes 

containing 100 pmol samples of 15 different phospholipids and were used to test the 

ability of various PKN2 constructs to bind to defined membrane lipids in particular 

phosphoinositides. First 2 µL of protein sample was spotted onto a blank area of the 

membrane and allowed to dry completely. Membranes were blocked using TBST with 

3% BSA for 1 hour at room temperature with gentle agitation. Membranes were then 

incubated with 5 mL of desired protein solution at 0.5 µg/mL prepared in TBST with 

3% BSA overnight at 4°C with gentle agitation. Membranes were subsequently 

washed at least three times for 5 minutes each with TBST. Washed membranes were 

incubated with appropriate dilution of primary antibody prepared in TBST with 3% BSA 

for 1 hour at toom temperature. Membranes were washed again as before. Washed 

membranes were incubated with appropriate dilution of secondary antibody prepared 

in TBST with 3% BSA for 1 hour at toom temperature. Membranes were washed again 

as before and subsequently imaged as described for western blotting. 

 
2.6 Measurement of Kinase Activity 
 
2.6.1 PamGene PamChip array 
 
The serine/threonine kinase assay was performed on the PamGene12 station 

(PamGene International B.V.) according to the manufacturer’s instructions. The 

PamChip 96 serine/threonine peptide microarray contains 144 peptide substrates 

representing 100 different proteins. Each consisting of 13 - 14 amino acids with 

serine/threonine residues for phosphorylation. The purified PKN2 kinase reaction 

mixture is actively pumped through the arrays to allow contact with the reactive surface 

for enzymatic reaction with the peptide substrates. Substrate phosphorylation levels 

are determined by measuring the fluorescence of bound labelled anti-

phosphoserine/threonine antibody. Spot images are recorded after every fifth 

completed pumping cycle by a CCD-camera until the reactions are terminated. Images 

were inspected visually, image analysis (gridding and spot quantitication) were 

performed using Bionavigator software (PamGene International B.V.). Arrays were 

blocked with 2% BSA and a total of 1 μg of purified recombinant PKN2 kinase domain 

was used, the ATP concentration was 100 μM in a total assay volume of 40 μL. 
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Experiments were performed in triplicate. Images of the arrays were captured over 60 

min of incubation, after a washing step. 

  

Visualization of the data and quantification of the array images were performed using 

BioNavigator. BioNavigator automatically grids images taken by the PamStation and 

quantifies the signal and background of each peptide spot, providing a signal minus 

background value throughout the incubation at multiple exposure times. These values 

were combined into one value for each time point. For the serine/threonine kinase 

assay, peptides having a signal above the background in more than 80% of the arrays, 

i.e., 126/144 peptides were retained for the analysis. Values were log2-transformed for 

visualization. 

 
2.6.2 In vitro phosphorylation 
 
A total reaction volume 165 µL was prepared at 4°C containing 450 µM ATP, 1 mM 

MgCl2, 14 μM CLIP1701-484, and either 5 µM, 50 nM or 500 nM PKN2KD. 10 µL samples 

were taken at; 0 min, 1 min, 5 min, 15 min, 30 min, 1 hour, 2 hours, 4 hours and 24 

hours time points then quenched with 3 mM EDTA and 4X SDS loading buffer. 10 µL 

of each sample was loaded onto 4-12% Bis-Tris gels, bands were dissected and 

trypsin digested, LC-MS/MS was run on all samples in triplicate. Data analysis was 

performed using the MaxQuant bioinformatics suite and a spectral library was 

generated in the format of a Skyline document.  
 
2.6.3 ParM ADP-coupled in vitro kinase assay 
 
In order to robustly measure kinase activity the ParM partitioning system of plasmid 

R1, protein M (ParM) assay [222] was used, a fluorescence based activity assay that 

detects ADP production. ADP production is monitored by its binding to 

tetramethylrhodamine-labelled ParM prepared in the lab. Upon ADP binding ParM 

undergoes a conformational change which leads to the activation of the fluorescent 

label. ParM used in this assay was expressed, purified and labelled by Mr Phillip 

Knowles. To measure catalytic constants the concentration of peptide substrates were 

varied from 0 to 1000 µM and kinase concentrations were kept constant (0.01 µM for 

PKN2 kinase domain and 0.03 µM for PKN2 full length). Reaction mixtures of 20 µl or 

40 µl were prepared with peptide substrate and kinase concentrations specified, 500 
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µM ATP and 0.25 ParM. Reactions were prepared in black flat bottom 384 well plates 

(3575, Corning) and measured using a CLARIOstar plate reader (BMG Labtech) using 

an excitation wavelength of 553 nm and an emission wavelength of 557 nm. 

Fluorescence was measured every 10 seconds over at least 15 minutes.  To calibrate 

the fluorescence signal 0.25 µM ParM was titrated with ADP from 0 to 10 µM in the 

presence of 500 µM ATP, the slope was calculated from a linear regression analysis 

and was used to calibrate all data. The linear range for each substrate concentration 

was used to determine the reaction rate. Reaction rate vs substrate concentration 

graphs were plotted in GraphPad Prism7 (GraphPad Software, La Jolla, CA)  and non-

linear regression analysis performed using the Michaelis–Menten equation to 

determine the kinetic parameters. All reactions were prepared in ParM Buffer; 25 mM 

Tris pH 7.5, 25 mM KCl, 0.5 mM TCEP, 5 mM MgCl2, 5 µM BSA. 

 

When using the ParM assay to determine 50% inhibitory concentration (IC50) values 

of small molecule inhibitors reactions were carried out as above with inhibitor 

concentration varied from 0 to 1 mM, kinase concentrations were kept constant (0.01 

µM for PKN2 kinase domain and 0.03 µM for PKN2 full length) with 250 µM peptide 

substrate, 250 µM ATP and 0.25 µM ParM. Curve fitting was performed with GraphPad 

Prism (GraphPad Software, La Jolla, CA) using a nonlinear regression equation for 

variable slope sigmoidal dose-response to estimate IC50 values. 

 
2.6.4 Development of indirect enzyme-linked immunosorbent assay (ELISA) assay to 
detect phosphorylation of a biotinylated peptide with endogenous PKN2 
 
Table 2.16 Buffers used for ELISA development and endogenous PKN2 
preparation 
 

Buffer Composition/Source 
Brain Lysis Buffer 20 mM HEPES pH 7.5, 120 mM NaCl, 5 mM EDTA, 0.5 mM TCEP, 

0.25% IGEPAL/NP40, phosphatase and protease mini tablets (1 each 
per 10 mL buffer) 

Low Salt Buffer 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.5 mM TCEP 
High Salt Buffer  20 mM HEPES pH 7.5, 525 mM NaCl, 5 mM EDTA, 0.5 mM TCEP 
Anion Exchange Low 
Salt Buffer 

20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.5 mM TCEP, 5% 
glycerol 

Anion Exchange 
High Salt Buffer 

20 mM HEPES pH 7.5, 1 M NaCl, 5 mM EDTA, 0.5 mM TCEP, 5% 
glycerol 

Zero Salt Buffer 20 mM HEPES pH 7.5, 5 mM EDTA, 0.5 mM TCEP 
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2.6.4.1 Preparation of PKN2 enriched mouse brain lysate  
 
Brains were harvested from adult PKN1/3 knockout, PKN1 knockout, PKN3 knockout 

and WT mice, snap frozen in liquid nitrogen and stored at -80°C. All mouse work was 

performed by Jacqui Marshall (Protein Phosphorylation Laboratory, Francis Crick 

Institute). Mice selected for harvest were destined for humane cull, so our use of these 

tissues was consistent with the Crick’s commitment to the 3Rs. All animal maintenance 

and experimentation was subject to ethical review by the Francis Crick Animal Welfare 

and Ethical Review Body and regulation by the UK Home Office project licences 

70/8066 and P166DEA89. 
 

Initially brains were thawed on ice and washed in ice cold PBS followed by dicing with 

a sterile scalpel and transfer to a Potter homogeniser. 1-2 mL lysis buffer per brain 

was added to the homogeniser and the tissue was homogenised on ice. Homogenates 

were sonicated on ice twice for 10 seconds with a 30 second break in between. 

Homogenates were transferred to 2 mL Eppendorf tubes and centrifuged for at 4°C 

for 15 minutes at 17,000 x g. Supernatant was removed, diluted to 40 mM NaCl and 

centrifuged at 4000 x g for 5 minutes at 4°C. Samples were loaded in a 10 mL loop 

and injected onto a 1 mL Q HiTrap column and anion exchange was carried out as 

described previously and at a reduced flow rate of 0.5 mL/min. 1 mL fractions were 

collected throughout the load and 250 µL fractions were collected throughout the 

gradient. 100 µL samples were taken from each fraction for analysis via western blot. 

Deep well blocks containing fractions were frozen on dry ice and stored at -20°C.  
 
2.6.4.2 In vitro phosphorylation of biotinylated CLIP170 peptide prior to ELISA 
 
Kinase assays prior to the ELISA were carried out in Corning 96-well black flat bottom 

polystyrene non-binding surface microplates before quenched reactions were 

transferred to streptavidin coated plates for detection of CLIP170 phosphorylation 

using a specific phospho-CLIP170 antibody. Plates were blocked with TBS with 3% 

BSA at room temperature for 30 minutes with gentle agitation. Plates were washed 

once with 200 µL per well low salt buffer. Biotinylated CLIP170 peptide was prepared 

in zero salt buffer at 62.5 µM, 80 µl was added to each well giving a final peptide 

concentration of 50 µM in a 100 µL reaction. Purified PKN2 was prepared in high salt 

buffer at 200 nM, 15 µL kinase was added to each well giving a final concentration of 
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30 nM in a 100 µL reaction. MgATP was prepared in zero salt buffer at 200 mM MgCl2 

and 10 mM ATP, 5 µL MgATP was added to each well giving a final concentration of 

10 mM Mg and 500 µM ATP in a 100 µL reaction. At various time points 20 µL of 500 

mM EDTA was added to quench kinase reactions. Quenched reactions were 

subsequently transferred to pre-blocked streptavidin coated plates for antibody 

detection as described below.  
 
2.6.4.3 Optimised  ELISA protocol 
 
An ELISA was designed using a CLIP170 peptide that was biotinylated and could be 

tethered to a streptavidin surface, phosphorylation of CLIP170 was detected by 

binding of a specific antibody followed by binding of a fluorescent secondary antibody. 

The peptide was first exposed to PKN2 and Mg-ATP as per the kinase assay 

described in 2.6.3.2.   

 

Pierce streptavidin high binding capacity coated 96-well black plates were blocked 

with 200 µL per well TBS with 3% BSA at room temperature for 30 minutes with gentle 

agitation. Reaction mixtures containing biotinylated CLIP170 peptide were transferred 

to the blocked plate and incubated for 2 hours at room temperature with gentle 

agitation. Following peptide binding reaction mixtures were removed and wells 

washed with 200 µL high salt buffer two times, followed by 200 µL TBST with 3% BSA 

three times. Primary antibody CLIP170 pS312 was prepared at a 1:1000 dilution in 

TBST with 3% BSA and 100 µL per well was incubated overnight at 4°C with gentle 

agitation. Primary antibody was removed and plates were washed with 200 µL TBST 

per well five times. Fluorescent secondary antibody (Alexa488 donkey anti-rabbit) was 

prepared at a 1:5000 dilution in TBST with 3% BSA and 100 µL per well was incubated 

for 1-2 hours at room temperature with gentle agitation. Wells were subsequently 

washed with 200 µL high salt buffer two times, followed by 200 µL TBS three times. 

Fluorescent signal was then detected in each well, expressed in relation fluorescent 

units (RFU) using a Safire2 plate reader (Tecan Group Ltd). Top-read fluorescence 

detection was performed using monochromator excitation/emission settings of 

483/525 nm (10 nm bandwidths). 
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2.6.4.4 Alternative secondary antibody detection in optimised ELISA protocol 
 
The optimised ELISA was carried out as described in 2.6.3.3 with the following 

adaptations. First, Pierce streptavidin high binding capacity coated 96-well clear plates 

were used instead of black plates. Second, HRP-conjugated anti rabbit secondary 

antibody was used instead of fluorescent secondary antibody. The HRP secondary 

antibody signal was detected using 3,3’,5,5’-tetramethylbenzidine (TMB) substrate, 

which upon reaction with HRP becomes oxidised and yields a blue product that 

absorbs at 370-652 nm. 100 µL TMB substrate was added to each washed well and 

incubated for 15-30 minutes. Optical absorbance readings were taken at 650 nm using 

a Safire2 plate reader (Tecan). 
 
2.6.4.5 Alternative ELISA protocol with tethering of primary antibody  
 
An alternative approach to the ELISA was designed in which phospho-CLIP170 

specific antibody was biotinylated and could be tethered directly to the streptavidin-

coated surface. Phosphorylated CLIP170 peptide would bind the specific tethered 

antibody when incubated. The CLIP170 peptide used in this assay was fluorescently 

labelled with CY5, allowing  direct detection of phosphorylated CLIP170. The peptide 

was first exposed to kinase of interest, PKN2, in the kinase assay described in 2.6.3.2.   

 

Pierce streptavidin high binding capacity coated 96-well black plates were blocked 

with 200 µL per well TBS with 3% BSA at room temperature for 30 minutes with gentle 

agitation. 100 µL biotinylated primary antibody pCLIP at 0.25 µM was added to each 

well and incubated for 1 hour at room temperature. Following binding wells were 

washed with 200 µL high salt buffer two times, followed by 200 µL TBST with 3% BSA 

three times. A total volume of 100 µL fluorescently labelled CY5-CLIP170 peptide was 

added to each well at varied concentrations and incubated for 1 hour at room 

temperature. Following binding wells were washed with 200 µL high salt buffer two 

times, followed by 200 µL TBST with 3% BSA three times. Fluorescent signal was 

then detected in each well, expressed in relation fluorescent units (RFU) using a 

CLARIOstar plate reader (BMG Labtech). Top-read fluorescence detection was 

performed using monochromator excitation/emission settings of 610-30/675-50 nm. 
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2.7 Negative Stain Electron Microscopy (EM) 
 
2.7.1 Grid preparation and imaging 
 

To prepare negatively stained grids, quantifoil 1.2/1.3 µm grids (Quantifoil Microtool 

GmBH) coated with a thin layer of carbon were negatively glow-discharged at 45 

mAmp for 60 seconds (PELCO EasiGlow). 4 µL sample was applied to the carbon 

coated side of the grid and incubated for 1-2 minutes and subsequently stained with 

2% (w/v) uranyl acetate (Agar Scientific). Stained grids were then gently blotted and 

left to dry. Grids were imaged using a Tecnai T12 Spirit (FEI) electron microscope 

operated at 120 kV. Images were collected with a defocus range of -800nm to –1.2 

µm on an Orius SC 2000 x 2000 CCD (Gatan) at 42,000 x magnification with a pixel 

size of 2.46 Å/pixel.  
 
2.7.2 Negative stain data processing 
 
All processing was carried out using Relion unless otherwise stated. Particles were 

manually picked, extracted with an appropriate box size, then normalised. The 

particles underwent 2D classification with user specified number of classes and mask 

diameter. Eight representative classes were selected as templates for autopicking. 

Autopicking parameters were optimised and subsequent particles extracted. The 

particle stack cleaned though multiple rounds of 2D classification. 3D initial models 

were generated and low pass filtered to 60 Å and used as input for 3D classification 

carried out with user specified number of classes. After multiple rounds of 3D 

classification best resolved classes were taken forward for further refinement. 3D 

reconstructions were visualised in ChimeraX (UCSF) and existing crystal structures 

of domains or homology models of domains, generated using Phyre2, were fitted 

into the density.   

 
2.8 Cryo-electron microscopy (EM) 
 
2.8.1 Cryo-EM grid preparation 
 
2.8.1.1 Grid cleaning 
 
Grids were cleaned prior to sample preparation. Grid cleaning was carried out under 

a fume hood. A clean glass petri dish was half filled with chloroform. A separate glass 
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petri dish contained Whatman filter paper soaked in chloroform. Grids were handled 

with Dumont forceps (Sigma Aldrich) and dipped in the chloroform at a 45º angle and 

passed through the solution. Grids were then placed onto the chloroform-soaked filter 

paper carbon support side up and left to dry overnight in the fume hood.  
 
2.8.1.2 Glow discharging 
 
Grids were typically negatively glow-discharged in air using a PELCO EasiGlow glow 

discharger. Parameters such as current and length of glow discharge were varied for 

optimal conditions as discussed in Chapter 4. In order to produce positively glow 

discharged grids, grids were glow-discharged in the presence of amylamine, 25 µL 

amylamine was applied to filter paper inside the glow-discharge chamber and a current 

of 45 mAmp was applied for 60 seconds. 
 
2.8.1.3 Graphene oxide layer preparation 
 
2 mL of graphene oxide solution was prepared at a final concentration of 0.2 mg/mL 

and centrifuged at 300 x g for 1 minute at 4°C. The top 1 mL of graphene oxide 

supernatant was transferred to a new tube. Grids were negatively glow discharged at 

30 mAmp for 60-75 seconds. 5 µL graphene oxide solution was applied to the carbon 

side of the grid and incubated for 1 minute, solution was removed by blotting with filter 

paper and grids were washed twice on the carbon side with 20 µL ddH2O followed by 

blotting and once on the copper side in the same way. Grids were air dried for 5 

minutes and used within 2 hours of preparation.  
 
2.8.1.4 Carbon layer preparation 
 
A graphite rod was smoothened and sharpened on one end before securing into a 

carbon evaporator (model K950X, EMITECH). A mica sheet was split in half with a 

clean scalpel and taped to filter paper lined plastic petri dish with the centre split side, 

which is clean and hydrophilic, facing upward. The plastic petri dish containing the 

mica sheets was placed inside the carbon evaporator, the lid was closed and the 

following settings applied; evaporating mode, multi pulse, outgas time 30 seconds, 

evaporate time 100 milliseconds, number of evaporation pulses 3, var. evaporation 

time 3 minutes. A spotting tile was filled with dH2O and the carbon coated mica was 

cut into small squares and handled with tweezers, carbon layers were floated onto the 



 99 

dH2O by dipping the corner of the carbon coated mica into the spot of dH2O then 

peeling away the mica. Splitting and wrinkling of carbon layer was avoided and only 

clean unbroken layers used. Grids were placed carbon support side down on top of 

the carbon layer and removed using squares of newspaper, carbon coated grids were 

then placed in a petri dish to dry prior to use in sample preparation.  
 
2.8.1.5 Grid freezing 
 
Purified protein samples were prepared in a thin vitreous layer of ice via plunge 

freezing into liquid ethane using a Vitrobot Mark IV (FEI). In order to liquify the ethane 

a metal cup (ethane cup) was cooled sufficiently in a coolant container with liquid 

nitrogen before filling with ethane, the chamber surrounding the ethane cup was 

topped up with liquid nitrogen throughout to maintain the ethane temperature.  4 µL 

purified protein sample was applied to appropriately prepared grids at 100% humidity 

at 4°C or room temperature. The Vitrobot program was set so that sample was 

incubated on the grid for a wait time of 30 seconds prior to double sided blotting with 

filter paper (Whatman) for 2-10 seconds followed by immediate plunging into liquid 

ethane. Grids were transferred to storage boxes and stored under liquid nitrogen. Grid 

freezing parameters were varied and optimised extensively, Table 2.17  details the 

final conditions used for grids that data were taken forward for data collection.  
 

Table 2.17 Grid freezing parameters for data collection samples 
 

Sample Grid Glow 
Discharge 

Temp Humidity Wait 
Time 

Blot 
Time 

PKN2FL dimer, BS3 batch 
crosslinked, 0.01% 
CHAPS concentrated (2 
mg/mL) 

Quantifoil 
R 1.2/1.3 
300 mesh 

45 mAmp  
70 seconds 
Air  

4°C 100% 30 s 4 s 

PKN2FL dimer, BS3 batch 
crosslinked, 0.01% 
CHAPS, not concentrated 

Quantifoil 
R 1.2/1.3 
300 mesh 

25 mAmp 
60 seconds 
Amylamine 

4°C 100% 30 s 4 s 

PKN2FL dimer, BS3 batch 
crosslinked, 0.01% 
CHAPS, not concentrated 

Quantifoil 
R 1.2/1.3 
300 mesh 

25 mAmp 
60 seconds 
Amylamine 

4°C 100% 30 s 4.5 s 

 
2.8.2 Grid screening 
 

The 626 cryoholder (FEI) was cooled to -190°C in the cryo transfer station (FEI) using 

liquid nitrogen and all grid handling was performed under liquid nitrogen. Grid storage 

boxes were transferred into the transfer station and grids were loaded in the cryoholder 
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and clip ring placed on top of the grid to secure it. The holder was then inserted into 

the Tecnai T12 electron microscope, when the column pressure stabilised the 

tungsten filament was switched on. Column valves were opened and the specimen 

imaged using the Orius SC 2000 x 2000 CCD (Gatan). If suitable areas of ice were 

identified samples were left to settle for 30 minutes prior to imaging at magnification 

> 20,000 x to minimise specimen drift. Low Dose (FEI) software was used to acquire 

high magnification cryo-EM images at a defocus range from 2-4.5 µm. Alignments 

were taken from servicing engineer calibrations.  

 

2.8.3 Data collection 
 
Table 2.18 Cryo-EM data collection parameters 
 

Sample Microscope 
and 
Voltage 
(Kv) 

Pixel Size 
(Å) 

Detector Total 
Dose (e-

/Å2/sec) 

Defocus 
Range 
(µm) 

Number 
Movies 

PKN2FL dimer, BS3 
batch crosslinked, 
0.01% CHAPS 
concentrated (2 
mg/mL) 

Talos 
Arctica 200 

1.26 Falcon 
III 

52 -1.2 > -3  925 

PKN2FL dimer, BS3 
batch crosslinked, 
0.01% CHAPS, not 
concentrated 

Talos 
Arctica 200 

1.26 Falcon 
III 

64.493 -2.5 > -
3.2 

1060 

PKN2FL dimer, BS3 
batch crosslinked, 
0.01% CHAPS, not 
concentrated 

Titan Krios 
300 

0.839 Falcon 
III 

60.65 -2 > -4  7353 

 
2.8.4 Image processing 
 
Movie frames were corrected for motion using MotionCor2, and contrast transfer 

function (CTF) was estimated using CTFfind4.1 within Scipion1.2. Micrograph quality 

was inspected and those with poor CTF or crystalline ice detected were removed. 

Particles were picked using both Xmipp and Gautomatch within Scipion. Particles 

were extracted in a box size 1.5-2.5 x the particle diameter, cleaned stacks of 

particles were sometimes re-centred and re-extracted with a smaller or larger box 

size as appropriate later on in the processing pipeline. Particles were screened 

using Xmipp particle screen within Scipion. 2D classification was carried out in both 

cryoSPARC-2 and Relion-2 [223]. The majority of the parameters used in cryoSPARC-

2 were left as default with only the number of classes and circular mask diameter user 
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assigned. In Relion2 the default parameters were used and number of classes and 

mask diameter selected by the user, default parameters such as regularization 

parameter T and limit resolution E-step were optimised to reduce overfitting of classes. 

Initial models for 3D classification were generated in both cryoSPARC-2 and Relion-

2, subsequent 3D classification was also carried out in both with default parameters 

and the number of classes was selected by the user. Particle stacks were cleaned 

through iterative rounds of 2D and 3D classification. 3D refinement was carried out in 

both cryoSPARC-2 and both Relion-2 using default parameters. All resolutions 

reported here were determined by Fourier Shell Correlation (at FSC = 0.5) based on 

the ‘gold-standard’ protocol using a soft mask around the complex density. 3D 

reconstructions were visualised in ChimeraX (UCSF) and existing crystal structures 

of domains or homology models of domains, generated using Phyre2, were fitted 

into the density.   

 

2.9 X-ray Crystallography 
 
2.9.1 Initial crystallisation screening 
 
Initial crystallisation screening was carried out using commercially available 96 well 

format kits from Molecular Dimensions, Hampton Research and Qiagen using the 

vapour diffusion method via sitting drop. For co-crystallisation of PKN2 kinase domain 

with chemical compounds the protein was concentrated to 5-8 mg/mL and pre-

incubated with 2-3 fold molar excess of the chemical compound for 15-30 minutes. 95 

µL of kit solutions were transferred to MRC 2-drop 96 well plates using the 

Liquidator96 manual pipetting system (Mettler Toledo). Typically 100 nL of protein-

compound solution plus 100-200 nL screen solution were aliquoted per drop using a 

Mosquito robot (TTP Labtech). The plates were then sealed and stored in a ROCK 

IMAGER 1000 (Formulatrix) hotel at 4°C or 20°C and images taken at intervals 

following the sequence of so-called Fibonacci numbers, with each number in the 

sequence being the sum of the two numbers preceding it.  

 
2.9.2 Crystal optimisation 
 
Any crystals or promising crystalline features observed in crystallisation screens were 

confirmed to contain protein by UV absorption (Rock Imager, Formulatrix). Conditions 

in which these features were observed were selected for optimisation. Optimisation 
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screens were generated by varying the concentration of individual components from 

the original conditions and/or pH of the buffer. Stock reagents were prepared and then 

dispensed into an MRC 2-drop 96 well plate at the correct concentrations according 

to the screen designed using a Formulator robot (Formulatrix). Sitting drops were then 

set up as described previously using the Mosquito robot (TTP Labtech). 
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Chapter 3: Biochemistry of PKN2 and a human disease mutant 
 
 

To carry out biochemical and structural studies on full length PKN2 (PKN2FL) high 

quality homogeneous, mono-disperse purified protein was required. Previous studies 

have successfully purified native PKN1 to homogeneity from the soluble cytosolic 

fraction of rat testes [224] and from the membrane fraction of bovine brain [140]. 

Subcellular fractionation experiments have shown that roughly half of all endogenous 

PKN1 resides in the soluble cytosolic fraction of brain tissue [224]. Another study 

identified a distinct plasma membrane pool of PKN1 with different modifications to the 

cytosolic or peripheral membrane associated PKN1 [225]. These collective 

observations suggested that the source and subcellular compartment of PKN protein 

should be considered  prior to purification. The purification of PKN1 from the soluble 

cytosolic fraction of rat testes required five column chromatography steps and yielded 

12 μg of purified PKN1 from 60 g of rat testes [224]. Focussing on the soluble cytosolic 

form of PKN, subsequent approaches to achieve more efficient production of larger 

quantities of purified protein turned to recombinant overexpression systems and 

affinity tag procedures. Whilst active recombinant PKN2 can be expressed in E. coli, 

the specific activity of the enzyme is low and it has proven difficult to obtain rich 

amounts of the protein from the bacterial expression system [128]. Eukaryotic insect 

cells on the other hand, have proved useful for obtaining adequate amounts of 

functional PKNs, with methods described for the production of recombinant affinity-

tagged PKN1,2 and 3 in Sf9 Spodoptera frugiperda insect cells [226, 227]. The work 

in this chapter will focus on producing sufficient quantities of  active, pure, recombinant 

PKN2FL expressed in insect cells and mammalian cells. 

 

As discussed in Chapter 1, PKN2 is implicated in multiple cellular processes and 

diseases, the exact role and the underpinning molecular mechanisms involved are 

however, poorly understood. Of particular interest is the non-redundant essential role 

of PKN2 in mesoderm expansion during the development of mouse embryos [187] 

and the discovery of a missense mutation within the PKN2 gene of a patient displaying 

developmental abnormalities. Following the production of recombinant purified 

PKN2FL the work in this chapter involves in vitro characterisation of WT PKN2 and 
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patient-derived mutant PKN2 with the aim of understanding how the mutation may 

alter PKN2 function and ultimately cause disease.  

 

PKN2 is predominantly reported as a regulator of the cytoskeleton and its involvement 

in cellular processes is most likely through interactions with the cytoskeleton directly, 

or indirectly with cytoskeleton associated proteins. Currently relatively few PKN2 

interacting partners or substrates have been described, identification of PKN2 

interaction partners would help explain how it contributes to the regulation of 

cytoskeleton dynamics. 
 
3.1 Chapter aims 
 
The first aim of the project was the production of sufficient amounts of recombinant  

full length PKN2 (PKN2FL) in an active form to enable biochemical and structural 

studies. During the course of the thesis work, collaborators identified a human patient 

with a PKN2 missense mutation, it was unclear how the mutation would impact the 

function of the kinase. Thus, a second aim was to understand the impact of the 

mutation by introducing the patient-derived PKN2 mutation into recombinant PKN2FL 

and biochemically characterizing wild type (WT) and mutant PKN2 behaviours in vitro. 

The third aim was to identify and validate physiologically relevant PKN2 protein 

interaction partners using mass spectrometry analysis of affinity purified PKN2FL from 

Freestyle HEK 293 cells. 
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3.2 Expression of recombinant full length PKN2 
 
During this study full length PKN2 (PKN2FL) was expressed recombinantly in both  

Spodoptera frugiperda (Sf21) insect cells and Freestyle 293 human embryonic kidney 

(HEK) cells. These expression hosts were chosen due to the presence of complex 

chaperone proteins and post translational modification (PTM) machinery present to 

ensure correct folding and priming phosphorylation of PKN2FL. The expression vectors 

for PKN2FL used in this study are shown in Figure 3.1. All expression vectors were 

modified from existing backbone vectors using the Gibson assembly restriction-

enzyme-free cloning method [228]. PKN2FL complementary DNA (cDNA) was kindly 

donated by collaborator Angus Cameron from Barts Cancer Institute (London).  

 

For PKN2FL expression in Sf21 insect cells multi-protein expression vectors were 

prepared as described below. An existing pFL baculovirus expression vector (see 

Appendix 2 for full backbone vector map) from the McDonald lab containing H. sapiens 

PDK1 and Protein Kinase C iota type kinase domain (PKCιKD) was adapted. A 

Glutathione S-Transferase (GST) affinity tag sequence followed by a Human 

Rhinovirus (HRV) 3C protease cleavage site preceded the N-terminus of the coding 

sequence of PKCιKD. The PKCιKD sequence was excised and replaced with H. sapiens 

PKN2FL cDNA encoding residues 1-984 (RefSeq NM_006256.3, NP_006247.1), giving 

rise to a bi-cistronic expression vector shown in Figure 3.1A to produce both PKN2 

and PDK1 genes (defined hereafter as pFL_hsPKN2FL_hsPDK1).  GST-HRV 3C 

affinity tagged PKN2FL is under the control of a p10 promoter, whilst untagged PDK1 

is under the control of a polyhedrin promoter. 

 

The bi-cistronic expression vector shown in Figure 3.1A was further adapted to 

incorporate a third gene encoding the PKN2-stimulating small GTPase RhoA. A 

truncated RhoA sequence (residues 1-181) lacking the C-terminal 12 residues was 

used as these residues are not required for interaction with PKN2 but are involved in 

membrane association  which could hinder soluble protein purification [127]. An 

existing bacterial expression vector containing H. sapiens RhoA1-181 from the 

McDonald lab was used as a source of RhoA for this cloning. An F25N mutation was 

previously incorporated to the RhoA1-181 construct as it has been shown to increase 

stability [229], aiding in structural studies with the protein. An additional Q63L mutation 
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was also introduced to the RhoA1-181 construct by site directed mutagenesis, known to 

drive constitutive activation of RhoA by locking it into a GTP-bound conformer [230]. 

The modified RhoA1-181 sequence was initially cloned into a pFL expression vector 

downstream of the p10 promoter sequence. The single-protein expression cassette 

containing the p10 promoter, RhoA1-181 sequence and a Herpes simplex virus 

thymidine kinase (HSV TK) polyadenylation (poly(A)) signal, was then cloned into the 

bi-cistronic expression vector. The cassette was cloned in between the SV40 poly(A) 

signal following the full-length human PDK1 sequence (Reference Sequence: 

NM_002613.4, NP_002604.1), and the left end element of the Tn7 transposon of the 

bi-cistronic expression vector. The resulting three-gene expression cassette is shown 

in Figure 3.1B (defined hereafter as pFL_hsPKN2FL_hsPDK1_hsRhoAmut-DC). The Tn7 

transposons present in the pFL vectors allow them to act as transfer vectors when 

preparing the baculovirus for insect cell infection. 

 

For PKN2FL expression in Freestyle 293 HEK cells a single-gene expression vector 

was prepared. The PKN2FL coding sequence 1-984 (Reference Sequence: 

NM_006256.3, NP_006247.1) was cloned into an existing pcDNA3.1 (+) vector (see 

Appendix 2 for full backbone vector map) from the McDonald lab, with a twin-Strep-

tag followed by a Tobacco Etch Virus (TEV)-protease cleavage sequence preceding 

the N-terminus of the coding sequence. The resulting expression vector is shown in 

Figure 3.1C with the Strep-TEV affinity tagged PKN2FL under the control of the 

cytomegalovirus (CMV) promoter.  

 

Where mutations are introduced into PKN2FL in this study, they are incorporated into 

the pFL_hsPKN2FL_hsPDK1_hsRhoAmut-DC expression construct (Figure 3.1B) for use 

in the baculovirus expression system, and into the single-gene expression construct 

(Figure 3.1C) for use in the Freestyle 293 HEK system. 
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Figure 3.1 Simplified representation of PKN2 expression vectors used in this study 
(A) Baculovirus expression vector pFL_hsPKN2FL_hsPDK1 for the co-expression of untagged full 
length PDK1 and GST affinity tagged full length PKN2 with a HRV 3C protease cleavage site located 

between the GST affinity tag and the PKN2 coding sequence.  The full length PDK1 (residues 1-556) 

coding sequence follows a polyhedron promoter sequence, and the full length PKN2 (residues 1-984) 

coding sequence (following a GST-HRV 3C affinity tag-protease cleavage site sequence) follows a 

p10 promoter sequence.  (B) Baculovirus expression vector pFL_hsPKN2FL_hsPDK1_hsRhoAmut-DC 

for the co-expression of untagged full length PDK1, GST affinity tagged full length PKN2 with a HRV 
3C protease cleavage site located between the GST affinity tag and the PKN2 coding sequence, and 

untagged truncated RhoA with F25N and Q63L mutations.  The vector is as described in (A) with the 

addition of the truncated RhoA (1-181) coding sequence following another p10 promoter sequence. 

(C) pcDNA3.1+ mammalian expression vector coding for the expression of STREP affinity tagged full 

length PKN2 with a TEV protease cleavage site located between the twin STREP affinity tage and 

the PKN2 coding sequence. The full length PKN2 (1-984) coding sequence (following a twin STREP-

TEV affinity tag-protease cleavage site sequence) follows a CMV promoter sequence. 
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For protein expression in Sf21 insect cells recombinant baculoviruses were prepared 

as described in Chapter 2.3.2, starting with bacmid production using the expression 

vectors described above as transfer vectors. Bacmids were then isolated and purified 

prior to transfection into Sf21 insect cells, producing recombinant baculoviruses which 

were then amplified. Proteins were expressed in Sf21 insect cells via infection with the 

recombinant baculovirus.  

 

For protein expression in Freestyle 293 cells the single protein pcDNA3.1 (+) 

expression vector described above was transformed into NovaBlue E. coli cells, 

amplified and extracted as described in Chapter 2.2.4 prior to transient transfection 

into Freestyle 293 HEK cells with Optimem and polyethylenimine (PEI) as described 

in Chapter 2.3.3. 
 
3.3 Purification of recombinant full length PKN2  
 
After over expression of recombinant PKN2FL in host cells, the cells were harvested 

ready for protein extraction and purification. An overview of the strategy taken for 

purification of affinity-tagged recombinant PKN2FL is shown in Figure 3.2. The details 

of the protein purification process are described in Chapter 2.4. 
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 Figure 3.2 Overview of recombinant full length PKN2 purification process 
Schematic representation of PKN2 purification process showing extraction of protein from harvested 

host cells post recombinant protein overexpression, followed by two chromatography purification 

steps. 
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Figure 3.3 Purification of full length PKN2 co-expressed with PDK1 in Sf21 insect cells 
Purification of full length PKN2 following GST affinity chromatography. (A) Chromatogram following 
size exclusion chromatography (SEC) of affinity purified full length PKN2. Absorbance values at 280 

nm for samples eluting from the column is recorded in mAU (milli-absorbance units) and shown in 

blue. mAU values of sample eluting from the column are plotted against the volume at which the 

sample elutes from the column (retention volume). SEC was performed using a Superdex 200 

column. (B) SDS PAGE analysis of purified full length PKN2 samples including the affinity purified 

load sample and  samples eluted from the SEC column. Samples B7, B8 and B10 correspond to the 

first SEC peak on the chromatogram and samples C9, C11 and D2 correspond to the second SEC 

peak on the chromatogram marked with a green line. (C) Sequence coverage and post translational 
modification analysis of denatured and trypsin digested full length PKN2 sample determined by mass 

spectrometry. Yellow highlighting denotes the residues sequence confirmed, green highlighting 

denotes post translational modification to that residue. Conserved residues of interest, the activation 

loop T816 and turn motif T958, are identified by a red circle. 

The initial approach to producing PKN2FL was to co-express PKN2FL with priming 

kinase PDK1 in Sf21 insect cells using the pFL_hsPKN2FL_hsPDK1 expression vector 

shown in Figure 3.1A. Previous projects in the McDonald lab had successfully 

produced active PKN2 kinase domain (PKN2KD) and closely related PKCιKD using the 

same approach of co-expression with PDK1, with both constructs being 

phosphorylated at the conserved activation loop and turn motif residues. With the 

presence of endogenous mTOR in the insect cells, which is reported to be responsible 

for phosphorylation of the turn motif of PKN2 [137], and the co-expression of PDK1, 

which is responsible for the phosphorylation of the activation loop of PKN2 [107, 124],  

it was expected that these residues of PKN2FL would be phosphorylated. PKN2FL co-

expressed with PDK1 was purified as described above and the results are shown in 

Figure 3.3 below.  
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The SEC profile in Figure 3.3A shows an initial peak corresponding to the void volume 

of the column where aggregated protein elutes, followed by a second single peak 

marked with a green line. The second peak corresponds to fractions containing 

PKN2FL as seen in the SDS PAGE analysis in Figure 3.3B which shows a dominant 

PAGE band running at ~140 kDa in those fractions, slightly higher than the predicted 

molecular weight of PKN2FL at ~112 kDa. The identity of the protein band was 

confirmed as PKN2 by mass spectrometry analysis and the sequence coverage is 

shown in Figure 3.3C with the yellow highlighting showing sequence residues 

confirmed and green highlighting showing post translational modification to those 

residues. Despite successful purification of PKN2FL, Figure 3.3C shows that 

surprisingly neither the activation loop T816 nor the turn motif T958 residues (circled 

in red) are phosphorylated. This suggests that unlike the PKN2 and PKCι kinase 

domains, co-expression with PDK1 in insect cells is not sufficient to phosphorylate 

PKN2FL at the activation loop and turn motif. This is likely explained by the presence 

of the regulatory region of PKN2FL masking access to the activation loop and TM sites. 

These results indicate that the presence of PDK1 and mTOR alone is not enough to 

phosphorylate PKN2FL and imply that an additional component or interaction is 

required to enable phosphorylation.  Without these important priming phosphorylations 

to stabilise the kinase fold, it is likely to have little to no activity [107], making it 

inappropriate for future use in activity-based biochemical assays.  

 

In order to circumvent the lack of phosphorylation, an alternative approach was 

assessed for PKN2FL expression in insect cells by including co-expression of a soluble 

mutant RhoA GTPase, a known activating protein of PKN2 [153, 184, 231]. Using the 

pFL_hsPKN2FL_hsPDK1_hsRhoAmut-DC expression vector shown in Figure 3.1B, 

RhoA was co-expressed with PDK1 and PKN2FL and purified as described previously. 

This approach resulted in the priming phosphorylations being made at the activation 

loop and TM of PKN2FL. The results are shown in Figure 3.4 below. 
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The SEC profile in Figure 3.4A shows three peaks labelled 1-3 and the corresponding 

fractions are analysed by SDS PAGE as seen in Figure 3.4B. Peak 1 corresponds to 

the void volume of the column containing aggregates. Peak 2 corresponds to the 

transitional endoplasmic reticulum ATPase (TER94), a contaminant insect cell protein 

as confirmed by mass spectrometry analysis. Peak 3 corresponds to PKN2FL with a 

single band migrating at ~140 kDa as was seen with the previous construct. The 

PKN2FL band identity was again confirmed by mass spectrometry analysis, shown in 

Figure 3.4C. Here both the activation loop T816 and turn motif T958 (circled in red) 

Figure 3.4 Purification of full length PKN2 co-expressed with PDK1 and RhoA in Sf21 insect 
cells 
Purification of full length PKN2 following GST affinity chromatography. (A) Chromatogram following 

size exclusion chromatography (SEC) of affinity purified full length PKN2. Absorbance values at 280 

nm  for samples eluting from the column is recorded in mAU (milli-absorbance units) and shown in 

blue. mAU values of sample eluting from the column are plotted against the volume at which the 

sample elutes from the column (retention volume). SEC was performed using a Superdex 200 
column. (B) SDS PAGE analysis of purified full length PKN2 samples including samples throughout 

GST affinity purification and  samples eluted from the SEC column. Samples 1, 2 and 3 correspond 

to the labelled SEC peaks on the chromatogram with samples from peak 3 also marked with a green 

line containing full length PKN2. (C) Sequence coverage and post translational modification analysis 

of denatured and trypsin digested full length PKN2 sample determined by mass spectrometry. Yellow 

highlighting denotes the residues sequence confirmed, green highlighting denotes post translational 

modification to that residue. Conserved residues of interest, the activation loop T816 and turn motif 
T958, are identified by a red circle. 
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are seen to be highlighted in green, indicating they are both phosphorylated. These 

results show that co-expression of PKN2FL with both PDK1 and RhoA is necessary for 

phosphorylation of PKN2FL at T816 and T958, and that RhoA is required for the 

phosphorylation of PKN2FL in insect cells.  

 

It should be noted here that despite co-expression of PKN2FL with PDK1 and RhoA, 

there is no evidence of stable complex formation between the three interacting partner 

proteins during the purification. Nevertheless a transient complex is likely to have 

formed in order to expose the activation loop to phosphorylation. These observations 

are consistent with Rho overexpression in cultured cells that has previously been 

shown to increase the activation loop phosphorylation of endogenous PKN isoforms 

[141]. This was shown to be due to Rho-GTPases controlling the ability of PKNs to 

bind to PDK1. Given the interaction of PKN2 with PDK1 required access to the HM 

motif within the AGC-kinase specific C-tail extension, this could suggest that RhoA 

may displace the C-tail from the inactive state by engaging the HR regulatory domains. 

 
3.4 Phosphorylation and activation of recombinant full length PKN2 
 
The fortuitous purification of two different phosphorylation states of PKN2FL allowed a 

side by side comparison of their molecular properties. In order to confirm the difference 

in phosphorylation state observed by mass spectrometry for PKN2FL co-expressed 

with PDK1, and PKN2FL co-expressed with PDK1 and RhoA, western blot analysis 

was carried out using the phospho-specific anti-pT816 antibody. This antibody 

recognises activation loop phosphorylated T816 and was compared to an anti-PKN2 

antibody, recognising PKN2 protein as a control. Two samples of each purified PKN2FL 

construct were prepared, one treated with calf intestinal phosphatase (CIP) which 

dephosphorylates serine/threonine residues, and a sample left untreated. The CIP 

treated dephosphorylated sample acts as a negative control that the anti-pT816 

antibody should be unable to recognise providing a comparative signal for the 

untreated sample. The general anti-PKN2 signal for the CIP treated and untreated 

samples shows the level of PKN2 present in each sample, confirming that any 

difference in signal detected by the anti-pT816 antibody is indeed due to difference in 

phosphorylation rather than due to difference in amount of PKN2 present. Since 

PKN2KD has previously been shown to be phosphorylated at T816 (unpublished data, 
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McDonald lab), CIP treated and untreated PKN2KD samples were also analysed with 

the anti-pT816 antibody as a positive control. A positive untreated PKN2KD signal with 

anti-pT816 ensures the antibody is working correctly, whilst a reduced CIP treated 

PKN2KD signal with anti-pT816 ensures the CIP treatment is efficiently 

dephosphorylating protein and confirms that anti-pT816 is not binding to 

dephosphorylated PKN2. The results are shown in Figure 3.5A below.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The anti-pT816 blot for PKN2FL co-expressed with PDK1 alone (PKN2FL_PDK1, 

labelled in green) shows very little difference in signal for +CIP and -CIP samples 

which is consistent with no activation loop phosphorylation, despite equivalent 

amounts of PKN2FL present in both samples as seen from the anti-PKN2 blot. These 

results show that a very minor proportion of the total PKN2FL_PDK1 is phosphorylated 

Figure 3.5 Phosphorylation state and activity of recombinant PKN2 purified from insect cells 
(A) (Left) Western blots of full length PKN2 co-expressed with PDK1, full length PKN2 co-expressed 
with PDK1 and RhoA, and PKN2KD co-expressed with PDK1 with anti-pT816 detecting the presence 

of phosphorylated activation loop T816. (Right) Western blots of full length PKN2 co-expressed with 

PDK1 and full length PKN2 co-expressed with PDK1 and RhoA with anti-PKN2 detecting general 

PKN2, showing the total level of full length protein. All samples are shown with and without CIP (calf 

intestinal phosphatase) treatment. (B) In vitro kinase activity assay, showing the rate/[kinase] (min-1) 

plotted against the [peptide substrate] (µM) for: 10 nM PKN2KD co-expressed with PDK1 (red), 30 nM 

full length PKN2 co-expressed with PDK1 and RhoA (blue) and 30 nM full length PKN2 co-expressed 

with PDK1. All data is represented as mean ± standard deviation of triplicate samples. (C) Table 
showing kinetic constants derived from the Michaelis-Menten equation. 
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at T816, and this low level of phosphorylation is not greatly changed by CIP treatment. 

In contrast, the anti-pT816 blot for PKN2FL co-expressed with both PDK1 and RhoA 

(PKN2FL_PDK1_RhoA, labelled in red) shows a much greater difference in signal for 

+CIP and -CIP samples, with a much greater signal seen for the untreated sample, 

indicating an abundance of phosphorylated T816 in that sample. The anti-PKN2 blot 

for PKN2FL_PDK1_RhoA shows similar levels of PKN2FL in both +CIP and -CIP 

samples, confirming the difference between the signals observed with the anti-pT816 

antibody is due to difference in phosphorylation. The major difference in pT816 signal 

for PKN2KD CIP treated versus untreated samples shows that the anti-pT816 antibody 

is working as expected to detect phosphorylated T816.  

 

From this data it can be concluded that there is an increase in phosphorylation of 

activation loop T816 when PKN2FL is co-expressed with both PDK1 and RhoA 

compared to co-expression with PDK1 alone. The phosphorylation level of PKN2FL co-

expressed with PDK1 and RhoA is similar to that of the core PKN2KD, which from 

structural studies was shown to be fully stoichiometric. A similar experiment with an 

anti-pT958 antibody would be useful to carry out in the future to confirm the difference 

between PKN2FL_PDK1 and PKN2FL_PDK1_RhoA turn motif phosphorylation by the 

mTOR kinase. The lack of availability of a suitable phospho-specific antibody has 

prevented this experiment being carried out in this study. 

 

To follow up the confirmed difference in activation loop T816 phosphorylation between 

PKN2FL_PDK1 and PKN2FL_PDK1_RhoA and how this alters kinase activity, the 

enzymatic activity of each purified PKN2FL construct was measured using an in vitro 

kinase activity assay with a ParM ADP sensor. The ParM sensor is used in a 

fluorescence-based assay that detects ADP production. ParM, a bacterial actin 

homologue, is labelled with two tetramethylrhodamine fluorophores positioned close 

to each other [222]. When the tetramethylrhodamine labels are in close proximity their 

fluorescent signal is quenched, when ADP binds to ParM it induces a conformational 

change which in turn separates the two tetramethylrhodamines from each other, 

causing an increase in fluorescence [222]. The assay uses this increased 

fluorescence upon ADP binding as a quantitative measure of ADP production.   
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To compare the catalytic activities of both forms of PKN2FL with that of PKN2KD, 

enzyme concentrations were kept constant with PKN2KD at 10 nM, both purified 

PKN2FL constructs at 30 nM, whilst the peptide substrate concentration was varied 

from 0 – 1 mM over 8 data points. The enzyme concentrations used were selected to 

give an optimal fluorescent response signal. The peptide substrate used was the CAP-

Gly domain containing linker protein 1 (CLIP170) which is a microtubule plus end 

tracking protein and an in vitro PKN2 substrate that is discussed in further detail in 

Chapter 5 of this thesis. Concentrations of ParM and ATP were kept constant for the 

reaction time course at 0.25 µM and 500 µM respectively while fluorescent 

measurements were recorded. The linear region as a function of substrate 

concentration was used to determine the rate of reaction, calculated rates were plotted 

against peptide substrate concentration with data fitted using a non-linear regression 

analysis according to the Michaelis-Menten equation implemented in PRISM. The rate 

constants calculated (µM min-1) were divided by the enzyme concentration (µM) in 

order to take into account the difference in concentrations used for the PKN2KD and 

PKN2FL constructs, allowing the rates to be plotted together for comparison. The 

results are shown in Figure 3.5B with PKN2KD in red, PKN2FL_PDK1 in green and 

PKN2FL_PDK1_RhoA in blue, the Michaelis-Menten derived kinetic constants are 

shown in a table in Figure 3.5C. 

 

The ParM assay data shows that whilst maximum rates were reached for both the 

PKN2KD (red) construct and the PKN2FL_PDK1_RhoA construct (blue), they were not 

for the PKN2FL_PDK1 construct (green). Reliable Michaelis-Menten constants could 

not determined for this sample and are labelled ‘ND’ in the table. The results show that 

PKN2KD has the highest therefore turnover number with a kcat value of value of 157.5 

min-1, significantly higher than that of either of the PKN2FL constructs with 

PKN2FL_PDK1_RhoA kcat value at 76 min-1 and PKN2FL_PDK1 kcat value ND. PKN2KD 

also shows the highest affinity for the peptide substrate with a KM value of 57.88 µM, 

again significantly lower than the KM values for either PKN2FL constructs with 

PKN2FL_PDK1_RhoA KM value at 295.3 µM and PKN2FL_PDK1 KM value ND. Whilst 

neither PKN2FL constructs reach the same level of activity or substrate affinity as the 

isolated PKN2KD, PKN2FL_PDK1_RhoA performs better than PKN2FL_PDK1. These 

results are in line with the activation loop phosphorylation differences observed for the 
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PKN2FL constructs. PKN2FL co-expressed with PDK1 and RhoA has an increased level 

of activation loop T816 phosphorylation and the turn motif T958 phosphorylation 

present, this construct displays increased enzymatic activity and a higher affinity to a 

peptide substrate than PKN2FL co-expressed with PDK1. Although PKN2FL co-

expressed with PDK1 shows a basal level of activity, it is very low, as would be 

expected given the lack of activation loop T816 phosphorylation.  

 

Taken together these results allow us to propose a potential activation mechanism for 

PKN2FL, an overview of which is shown in Figure 3.6 below.  

 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.6 Schematic representation of possible PKN2 activation mechanism 
Diagram shows conformational change in full length PKN2 induced by a transient interaction with 

GTP-bound RhoA. GTP-bound RhoA binds, alters PKN2 conformation and then dissociates from 

PKN2. PKN2 is then in a new conformation in which key conserved activation loop and turn motif 
residues are accessible for phosphorylation by priming kinases PDK1 and mTOR respectively. This 

phosphorylated conformation of PKN2 is now more active. This model does not incorporate different 

possible oligomeric states of PKN2 or the possible contribution of membrane components to PKN2 

activation, both of which will be addressed later in the thesis. 
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The proposed activation mechanism consistent with published results and results 

presented here has a basal activity state for PKN2FL lacking activation loop and turn 

motif phosphorylation as these regions are not accessible for phosphorylation by 

priming kinases due to the regulatory region of PKN2. The conformation depicted in 

the example here shows the N-terminal region of PKN2 (orange HR1 domains) 

contacting the kinase domain (purple) and blocking access to the phosphorylation 

sites. GTP-bound RhoA then interacts with full length PKN2FL by binding to its 

regulatory domains, shown here binding to HR1b, and upon binding alters the 

conformation of PKN2FL. The conformational change induced by GTP-RhoA binding 

is likely to lead to an opening up of PKN2FL, shown in this example as the regulatory 

domains being released from the kinase domain. Since no evidence is seen for RhoA 

remaining bound to PKN2FL or forming a complex with PDK1 and PKN2FL, it is 

probable that RhoA dissociates before phosphorylation of PKN2FL takes place. Once 

RhoA has dissociated priming kinases PDK1 and mTOR can now access their target 

sites in PKN2FL and phosphorylate the activation loop T816 and turn motif T958 

respectively. This leads to a fully phosphorylated and active conformation of PKN2FL.  

 

It should be noted that the exact stoichiometry of activation loop phosphorylation is 

not known for PKN2FL co-expressed with PDK1 and RhoA. The activity measured may 

therefore only represent a fraction of the PKN2FL sample that is fully phosphorylated 

following interaction with RhoA and subsequently PDK1. The higher activity level of 

the isolated PKN2KD observed compared to the activated PKN2FL state is likely due to 

the absence of the inhibitory regulatory region in PKN2KD and the consequently high 

stoichiometry  phosphorylation at the activation loop and turn motif. The low activity 

state PKN2FL conformer (co-expressed with PDK1 only) and higher activity state 

PKN2FL conformer (co-expressed with both PDK1 and RhoA) may represent discrete 

steps in PKN2 activation (Figure 3.6). Further details of an PKN2FL activation 

mechanism require structural details of each molecular conformation.  

 

3.5 In vitro characterisation of a human disease PKN2 mutation   
 
A de novo PKN2 mutation was recently discovered in a patient by our collaborators in 

Edward Tobias’ lab at the University of Glasgow. The patient displays multiple 
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developmental abnormalities such as incomplete neural tube closure as well as a 

range of cardiovascular defects (Gazdagh et al. manuscript in preparation). There is 

supporting evidence from animal studies that the patient phenotype is linked to the 

novel PKN2 variant [187, 197]. The PKN2 variant identified results in a single base 

change altering the PKN2 coding sequence from a  leucine at residue 489 to a proline 

residue (L489P, Reference Sequence: NM_006256.3, NP_006247.1). The initial 

expectation was that this missense mutation could result in a loss of function of PKN2. 

In order to better understand how this PKN2 mutation could alter its function we sought 

to biochemically characterise the mutant PKN2 behaviour using in vitro membrane 

binding and kinase activity assays.   

 

Wild type (WT) and mutant L489P PKN2FL were expressed and purified from Freestyle 

293 HEK cells using the expression vector shown in Figure 3.1C and following the 

purification process described in 3.2. The decision to use Freestyle 293 HEK cells was 

pragmatic as equipment and expertise for mammalian protein expression became 

available in the lab as the PKN2 mutant was identified. The Freestyle 293 HEK cells 

were considered a good alternative to baculovirus system as a simple transient 

transfection was required rather than time-consuming maintenance and propagation 

of recombinant baculoviruses. This mammalian cell line has the added advantage of 

growing rapidly, being readily transfectable and providing a mammalian expression 

environment. This latter property ensured that all human translation machinery, 

interacting proteins and co-factors required for proper PKN2 expression are present.  

 

Unlike recombinant PKN2FL expressed in Sf21 insect cells, PKN2FL expressed in 

Freestyle 293 HEK cells did not require co-expression with PDK1 or RhoA in order to 

become phosphorylated at the activation loop and turn motif. This is likely to be due 

to the presence of endogenous PDK1 and RhoA in the Freestyle 293 HEK cells, 

negating the need for co-expression. Figure 3.7 shows the purification of WT and 

mutant L489P PKN2FL. 
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Figure 3.7 Purification of full length WT and mutant L489P PKN2 from Freestyle 293 HEK cells 
Purification of full length PKN2 following Strep affinity chromatography. (A) Overlaid chromatograms 

following size exclusion chromatography (SEC) of affinity purified full length WT (blue) and L489P 

(purple) PKN2. Absorbance at 280 nm of sample eluting from the column is recorded in mAU (milli-

absorbance units). mAU values of sample eluting from the column are plotted against the volume at 

which the sample elutes from the column (retention volume). SEC was performed using a Superose 

6 increase column. (B) Individual chromatogram following WT full length PKN2 SEC on Superose 6 
increase column. (C) Individual chromatogram following L489P full length PKN2 SEC on Superose 6 

increase column. (D) SDS PAGE analysis of desthiobiotin elution samples of  WT and L489P full 

length PKN2 from Streptactin sepharose affinity resin. (E) SDS PAGE analysis of WT samples eluted 

from the SEC column corresponding to peak marked with green line in chromatogram. (F) SDS PAGE 

analysis of L489P samples eluted from the SEC column corresponding to peak marked with green 

line in chromatogram. (G) WT and (H) L489P sequence coverage and post translational modification 

analysis of denatured and trypsin digested full length PKN2 sample determined by mass 

spectrometry. Yellow highlighting denotes the residues sequence confirmed, green highlighting 
denotes post translational modification to that residue. Conserved residues of interest activation loop 

T816 and turn motif T958 are identified by a red circle. 



 121 

The SEC profiles in Figure 3.7 A-C show both WT and L489P PKN2FL eluting at the 

same volume of 15.4 mL in the second peaks marked with green lines. The 

corresponding SDS PAGE analysis for both samples show a dominant band migrating 

at 140 kDa as was seen with previous constructs, slightly higher than the expected 

molecular weight of monomeric PKN2FL at 112 kDa. Mass spectrometry sequence 

coverage and PTM analysis shown in Figure 3.7 G and H confirmed both the samples 

to be PKN2FL and show that both WT and L489P PKN2FL are phosphorylated at the 

activation loop T816 and turn motif T958 (residues circled in red). These results 

together show that mutant L489P PKN2FL is still able to fold correctly, the mutant does 

not affect the yield of soluble protein purified and is of the same oligomeric state as 

soluble WT PKN2FL as they are both seen to elute at the same volume in SEC. the 

L489P mutation does not appear to reduce priming phosphorylations at T816 and 

T958, suggesting that both WT and L489P PKN2FL are likely to have enzymatic 

activity.  

 

In order to determine the effect of the L489P mutation on PKN2FL enzymatic activity, 

an in vitro kinase assay was carried out. The ParM assay was carried out as described 

above in section 3.4 with WT and L489P PKN2FL concentrations kept constant at 30 

nM each, ParM and ATP concentrations kept constant at 0.25 µM and 500 µM 

respectively, and the peptide substrate concentration varied from 0 – 1 mM over 12 

data points. The results are shown in Figure 3.8 below with WT PKN2FL activity in blue 

and mutant L489P PKN2FL activity in purple. Rates were plotted against peptide 

substrate concentration with data fitted using a non-linear regression analysis 

according to the Michaelis-Menten equation, Figure 3.8A. An alternative 

representation of the activity data is shown in Figure 3.8B with [S]/v plotted against 

[S], where [S] = the peptide substrate concentration and v = rate, this yields a linear 

plot known as the Hanes-Woolf plot. The kinetic constants derived from the Michaelis-

Menten equation are shown in Figure 3.8C. 
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The results in Figure 3.8 show WT PKN2FL to have a higher turnover number than the 

mutant L489P PKN2FL with a kcat value of 16.95 min-1, three times higher than that of 

L489P PKN2FL at 5.56 min-1. The mutant L489P PKN2FL however, has a higher affinity 

for the peptide substrate with a KM value of 1.45 µM, significantly lower than the KM 

value for WT PKN2FL with a KM value of 76.13 µM. The mutant L489P PKN2FL does 

not reach the same level of activity as the WT PKN2FL  with a Vmax value of 0.17  µM 

min-1, three fold lower than the Vmax value of WT PKN2FL of 0.51 µM min-1.  These data 

Figure 3.8 Analysis of kinase activity of WT and mutant L489P recombinant purified full length 
PKN2 expressed in Freestyle HEK293 cells 
An in vitro kinase activity assay was performed with both WT and mutant L489P full length PKN2 
expressed in mammalian cells. (A) Shows a v versus [S] plot (rate (µM min-1) plotted against [peptide 

substrate] (µM)) for PKN2 kinase activity. The fit to data points is from a non-linear least-squares best 

fit to the Michaelis–Menten equation. WT full length PKN2 kinase activity = blue, L489P full length 

PKN2 kinase activity = purple. All data is represented as mean ± standard deviation of triplicate 

samples. (B) A Hanes-Woolf plot of the PKN2 kinase activity shown in A, with [S]/v ([peptide 

substrate] (µM)/rate (µM min-1)) versus [S] ([peptide substrate] (µM)) plotted and a linear regression 

line fitted to the data points. WT PKN2 kinase activity = blue, L489P kinase activity = purple. All data 
is represented as mean ± standard deviation of triplicate samples. (C) Table of kinetic constants 

derived from Michaelis-Menten equation. 
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show that WT and L489P PKN2FL have different levels of enzymatic activity, with the 

mutant L489P PKN2FL having an overall reduced activity compared to WT PKN2FL with 

this peptide substrate. The L489P mutation does not however abolish activity 

completely, with some activity detected, indicating that the mutation does not cause 

loss of function of PKN2 altogether. Interestingly the L489P mutant displays a higher 

binding affinity to the peptide substrate used in this experiment than WT PKN2. One 

possible explanation for this behaviour is that the L489P point mutation enables this 

peptide substrate to more easily access the binding cleft but then renders the protein 

unable to release the peptide substrate upon phosphorylation, obstructing further 

activity. Future experiments should focus on testing the WT and L489P PKN2FL activity 

with different peptide substrates in order to determine whether the mutant alters the 

activity in the same way in the presence of different substrates. The observed 

difference in activity of mutant L489P PKN2FL could account for the associated patient 

pathologies as a lower PKN2 activity level could result in reduced phosphorylation and 

dysregulation of important substrates involved in key developmental pathways. It 

should be noted that there was a difference between the activity of recombinant 

PKN2FL made in insect cells and in HEK cells. WT PKN2FL co-expressed with PDK1 

and RhoA in insect cells had a kcat value of 76 min-1 and a KM value of 295 µM 

compared to the WT PKN2FL expressed in HEK cells with a kcat value of 17 min-1 and 

a KM value of 76 µM.  

 

When considering how leucine 489 mutation could impact PKN2 structure, it was 

noted that this residue follows immediately after the predicted PKN2 C2-like domain, 

which is known in other protein contexts to exhibit a lipid and membrane binding 

function [232, 233]. This region of PKN2 situated between the C2-like domain and the 

kinase domain containing leucine 489 maps to the previously reported auto-inhibitory 

PKL-tide region of PKN2 [131, 234]. A comparison of this region of the human PKN2FL 

sequence with other human and drosophila PKN isoforms shows the equivalent PKN2 

Leu 489 residue in each sequence to be conserved. Comparison of the proposed PKL-

tide autoinhibitory region with other known auto-inhibitory kinase sequences revealed 

a similarity between PKN2 and PAK4 kinase (p21 activated kinase 4). Interestingly the 

equivalent residue at the leucine 489 position in PAK4 is a proline. The four preceding 

residues to Leu 489 (R-R-P-K) are identical to the auto-inhibitory motif of PAK4 

determined by X-ray crystallography [70]. We speculate that this could implicate L489 
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as a direct contact in a potential auto-inhibited PKN2 and that a mutation of leucine to 

proline at this position could increase the autoinhibitory nature of this contact. Further 

experiments are needed to confirm this. Figure 3.9 shows the sequence alignment of 

the proposed autoinhibitory sequence within PKN isoforms and PAK4 (B) and the 

PAK4 kinase crystal structure (purple) with the autoinhibitory peptide bound (orange) 

and contacts shown (A) [70]. 

 

 

 
 
 
 
 
 
 
 
In order to test whether the L489P mutation in PKN2FL affects its lipid binding 

properties, PIP strip binding tests were carried out. PIP strips are hydrophobic 

membranes containing fifteen different lipid spots adhered to the surface of the 

cellulose-based membrane. Lipids are known activators of the PKN family of proteins 

[159-161] and they are the major component of phospholipid cell membranes. 

Difference in lipid binding between WT and mutant L489P PKN2FL could indicate a 

difference in activation mechanism or membrane interaction, which in turn could be 

responsible for the pathology associated with the L489P PKN2 mutation.  

 

Figure 3.9 Inspection and comparison of PAK4 kinase autoinhibitory sequence with PKN 
sequences 
(A) PAK4 kinase domain crystal structure shown in purple (PDB code 4FIE) with auto-inhibitory motif 
RRPKP (orange) occupying the PAK4 kinase substrate-binding site. (B) Sequence alignment of the 

autoinhibitory motif of human PAK4 with the equivalent ‘PKL-tide’ region from selected PKN isoforms 

representing a conserved autoinhibitory region. The leucine residue corresponding to the patient 

derived PKN2 point mutation L489P is highlighted in orange and labelled. hs = Homo sapien, dr = 

Drosphila melanogaster. 
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In this assay, lipid-binding is determined by first incubating the protein of interest with 

the PIP STRIP membrane, allowing binding of the protein to the different immobilised 

lipids followed by detection of bound protein by western blot using an appropriate 

antibody. In this case an anti-PKN2 antibody was used and the detailed protocol is 

described in Chapter 2.5.7. The PIP STRIP results for WT and mutant L489P PKN2FL 

are shown below in Figure 3.10A and B respectively, together with a key identifying 

the lipids present in each spot with numbers corresponding to the positions of the 

spots on the membrane. 

 

 

 

 

 

 

 

 

 

The same lipid binding pattern can be seen for both WT and L489P PKN2FL. The 

largest signal detected can be seen for spots 14 and 15, corresponding to phosphatidic 

acid (PA) and phosphatidylserine (PS) respectively. There is a weaker signal detected  

for spots 4, 5 and 6 corresponding to phosphatidylinositol (PtdIns) monophosphates  

PtdIns(3)P, PtdIns(4)P and PtdIns(5)P respectively. There is also a very weak signal 

detected for spots 11 and 12 corresponding to PtdIns biphosphates PtdIns(3,4)P2 and 

PtdIns(3,5)P2 respectively. The small dot of signal at the bottom left corner of each PIP 

Figure 3.10 Analysis of lipid binding properties of WT and mutant L489P recombinant full 
length PKN2 expressed in Freestyle HEK293 cells 
Binding of WT and L489P PKN2 to PIP STRIP membranes containing various lipids. Binding of PKN2 

to lipid spots was detected by western blot using anti-PKN2 primary antibody and HRP-conjugated 

secondary antibody followed by chemiluminescent signal detection.  (A) WT full length PKN2 bound 

to PIP STRIP detected by anti-PKN2 antibody. (B) Mutant L489P full length PKN2 bound to PIP 

STRIP detected by anti-PKN2 antibody. (C) Key showing the lipids present in each spot on the PIP 
STRIP, the numbers in the table correspond to the positions shown next to each spot. 
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STRIP marks where protein was applied to the membrane prior to blocking, serving 

as a positive control to show that PKN2 can bind to the membrane and be detected 

successfully by the antibody. The ‘blank’ spot at position 16 (below 

phosphatidylserine, the bottom right hand darkest spot seen in both A and B) serves 

as a non-specific binding control.  

 

The results reveal that PKN2FL has a strong preference for PA and PS over other 

phospholipids. Whilst PA and PS are not as abundant as phosphatidylcholine or 

phosphatidylethanolamine within cellular membranes [235-238], both PA and PS are 

involved in activation of protein kinase C (PKC) [239-241] to which PKN2 is closely 

related. PKN2 has not been reported to be activated by PA or PS but both lipids may 

resemble arachidonic acid and linoleic acid lipids reported to activate PKN isoforms 

[161]. Although PKN2 has a C2-like domain it is unlikely to bind Ca2+ given the 

sequence differences apparent when compared to PKC C2 domains known to bind 

membranes [130, 242]. PKN2FL also shows a preference for singly phosphorylated 

PtdIns over non-phosphorylated phosphatidylinositol, double or triple phosphorylated 

PtdIns. This suggests some specificity towards PtdIns-containing lipids also required 

to recruit the priming kinase PDK1 to the plasma membrane [243]. The fatty acid 

composition of the various PtdIns may also contribute to PKN2 interaction, with a 

higher arachidonic acid content being preferable for PKN2 binding as arachidonic acid 

is a known fatty acid activator of PKN2 [161, 244].  

 

Despite the proximity of the L489P mutation to the C2-like domain of PKN2FL (residues 

353-473, RefSeq NM_006256.3, NP_006247.1) that could contribute to PKN 

membrane recruitment [129, 130, 244, 245], there does not appear to be any 

difference in lipid binding preference between the WT and mutant L489P protein. 

These data indicate that at least in vitro the PKN2 L489P mutation does not 

compromise the ability to bind lipids. It is therefore unlikely that the L489P associated 

patient abnormalities observed are caused by loss of PKN2FL lipid interaction. 

 

3.6 Analysis of PKN2 binding partners in mammalian cells 
 
In order to identify physiologically relevant proteins interacting with PKN2, co-

immunoprecipitation of tagged PKN2 followed by mass spectrometry analysis was 
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carried out. The aim of the experiment was to use PKN2 as a bait to probe in an 

unbiased manner for PKN2 interactors, regulators or even substrates. In this case 

rather than immunoprecipitation of epitope-tagged PKN2 with an immobilised 

antibody, Strep-tagged PKN2FL was expressed in Freestyle 293 HEK cells and 

PKN2FL was isolated by affinity purification as described previously in section 3.3. The 

eluted sample of Strep-PKN2FL, and any PKN2-bound proteins, was run on a short 

SDS PAGE gel (Figure 3.11). The short SDS PAGE was carried out to avoid 

separation of all of the proteins present in the sample, instead yielding a sample with 

a clean stack of all proteins present suitable for whole lane gel digestion and MS 

analysis. In order to distinguish between proteins present in the sample due to non-

specific binding to the Strep affinity tag and those proteins truly bound to PKN2, a no-

DNA transfection control sample was prepared in parallel using the same affinity 

purification protocol, ensuring all endogenous proteins present in the Freestyle 293 

HEK cells were exposed to the Streptactin sepharose affinity resin and eluted. This 

allowed the analysis elution samples from the protein of interest (PKN2) and the no-

DNA control to be compared, with only proteins present in the protein of interest 

(PKN2) sample being identified as interaction partners.  

 

The known interactors of PKN2, activated RhoA-GTP and the upstream kinase PDK1, 

were included as additional controls for analysis and comparison. Whilst previous 

results showed no evidence of a stoichiometric complex being pulled down with PKN2 

after co-expression with RhoA and PDK1, the sensitivity of the mass spectrometry 

analysis may be able to detect weaker interactions between the proteins. The 

presence of RhoA or PDK1 may also have an effect on further downstream 

interactions of PKN2, by increasing the levels of RhoA and, or PDK1 for example may 

promote or restrict other PKN2 interactions. For this reason, additional samples co-

expressing either RhoA or PDK1, and both RhoA and PDK1 together were also 

included for analysis. Neither RhoA or PDK1 were affinity tagged in these samples so 

that only PKN2 was acting as a tagged bait in these experiments. 

 

This experiment also offered another opportunity for comparison of WT PKN2 and 

patient derived mutation L489P PKN2 behaviour. Here we sought to better understand 

how the L489P mutation could be impacting on PKN2 function by comparing protein-

protein interactions detected for each sample. Loss or gain of protein-protein 
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interactions in the L489P mutant sample could be responsible for a change in PKN2 

function and for causing the symptoms observed in the PKN2 mutation patient. 

Samples with co-expression of RhoA, PDK1 and both RhoA and PDK1 were also 

included in the L489P mutant context in order to understand if the L489P mutation 

affected the relationship between these proteins. 

 

 

 

 

 

 

 

 

 

 

Proteins present in each sample were identified and the level of each protein quantified 

by LC-MS/MS. Raw LC-MS/MS data were processed by the Proteomics Science 

Technology Platform at the Francis Crick Institute. In short, the raw data was first 

filtered to remove common known contaminant proteins. Protein intensity values were 

then log2 transformed to aid in calculating the fold change in intensity. Transformed 

intensity values were then normalised for comparison between samples. Per sample 

normalisation followed by per protein normalisation was carried out. Per sample 

normalisation reduces protein intensity changes between samples caused by 

differences in sample concentration and is calculated by subtracting the median of the 

values in sample X from each value in sample X. Per protein normalisation does not 

affect the difference in intensity of each proteins in different samples, but serves to 

bring all intensity values closer to zero and brings the intensity values within a similar 

Figure 3.11 SDS PAGE of WT and mutant L489P full length PKN2 samples used for 
identification of interacting proteins by mass spectrometry analysis 
10% Bis-Tris gel run for a short time for whole lane analysis of each sample. Strep-tagged WT PKN2 
and L489P PKN2 (referred to in gel lane labels as just WT and L489P) were each expressed in 

Freestyle HEK293 cells alone, with untagged PDK1, with untagged RhoA, and with both untagged 

PDK1 and untagged RhoA. All samples represent the elution from a pull-down using streptactin 

sepharose affinity resin. The no DNA control represents a Freestyle HEK293 cell sample exposed to 

all the same procedures as the other samples but with no DNA transfected. 
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range. Figure 3.12 shows the raw data for individual protein intensity in each sample 

before (A) and after (B) per sample and per protein normalisation. The protein intensity 

value is on the y-axis and is plotted against each triplicate value for each sample along 

the x-axis, samples along the x-axis are labelled. The differences in overall protein 

intensity in each sample can be seen in the pre-normalisation plot shown in Figure 

3.12 A. Intensities of certain proteins of interest have been highlighted: red = PKN2 

intensity, blue = CLIP170 intensity, green = PDK1 intensity, pink = actin intensity and 

yellow = tubulin intensity. Actin and tubulin have been included as proteins of interest 

due to the reported roles of PKN2 in cytoskeleton regulation. CLIP170 has been 

included as a protein of interest as it is a cytoskeleton related protein, a microtubule 

plus end tracking protein, and has been identified as a potential PKN2 substrate [164]. 

CLIP170 will be further discussed in detail in Chapter 5 of this thesis.  
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Figure 3.12 Raw data from mass spectrometry analysis showing intensity of protein levels 
present in each sample before and after normalisation 
(A) Intensity level (y-axis) of each identified protein present in each WT and L489P PKN2 before 

normalisation. (B) Intensity level (y-axis) of each identified protein present in each WT and L489P 

PKN2 after per sample and per protein normalisation has been applied. Proteins of interest are 

highlighted in colour and labelled in the key. 
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Normalised protein intensities in each sample were then compared and PKN2 

interacting proteins were identified by T-test analysis. Two sample T-tests were carried 

out on replicate data for the abundance of proteins identified in PKN2 samples and in 

the no-DNA control sample. The purpose of the T-test is to determine whether the 

difference in protein abundance between the two samples is statistically significant. 

Volcano plots used to visualise the results of the T-test for the WT PKN2 against no-

DNA control and L489P PKN2 against no-DNA control are shown in Figure 3.13 and 

3.14 respectively. The negative logarithm (base 10) of the p-value (significance) on 

the y-axis is plotted against the difference between the mean of each group (the 

difference in abundance of proteins identified in the PKN2FL and control samples). 

Dots represent individual proteins identified. The yellow box corresponds to the region 

of the plot where the difference of group mean values are greater than 0 and therefore 

indicate a difference between the samples, and where the p-value is above 1 and 

therefore the difference is significant. Proteins within the yellow box represent proteins 

enriched in the PKN2 sample in question compared to the no-DNA control. Proteins 

corresponding to the dots in the yellow box are listed alongside each volcano plot. 

Comparing the enriched proteins identified in the WT and L489P PKN2 samples, with 

no additional expression of RhoA or PDK1, was of particular interest. The volcano 

plots are shown below. 
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Figure 3.13 Identification of WT PKN2 interacting proteins by T-test analysis 
Two-sample T-tests were carried out on replicate data for the abundance of proteins identified in WT 

PKN2 and control samples. (A) Volcano plot showing the negative logarithm (base 10) of the p-value 
(y-axis) plotted against the difference between the mean of each group (the difference in abundance 

of proteins identified in the WT and control samples). Dots represent different proteins identified. (B) 
Lists the enriched proteins corresponding to the dots in the yellow box which are enriched in the WT 

PKN2 sample. 
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L489P / Control protein intensities t-test comparison
(without ribosomal proteins)

Proteins enriched in L489P PKN2 sample:
Proteins more abundant in tmutant L489P PKN2 sample than 
Control sample (spots located inside the yellow box in the 
Volcano plot).

- PKN2

- PKN1

- Tubulin

- Paraneoplastic antigen Ma2

- Kinectin

- Hsp90 co-chaperone Cdc37

- Heterogeneous nuclear ribonucleoprotein A1

- Histone H2A

- Enhancer of rudimentary homolog

- ATP-dependent RNA helicase DDX3Y

- Histone H1x

- Histone H1.2 / H1.4 / H1.3 / H1t / H1.1

- Putative heat shock protein HSP 90-beta 2

- Kinesin-like protein KIF2A

- Poly(rC)-binding protein 2

- Thyroid hormone receptor-associated protein 3

Volcano Plot (T-test)
L489P PKN2 vs Control

-l
og

10
(p

-v
al

ue
)

Difference of group means
Abundance in L489P PKN2 sample – abundance in Control sample

A B

Figure 3.14 Identification of mutant L489P PKN2 interacting proteins by T-test analysis 
Two-sample T-tests were carried out on replicate data for the abundance of proteins identified in 

mutant L489P PKN2 and control samples. (A) Volcano plot showing the negative logarithm (base 10) 

of the p-value (y-axis) plotted against the difference between the mean of each group (the difference 

in abundance of proteins identified in the mutant L489P and control samples). Dots represent different 

proteins identified. (B) Lists the enriched proteins corresponding to the dots in the yellow box which 
are enriched in the L489P PKN2 sample. 
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WT PKN2 and mutant L489P PKN2 share in common a number of enriched proteins, 

and therefore proposed interaction partners, including PKN1 amongst others. The 

identification of PKN1 as an interacting protein for both WT and L489P is consistent 

with previous reports that PKN2 can form homodimers and heterodimers with other 

PKN isoforms. It also suggests that the L489P mutation does not abolish either dimer 

formation. The results show that neither WT or L489P PKN2 samples alone have 

enriched activating protein RhoA or upstream kinase PDK1 present, this is in keeping 

with previous results that there is no stable complex formation between these proteins 

and they do not co-associate with PKN2 in soluble lysates. It does not address whether 

a portion of PKN2 is associated with the insoluble fraction if recruited by endogenous 

RhoA as previously proposed by Flynn et al (2000) [141]. The lack of an interaction 

suggests a model where RhoA first binds to PKN2 and alters its conformation, RhoA 

is then released and the conformational change allows access to the activation loop 

for PDK1 phosphorylation and that these events happen in quick succession.  

 

There are however also some differences between the enriched proteins identified in 

the WT and L489P PKN2 samples. Multiple cytoskeleton related proteins were 

identified as interaction partners for both WT and mutant L489P PKN2 as was 

anticipated given the multiple links published between PKN isoforms and cytoskeleton 

regulation [184-186]. Interacting proteins identified in each sample, including both WT 

and L489P samples with co-expression of either or both RhoA and PDK1, are shown 

in the two tables in Figure 3.15 with cytoskeleton related proteins in table A and all 

other proteins in table B. All WT samples are shown highlighted in blue whilst all 

mutant L489P samples are shown highlighted in purple, a ‘+’ sign indicates the protein 

was identified as a binding partner in that sample whereas a ‘-‘ sign indicates it was 

not. 
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Figure 3.15 Comparison of enriched proteins identified in each WT and mutant L489P PKN2 
sample 
 (A) List of cytoskeleton related proteins identified as enriched in all WT and mutant L489P PKN2 

samples compared to control sample. (B) List of other proteins identified as enriched in all WT and 

mutant L489P PKN2 samples compared to control sample.  

‘+’ indicates the protein listed in enriched in that sample, ‘-‘ indicates the protein listed is not enriched 

in that sample. WT samples are highlighted in blue and mutant L489P samples are highlighted in 
purple. 
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Table A in Figure 3.15 shows that WT and L489P expressed on their own in Freestyle 

293 HEK cells both interact with tubulin beta 2B and kinectin. Tubulin beta 2B is a 

major constituent of microtubules (MT) [246, 247] whilst kinectin is a microtubule 

associated protein (MAP) that is a receptor for the molecular motor kinesin [248], 

which in turn is responsible for vesicle transport along microtubules  [249]. The 

presence of tubulin beta 2B could be due to a direct interaction with PKN2 or, perhaps 

more likely, could be due to its involvement in a larger complex with PKN2 that remains 

to be identified. The larger complex would involve one or more intermediate MAP(s), 

for example kinectin, which would serve as an adaptor protein, binding both PKN2 and 

the tubulin beta 2B component of microtubules. For WT PKN2 samples there appears 

to be an inverse relationship between the presence of PDK1 and tubulin beta 2B, with 

a loss of the tubulin beta 2B when PDK1 is overexpressed. 

 

Tubulin beta 2B is identified in multiple WT and L489P samples both with and without 

overexpression of RhoA and PDK1, this could be due its involvement in several PKN2-

MAP-MT complexes. Kinectin on the other hand, whilst present in the WT PKN2 

sample with no overexpression of RhoA or PDK1, was not present in any other WT 

samples but was present in all mutant L489P PKN2 samples, with and without 

overexpression of RhoA and PDK1. The higher prevalence of kinectin across all 

L489P samples could suggest the L489P mutation increases the PKN2-kinectin 

interaction, along with its downstream effects. Interestingly kinesin-like protein KIF2A, 

a member of the kinesin-13 family of MT associated motor proteins [250], was 

identified in all L489P PKN2 samples, but was not identified in any WT PKN2 samples. 

Given that kinectin is a receptor for kinesin it is likely that KIF2A would be an additional 

component of a complex involving PKN2, kinectin and tubulin beta 2B. The correlation 

of kinectin and KIF2A presence in all L489P samples adds further indication that the 

proposed complex is exclusively associated with the mutant L489P form of PKN2. 

 

There were two cytoskeleton related proteins that were identified predominantly in WT 

PKN2 samples, these were Katanin p60 ATPase-containing subunit A1 (Katanin p60) 

and janus kinase and MT interacting protein 3. Katanin p60 was identified in all WT 

PKN2 samples both with and without overexpression of RhoA and PDK1 whereas 

janus kinase and MT interacting protein 3 was only observed in the WT alone sample. 

Katanin is an enzyme that severs MTs in an ATP dependent manner, dissociating 
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tubulin subunits from the MT lattice [251]. Katanin is comprised of two subunits, the 

p60 catalytic subunit and the regulatory p80 subunit. The microtubule interaction and 

trafficking (MIT) domain is also located within the catalytic p60 subunit of katanin [252]. 

Katanin preferably binds to tubulin beta, and favours tubulin beta 2B over tubulin beta 

1B [253]. Katanin plays an important role in cytoskeleton reorganisation [253] and 

regulates MT dynamics by reducing the stability of MTs through the increased severing 

of MTs [254].  

 

Another interesting observation from the data collated in table A of Figure 3.15 is that 

cytoskeleton related protein drebrin is identified as a binding partner of both WT and 

L489P PKN2, but only in the instance of overexpression of RhoA and or PDK1. This 

implies that this interaction may only occur under physiological conditions in which 

local levels of RhoA or PDK1 are increased, and that the PKN2-drebrin interaction is 

a downstream effect of increased RhoA and PDK1 interaction. Drebrin is a 

cytoskeleton organising protein that binds to and stabilises filamentous actin [255] and 

can associate with the plus end tips of microtubules through end binding (EB) proteins 

[256, 257]. Drebrin is localised in the dendritic spines of rat forebrain neurons and has 

been suggested to play a role in synapse plasticity [258]. PKN2 may be involved in 

the drebrin mediated organisation of actin filaments when RhoA signalling is 

upregulated. 

 

Table B of Figure 3.15 shows a number of non-cytoskeleton related proteins identified 

as binding partners of PKN2. The data in this table shows there are some differences 

between WT and mutant L489P binding partners identified. For example, S/T 

phosphatase 2A (catalytic subunit), Bcl-2-associated transcription factor 1, thyroid 

hormone receptor-associated protein 3 and putative heat shock protein HSP 90-beta 

2 are exclusively identified as interaction partners of L489P PKN2. On the other hand, 

electron transfer flavoprotein subunit alpha mitochondrial, zinc finger and BTB 

domain-containing protein 8B were exclusively identified as interaction partners of WT 

PKN2. Overall the tentative conclusion is that WT PKN2 and L489P PKN2 are involved 

in different multi-protein complexes and that this could lead to different functionality of 

PKN2 and different downstream effects, accounting for the pathology associated with 

the L489P mutation that are not due to defects in cytoskeleton regulation.  
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3.7 Chapter summary 
 
This chapter reports several unique findings summarised below. During efforts to 

produce active PKN2FL with priming sites at the activation loop (T816) and turn motif 

(T958) phosphorylated in insect cells, it was necessary to co-express both PDK1 and 

RhoA. Remarkably co-expression with PDK1 alone is insufficient to observe any 

activation loop phosphorylation. In contrast expressing PKN2FL in Freestyle 293 HEK 

cells by transient transfection did not require co-expression with either PDK1 or RhoA 

to ensure phosphorylation of priming sites T816/T958. Recombinant active PKN2FL 

suitable for biochemical characterisation and structural analysis was successfully 

purified from both insect cells and HEK 293 cells. 

 

The serendipitous discovery of a patient with a missense PKN2 mutation enabled an 

in vitro characterisation of this L489P PKN2 mutation within the PKL-tide auto-

inhibitory motif. The phosphorylation state of recombinant WT and L489 PKN2FL was 

found to be indistinguishable, with both forms of the protein fully phosphorylated at 

both T816 and T958 priming sites.  The in vitro enzymatic activity, in vitro lipid binding 

properties and the binding partners in mammalian cells of WT and L489P PKN2FL were 

characterised and compared. Both WT and L489P PKN2FL displayed enzymatic 

activity towards a model peptide substrate derived from CLIP170. However the mutant 

L489P PKN2FL showed 3-fold reduced overall activity compared to WT PKN2FL. No 

difference in lipid binding properties was detected between WT and L489P PKN2FL 

suggesting that disease symptoms associated with the L489P mutation are not caused 

by compromised lipid binding. The L489P mutation was mapped to a potential auto-

inhibitory region of PKN2. Further experiments are needed to confirm the impact of 

the L489P mutation on PKN2 auto-inhibition, for example by introducing PKN2 auto-

inhibitory peptides into an enzymatic assay with and without the L489P mutation.  

 

The analysis of PKN2 binding partners by mass spectrometry in this chapter reveals 

several potentially physiologically relevant protein interaction partners of PKN2. 

Firstly, unique to WT PKN2 is an interaction with katanin p60 and secondly, 

predominantly associated with L489P PKN2, are interactions with kinectin and KIF2A. 

These interactions identified are with cytoskeleton related proteins and may also 



 139 

involve interaction with MT component tubulin beta 2B. The protein interactor drebrin 

potentially connects PKN2 cytoskeletal functions by bridging both actin filaments and 

microtubules. The differences in PKN2 interaction with these cytoskeletal proteins 

observed for WT and mutant L489P PKN2 could be the basis for how the L489P 

mutation alters normal PKN2 function of regulating the cytoskeleton and in turn how 

the L489P mutation causes disease. For example, by increasing the formation of actin 

stress fibres through an increased interaction with kinectin and KIF2A that is not seen 

to the same extent with WT PKN2, or by the loss of MT severing during key 

cytoskeleton reorganisation events through a lack of interaction with katanin p60. 

Currently the proposed interactions are not validated so future work should focus on 

experimentally validation starting with in vitro binding experiments and complex 

reconstitution.  

 

The results described in this chapter provide a strong basis for further biochemical and 

structural investigation of PKN2FL, with distinct states of purified recombinant protein 

to hand. Results include the first in vitro characterisation of a disease-related PKN2 

mutation and proposes several potential PKN2 interaction partners that could help 

better understand the how PKN2 carries out its role in cytoskeleton regulation. 
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Chapter 4: Architecture of full length PKN2 revealed by EM and cryo-EM 

analysis 
 
The reductionist approach of studying the properties of individual domains of PKN2 

has been valuable in providing information on specific ligand, substrate and activating 

partner interactions. To date there is a high resolution structure available for a single 

HR1a domain of PKN1 and multiple high resolution PKN1 and PKN2 kinase domain 

structures. There is currently no structural information available for any PKN HR1b, 

HR1c, C2-like domain or any of the region between the regulatory domains and the 

kinase domain which encompasses the proposed auto-inhibitory PKL-tide region.  

 

The crystallographic structure of ATP bound PKN2KD and of inhibitor compounds 

bound to PKN1KD are of great use for structure guided drug design of ATP competitive 

inhibitors of PKNs. The co-crystal structure of PKN1 HR1a domain with GTPase RhoA 

gives molecular insight into the binding of an activating partner to a PKN regulatory 

domain, revealing key contacts necessary in isolation for binding and activation. The 

unpublished crystal structure of PKN2KD  bound to the microtubule associated protein 

CLIP170 derived peptide substrate offered a binding mode for a putative PKN2 

substrate. The structure exposed a potential allosteric substrate-targeting motif within 

PKN2KD as well as a dimeric interaction with the CLIP170 peptide substrate. What is 

lacking is an integrated understanding of the relationship between the N-terminal 

regulatory domains and the C-terminal catalytic domains and how this interplay 

contributes to the activation of PKN2. The work in this chapter aims to address the 

lack of a complete picture of PKN2 architecture by using cryo-EM to determine a full-

length PKN2 structure with a particular interest in uncovering the nature of the 

homodimeric PKN2 interaction and how it contributes to PKN2 activation. 

 

Historically X-ray crystallography has been the dominant technique used by structural 

biologists to obtain high resolution structures of proteins. The drawback of X-ray 

crystallography is that it relies on the formation of a protein crystal lattice, often 

requiring vast quantities of purified protein at high concentrations. These features are 

often not amenable to large multi-domain proteins and the environment of the crystal 

lattice does not always reflect the physiological state of the protein. Within the last 

decade single particle cryogenic electron microscopy (cryo-EM) has undergone a 



 141 

resolution revolution, with advances in hardware and software allowing near atomic 

resolution structural determination to be achieved. This progress in cryo-EM has 

allowed the structures of large, complex, often flexible or transient multi-domain and 

multi-protein assemblies, that have previously resisted crystallisation, to be 

determined. For these reasons cryo-EM was chosen as the technique for the structural 

analysis of PKN2FL presented in this chapter.  

 
4.1 Chapter aims 
 
The mechanism of PKN activation and regulation by protein partners and co-factors 

remains poorly understood. Efforts to crystallise full length PKN isoforms have not 

been successful to date. With the recent progress in cryogenic-electron microscopy 

(cryo-EM), the aim of this chapter was to explore a cryo-EM approach to define the 

multi-domain architecture, autoinhibition and activation of full length PKN2 (PKN2FL). 

In addition, structural snapshots of PKN2 in complex with regulatory partners offers 

the opportunity to understand conformational changes during activation and how post-

translational modifications influence conformation. A combination of negative stain 

and cryogenic electron microscopy (cryo-EM) was used to achieve these objectives.  

 

4.2 Negative stain EM of un-crosslinked full length PKN2 

 

PKN2FL has been reported to form homodimers both in vitro and in cells [131]. 

However, during the purification of recombinant PKN2FL described in Chapter 3, no 

evidence for the formation of dimeric PKN2FL was observed. PKN2FL eluted from SEC 

columns as a single symmetric peak. Figure 4.1 shows the purification of PKN2FL co-

expressed (although not in complex) with PDK1 and RhoA in Sf21 insect cells as 

described and shown previously in Chapter 3.3. Figure 4.1 A shows the peak from the 

SEC profile corresponding to PKN2FL sample elution at 99 mL, the peak is marked 

with a green line and the SDS PAGE analysis of the corresponding samples is shown 

in Figure 4.1 B where a single band can be seen at 140 kDa corresponding to PKN2FL. 

According to previous calibration values for the Superdex 200 gel filtration column 

used here, the elution volume of 99 mL corresponds to a protein with a molecular 

weight close to 150 kDa, with a known standard protein of 150 kDa eluting at 97 mL. 

A molecular weight of just under 150 kDa suggests monomeric PKN2FL (112 kDa) 
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rather than dimeric PKN2FL (224 kDa) is present, however expression yields were 

insufficient to carry out SEC-MALLS for reliable molecular weight estimation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to determine whether any dimeric PKN2FL was present in these preparations, 

chemical cross-linker BS3 was added to the PKN2FL samples marked with the green 

line in Figure 4.1 B. Incubation with a chemical crosslinker covalently stabilises low 

abundance and/or transient protein complexes which can subsequently be identified 

using SDS PAGE. BS3 was incubated with the sample for two hours at 4°C and the 

cross-linking reaction quenched with 20 mM Tris pH 7.5.  SDS PAGE analysis of the 

cross-linked PKN2FL samples is shown in Figure 4.1 C. Prior to chemical crosslinking 

the sample migrated as a single molecular weight species (Figure 4.1 B). Following 

BS3 incubation two distinct protein bands corresponding to two discrete molecular 

weight species can be identified (Figure 4.1 C). The lower, more prominent, protein 

band migrates at 140 kDa corresponding to monomeric PKN2FL whilst a faint protein 

band is observed migrating just above 260 kDa. This band runs at roughly twice to 

molecular weight of the dominant monomeric PKN2FL protein band and corresponds 

Figure 4.1 Purification of recombinant PKN2FL yields heterogeneous sample containing both 
dimeric and monomeric PKN2FL Purification of full length PKN2 following GST affinity 

chromatography. (A) Chromatogram following size exclusion chromatography (SEC) of affinity 

purified full length PKN2. Absorbance at 280 nm  of sample eluting from the column is recorded in 

mAU (milli-absorbance units) and shown in blue. mAU values of sample eluting from the column are 

plotted against the volume at which the sample elutes from the column (retention volume). SEC was 

performed using a Superdex 200 column. (B) SDS PAGE analysis of purified full length PKN2 

samples, samples marked with a green line correspond to the SEC peak on the chromatogram 
marked with a green line. (C) SDS PAGE analysis of full length PKN2 samples marked with a green 

line post incubation with chemical cross-linker BS3. The gel is a 3-8% Tris-acetate gel run at 150 V 

for 60 minutes. 
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to a slightly larger than expected weight for dimeric PKN2FL at 224 kDa. Nevertheless 

it can be concluded that this band is likely to correspond to dimeric PKN2FL. These 

results suggest that in this case PKN2FL is purified as a rapidly exchanging 

heterogeneous mixture of monomeric and dimeric PKN2FL species, with monomeric 

PKN2FL being the predominant species. These studies indicate that whilst 

homodimeric PKN2FL may exist in solution, its association is transient and requires 

chemical fixation for long term stability.  

 

The absence of any full-length structure for PKN2 made it an attractive target for 

structural studies. Domain arrangement within a dimeric PKN2FL species was also of 

particular interest as it could shed light on the nature of previously reported 

intermolecular auto-inhibited PKN2FL dimer [127, 131, 234]. Furthermore monomeric 

PKN2FL has a molecular weight of 112 kDa which is at the lower end of the size limit 

for structure determination by cryo-EM whereas at 224 kDa dimeric PKN2FL is within 

a reasonable size range for routine cryo-EM analysis, although still poses some 

technical challenges [259, 260].  

 

Negative staining involves the adsorption of the specimen of interest to a continuous 

thin carbon film on an EM grid, the specimen is then embedded in a layer of dried 

heavy metal solution [259, 261-263]. In this case the heavy metal solution used was 

2% uranyl acetate. The specimen is enveloped in stain and is visualised by the 

absence of stain. Negative staining increases the specimen contrast and signal to 

noise ratio [261]. Many images are collected and computational averaging techniques 

used to obtain 2D and 3D information about the specimen [259, 261]. The drawbacks 

of negative stain EM are that the sample is dehydrated during staining [259] and the 

limit to the achievable resolution is relatively low at ~20 Å [261] due to the indirect 

imaging method. Despite this, with the speed and ease of the technique and the 

increased specimen contrast, negative stain EM is a useful method for first 

examination of a sample and is commonly used as a quality control step prior to cryo-

EM [259]. 

 

An EM single particle reconstruction pipeline involves the following steps. Firstly, 

particles are picked from the original micrographs, then sub-images are extracted 

containing only the particle of interest. Individual 2D particle projection images are 
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then aligned and grouped based on their similarity. Individual particle images within 

each group are subsequently averaged to increase their signal-to-noise, generating 

contrast enhanced 2D class averages in a process called 2D classification [260, 262]. 

2D classification can serve to assess the quality of particles, the heterogeneity of a 

sample and the different orientations captured of the specimen. Aligning the 2D EM 

projection images in different orientations to a 3D reference in Fourier space can be 

used to calculate a real-space 3D reconstruction of the specimen with maximum 

likelihood cross correlation methods [260, 262, 264]. Following 3D classification 

different 3D reconstructions can be compared, identifying different conformers of a 

specimen. Particles contributing to poor 3D reconstructions may be removed until a 

homogeneous species is identified. The particle projection images contributing to a 

single homogeneous 3D reconstruction can then be refined. During 3D refinement the 

dataset is split into two independent halves and the Fourier Shell Correlation (FSC) 

between these is calculated [265, 266]. Refinement proceeds via the incremental 

reduction in angular sampling intervals until the FSC drops below the 0.143 cut-off 

value. The FSC metric is useful for assessing the quality of the reconstruction and 

determining the resolution. Refinement produces a set of particle alignments that 

results in the highest resolution reconstruction possible from the input data.  

 

An initial inspection of the heterogeneous recombinant PKN2FL sample used negative 

stain EM grids prepared without cross-linking the sample. Visualisation of the non-

cross-linked PKN2FL sample was important to establish whether a stable non-cross-

linked dimer of PKN2FL could be identified by negative stain EM and to understand the 

ratio of monomeric to dimeric PKN2FL within the sample. A dataset of 150 micrographs 

were collected at 42,000x magnification with a pixel size of 2.46  Å/pix on a Tecnai 

T12 electron microscope. Particles were manually picked in Relion [265] from inverted 

contrast micrographs with a 200 Å particle picking diameter. Larger particles more 

likely to be the dimeric PKN2FL species were preferentially picked. 20,804 particles 

were picked and extracted in Relion [265] with a box size of 200 pixels (429 Å).  

 

Figure 4.2 A shows an example negative stain micrograph of the heterogeneous non-

cross-linked PKN2FL sample, from which different sized protein particles can be seen 

in the micrograph. Figure 4.2 B shows an example of particles picked in Relion [265] 

and Figure 4.2 C shows examples of extracted picked particles. 



 145 

 

  

Figure 4.2 Negative stain EM of heterogeneous sample containing both dimeric and 
monomeric PKN2FL (A) Example negative stain micrograph of heterogeneous PKN2FL taken on a 

Tecnai T12 electron microscope at 42,000x magnification. (B) Example inverted contrast negative 

stain micrograph with PKN2FL particles picked in Relion outlined with green circles. (C) Examples of 

picked PKN2FL particles extracted in Relion with a box size of 200 pixels. (D) Table of data collection 

information and particle processing parameters. 
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The extracted particles were subjected to multiple rounds of 2D classification in Relion 

[265]. After each round a manual selection step removed bad particles contributing to 

poorly aligned class averages and smaller particles likely to be monomeric PKN2FL.  

Particles from a randomly selected subset of representative 2D classes were used to 

generate an initial 3D model in Relion [265]. 3D classification was carried out on the 

particles contributing to all good 2D classes using the Relion [265] generated ab initio 

model as a 3D reference. Several rounds of 3D classification were performed, coupled 

with the manual removal of particles associated with poorly defined classes that 

showed less detail and more noise. This iterative procedure enriched high quality 

particles leading to a final 3D reconstruction of dimeric PKN2FL made up of 1848 

particles with an estimated resolution of ~38 Å. 

 

Figure 4.3 A shows examples of 2D class averages alongside forward projections 

generated from the particles contributing to the final 3D volume. There is a reasonable 

variety of different class averages suggesting multiple views of the protein are 

represented across the 2D classes. Different views of the 3D reconstruction generated 

for dimeric PKN2FL are shown in Figure 4.3 B.  
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The 3D volume threshold for viewing the 3D reconstruction in UCSF Chimera [267] 

was calculated at 270x103 Å3, which is in line with a 224 kDa protein based on the 

calculation that 1.21 Da = 1 Å3 [268]. Whilst the resolution of the 3D reconstruction at 

~38  Å is too low to unambiguously determine the molecular architecture of PKN2FL, 

the 3D reconstruction does however show that dimeric PKN2FL can be identified and 

separated computationally. The reconstruction shows an asymmetric object with a 

central cavity and ellipsoidal shape. There was a large reduction in the initial number 

Figure 4.3 Negative stain EM 2D classes and 3D volume generated for dimeric PKN2FL species 
from a heterogeneous non-crosslinked sample (A) Example 2D class averages generated from 

2D negative stain EM particle projections of PKN2FL. 2D class averages are shown alongside forward 
projections from the 3D reconstruction generated from the dataset. (B) Negative stain 3D 

reconstruction of dimeric PKN2FL generated from heterogeneous PKN2FL sample. The top three 

views show successive 90° rotations to the left. The bottom two views show the third view of the top 

row flipped forward 90°, and this view rotated 90° to the right. 
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of particles picked due to removal of monomeric PKN2FL particles, the small number 

of particles likely contributes to the low resolution of the 3D volume generated and 

supports the previous observation that monomeric PKN2FL is much more abundant 

than dimeric PKN2FL in the sample. 

 

4.3 Negative stain EM of crosslinked dimeric full length PKN2 

 
In order to improve upon the initial negative stain reconstruction of dimeric PKN2FL 

and for future cryo-EM studies, a stable homogeneous dimeric PKN2FL sample was 

required. The method of choice to separate the dimeric PKN2FL species from the 

monomeric PKN2FL species was to batch cross-link purified PKN2FL with BS3 and then 

perform SEC using a Superdex 200 increase gel filtration column. The PKN2FL sample 

was purified prior to batch cross-linking to eliminate contaminant proteins and 

aggregates from the sample. The Superdex 200 increase column is shorter and has 

higher resolving power meaning that the sample applied will be less diluted during 

passage through the column and the column should be capable of separating distinct 

monomeric and dimeric PKN2FL samples.  

 

PKN2FL co-expressed with PDK1 and RhoA was purified as described previously 

(section 4.2, Chapter 3 section 3.2) and the resulting PKN2FL samples from the 

heterogeneous SEC peak were pooled and incubated with 2.5 mM BS3 for two hours 

at 4°C. The cross-linking reaction was quenched with 20 mM Tris pH 7.5 and 

concentrated prior to SEC. Figure 4.4 A shows the resulting SEC profile of the batch 

cross-linked sample. Two separate peaks can be seen, the first peak eluting at 10.62 

mL is marked with a green line and corresponds to dimeric PKN2FL whilst the second 

peak eluting at 12.13 mL is marked with a red line and corresponds to monomeric 

PKN2FL. SDS PAGE analysis of the samples from each SEC peak are shown in Figure 

4.4 B. The initial sample in the gel in Figure 4.4 B is the concentrated batch cross-

linked sample applied to the column, two dominant protein bands can be seen in this 

sample. The band migrating just above 260 kDa is dimeric PKN2FL and the band 

migrating at 140 kDa is monomeric PKN2FL. Samples from the first peak are marked 

with a green line and show only dimeric PKN2FL migrating at ~260 kDa to be present 

whereas samples from the second peak are marked with a red line and show only 

monomeric PKN2FL migrating at ~140 kDa to be present. Figure 4.4 C shows SDS 
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PAGE analysis of the purified cross-linked dimeric PKN2FL sample concentrated and 

diluted. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results here show batch cross-linked PKN2FL to be successfully separated 

following SEC using a Superdex 200 increase column. The SEC trace shows there to 

be roughly twice as much monomeric PKN2FL eluted compared to dimeric PKN2FL, 

which is in keeping with our previous observations that monomeric PKN2FL was the 

more abundant species in the heterogeneous sample (section 4.2). There was 

however sufficient purified dimeric PKN2FL to study further by negative stain EM.  

 

Negative stain grids were prepared with the cross-linked dimeric PKN2FL sample and 

a dataset of 170 micrographs were collected at 30,000x magnification with a pixel size 

of 3.438 Å/pix on a Tecnai T12 microscope. An example micrograph is shown in Figure 

4.5 A showing more defined and more uniformly sized particles than the previous 

Figure 4.4 Separation of dimeric and monomeric PKN2FL samples by batch cross-linking with 
BS3 followed by SEC (A) Chromatogram following size exclusion chromatography (SEC) of BS3 

cross-linked purified full length PKN2. Absorbance at 280 nm  of sample eluting from the column is 

recorded in mAU (milli-absorbance units) and shown in blue. mAU values of sample eluting from the 

column are plotted against the volume at which the sample elutes from the column (retention 

volume). SEC was performed using a Superdex 200 increase column. (B) SDS PAGE analysis of 

cross-linked purified full length PKN2 samples, samples marked with a green line correspond to the 

first SEC peak on the chromatogram marked with a green line, samples marked with a red line 

correspond to the second SEC peak on the chromatogram marked with a red line . (C) SDS PAGE 

analysis of cross-linked dimeric full length PKN2 samples. The first sample is not concentrated, the 
second sample is concentrated 8-fold and the third sample is the concentrated sample diluted. 

 



 150 

dataset (Figure 4.2 A). 1000 particles were manually picked and extracted with a box 

size of 140 pixels (480 Å) from 20 micrographs in Relion [265], 2D classification was 

carried out on these particles to provide references for auto-picking in Relion [265]. A 

total of 43,312 particles were subsequently auto-picked after training on a subset of 

micrographs. An example picked micrograph is shown in Figure 4.5 B. Picked particles 

were extracted in Relion with a box size of 140 pixels (480 Å), example extracted 

particles are shown in Figure 4.5 C. 

  

Figure 4.5 Negative stain EM of BS3 cross-linked PKN2FL dimer sample (A) Example negative 

stain micrograph of BS3 cross-linked dimeric PKN2FL taken on a Tecnai T12 electron microscope at 

30,000x magnification. (B) Example inverted contrast negative stain micrograph with PKN2FL 

particles picked in Relion outlined with green circles. (C) Examples of picked PKN2FL particles 

extracted in Relion with a box size of 140 pixels. (D) Table of data collection information and particle 

processing parameters. 



 151 

The extracted particles were submitted for 2D classification in Relion [265] using a 

mask diameter of 250 Å. The particle stack was cleaned through multiple independent 

rounds of 2D classification, coupled to the removal of ‘bad’ particles. The resulting 

clean stack of particles was classified in 3D using an initial model generated within 

Relion [265] from these data as the 3D classification reference. Several rounds of 3D 

classification using an angular sampling interval of 7.5 degrees identified a single 

reconstruction from 10,786 particles that corresponded in volume to the mass of 

dimeric PKN2FL. This volume was refined in Relion [265] where a Fourier shell 

correlation (FSC) of 0.143 indicates a resolution of 30 Å for the final refined 3D volume. 

 

Figure 4.6 A shows examples of 2D class averages alongside forward projections 

generated from the particles contributing to the final 3D volume. The 2D classes are 

well aligned and show varied views of the protein. Four lobes can be discerned from 

some of the 2D classes, corresponding to globular domains from PKN2. Other 

projections show three-lobes or two-lobes, corresponding to top-down or side views. 

The forward projections match the shape of the 2D class averages indicating the 

particles within the class averages are well aligned true to the shape of the protein 

with the 3D reconstruction in agreement with the 2D averages. Different views of the 

3D reconstruction generated for cross-linked dimeric PKN2FL are shown in Figure 4.3 

B.  
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The 3D volume threshold for viewing the 3D reconstruction in  UCSF Chimera [267] 

was calculated at 270x103, as was the case with the 3D volume generated for non-

cross-linked dimeric PKN2FL, which is appropriate for a 224 kDa protein. Both cross-

linked and non-cross-linked sample 3D reconstructions also show the dimer to be 

asymmetric. 2D and 3D classifications were performed with and without C2 symmetry 

applied and it was determined that applying C2 symmetry did not improve the 

classification and in fact made it worse, suggesting the protein had no symmetry. The 

Figure 4.6 Negative stain EM 2D classes and 3D volume generated for BS3 cross-linked 
dimeric PKN2FL sample (A) Example 2D class averages generated from 2D negative stain EM 

particle projections of PKN2FL. 2D class averages are shown alongside forward projections from the 
3D reconstruction generated from the dataset. (B) Negative stain 3D reconstruction of dimeric 

PKN2FL generated from heterogeneous PKN2FL sample. The top three views show successive 90° 

rotations to the left. The bottom two views show the third view of the top row flipped forward 90°, 

and this view rotated 90° to the right. 
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overall similarity in shape and size of the two non-cross-linked and cross-linked 

dimeric 3D volumes suggests that the presence of the cross-linker does not induce a 

large conformational change. It is however difficult to draw firm conclusions on this at 

this resolution. There is more detail in the cross-linked dimeric PKN2FL 3D 

reconstruction, this is likely due to the increased number of particles contributing to 

the reconstruction and the higher quality of the input data.  

 

Efforts were made to explore the domain architecture of dimeric PKN2FL by fitting a 

combination of existing high-resolution crystal structures and homology models of 

PKN2 domains into the electron density map. An existing crystal structure of PKN2KD 

was available (PDB: 4CRS) whereas homology models had to be generated for the 

HR1 domains and the C2-like domain. Homology models are atomic resolution models 

of a protein sequence of interest, the target sequence, that are computationally 

generated based on the alignment of the target sequence with homologous proteins 

and experimentally solved structures of homologous proteins [269, 270]. Given the 

similarity of the three HR1 domains, one homology model was generated based on 

the HR1a domain sequence using SWISS-MODEL [269, 271-273]. The C2-like 

domain homology model was generated using Phyre2 [270]. Domain fitting was 

performed in UCSF Chimera [267] and the results are shown in Figure 4.7. 
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The 3D map was first segmented in UCSF Chimera [267] to identify potential domain 

boundaries. The largest domains, the two kinase domains (purple), were then fit into 

the largest segmented densities. Given the relatively low resolution of the 3D map 

there were several tentative solutions for domain fitting, different views of the best 

solution are shown here (Figure 4.7B). The domain fitting in Figure 4.7 B shows that 

the volume of the 3D map is appropriate for dimeric PKN2FL as two copies of all models 

are accommodated. This suggested arrangement of domains indicates the helical 

HR1 domains (orange) need to be bundled in order to fit the density. In this asymmetric 

model one molecule of PKN2FL appears more “open” with the domains positioned 

linearly whilst the other molecule of PKN2FL appears more “closed” with the domains 

positioned circularly with the HR1 bundle folding back towards the kinase domain.  

 

Figure 4.7 Domain fitting into negative stain EM 3D map for BS3 cross-linked dimeric PKN2FL 

(A) Schematic overview of PKN2FL domains with high resolution homology models or existing crystal 

structures alongside each domain. (B) Possible domain architecture of dimeric PKN2FL. PKN2FL 

domains models and structures fitted into negative stain EM generated 3D electron density map 

using UCSF Chimera. 
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Whilst the positions of docked structures are tentative at present, we speculate that 

the asymmetric conformer of dimeric PKN2FL captured by negative stain EM could be 

the result of a combination of RhoA interaction and PDK1 phosphorylation of the 

PKN2FL activation loop. One explanation is that RhoA induces a conformational 

rearrangement within the PKN2 regulatory domain, permitting access to the activation 

loop by PDK1. This in turn requires access to the PKN2 C-tail hydrophobic motif to 

engage PDK1 and may suggest that the RhoA binding site overlaps the C-tail or 

modulates its conformation. The asymmetry of the PKN2FL dimer could be explained 

if the stoichiometry of binding of RhoA to PKN2 is 1:2. Alternatively the asymmetric 

conformer may represent a partially active PKN2FL dimer, with the more linear open 

molecule of PKN2 offering a more accessible kinase domain for phosphorylation and 

activation for PDK1 and the closed molecule still being auto-inhibited. Implicit in this 

model is the speculation that a non-phosphorylated PKN2FL dimer could be symmetric 

and represent an inactive conformer as proposed by others [131]. The model proposed 

here places the C2-like domain in close proximity to the kinase domains in both 

molecules within the dimer. Since the reported PKN2 auto-inhibitory sequence follows 

immediately after the C2-like domain, it could plausibly be close enough to obstruct 

the modulate the kinase domains in this model. It cannot be ruled out at this point that 

a monomeric form of PKN2FL represents a fully active state of PKN2FL. 

 

To support the domain arrangement proposed here, cross-linking mass spectrometry 

(XL-MS) could be carried out in the future. By identification of cross-linked peptides 

from a cross-linked sample XL-MS offers a measure of the proximity of amino acid 

residues within a complex. XL-MS measures distance constraints between different 

regions of a protein, or between two proteins, and can used in conjunction with low 

resolution structural information to determine whether the distance constraints match 

the domain arrangement [274, 275]. 

 

4.4 Cryo-EM of crosslinked dimeric full length PKN2 
 
Given the promising negative stain EM reconstruction generated with the 

homogeneous cross-linked dimeric PKN2FL sample, the sample was taken forward for 

cryo-EM analysis with the aim of obtaining high resolution structural information. 

Higher resolution information would not only allow for greater confidence in domain 
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architecture but could also offer a route to defining the PKN2FL dimer interface at 

atomic resolution, providing important regulatory mechanistic insight.  

 

Cryo-EM involves the rapid cooling of an aqueous sample to cryogenic temperatures 

resulting in sample vitrification and maintaining the sample at these temperatures 

whilst imaging using an electron microscope. Sample preparation for cryo-EM involves 

application of a purified specimen to a cryo-EM grid,  either covered with a holey mesh 

carbon support layer or a continuous thin film of carbon support, prior to plunge 

freezing the sample in liquid ethane cooled with liquid nitrogen [276]. This results in 

the specimen being embedded in a thin layer of vitreous buffer, preserving an aqueous 

and close to native environment for the specimen. Ideally the specimen will be 

captured in multiple orientations within the thin layer of vitreous ice. The plunge 

freezing must be rapid in order to prevent formation of crystalline ice [259].  

 

Single particle analysis (SPA) can then be carried out on large datasets of EM images 

collected, aligning and averaging multiple 2D projection images of the specimen. With 

multiple different angular orientations of the specimen captured the angular 

relationships between each orientation can be calculated to obtain 3D information 

about the specimen [259]. Using the same reconstruction techniques as discussed 

above, real space 3D maps are calculated through the alignment of 2D projection 

images in Fourier space followed by inverse Fourier transform. 

 

Unlike negative stain EM, cryo-EM does not cause dehydration of specimens and 

allows visualisation of proteins in a native-like state [276]. Cryo-EM does however 

require a low electron dose when imaging to avoid specimen damage. This leads to 

poor contrast and low signal to noise ratio which is compensated for by collecting a 

large number of images for SPA [259]. Developments in equipment such as direct 

electron detectors for imaging have contributed to the resolution revolution associated 

with cryo-EM [277], allowing high resolution protein structures to be obtained.  

 

One of the greatest challenges associated with cryo-EM is optimising sample 

distribution and ice thickness when preparing cryo-EM grids [259]. The table in Figure 

4.8 lists the parameters optimised during cryo-EM grid preparation. All cryo-EM grids 

were plunge frozen using an FEI Vitrobot mark IV. 
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Initial cryo-EM sample preparation conditions were chosen based on experience from  

previous cryo-EM projects within the lab. These conditions involved using unsupported 

Quantifoil R 1.2/1.3 300 mesh copper grids which were negatively glow discharged 

prior to sample application. This process applies a charge to the grids promoting 

uniform application and particle adherence to the grid. Blot time was the first parameter 

to be optimised, trialling blot times between 2 and 6 seconds initially, eventually 

trialling up to 10 seconds blot time in later screening sessions. Glow discharge power 

and length were the next parameters to be optimised trialling 15-45 mAmp for 30-90 

seconds, with the lower power settings used for longer time lengths. A wait time of 30 

seconds between blotting and plunge freezing was most commonly used, but no wait 

time was also trialled. Different grids were trialled such as Quantifoil grids with different 

Figure 4.8 Cryo-EM parameters for freezing and screening grids Table outlining the critical 

parameters varied during optimisation of cryo-EM grid freezing conditions. 
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mesh size and C-flat grids. Varying the parameters described above did not lead to 

optimal cryo-EM grids. The most common issues were either formation of an ice layer 

too thick to image and visualise embedded particles, no ice coverage at all, or 

inconsistent ice coverage. When areas of ice of an appropriate thickness for imaging 

were found it was often difficult to detect any protein particles, presumably as they had 

been excluded from the open holes. 

 

Figure 4.9 shows some examples of non-optimal conditions observed during 

screening of cryo-EM grids, images were collected on a Tecnai T12 electron 

microscope. Figure 4.9 A shows an example image of a C-flat grid with very thin ice 

which is too thin to give full coverage of vitreous ice across the holes, it appears to be 

peeling away in the image. In contrast Figure 4.9 B shows an example of a Quantifoil 

grid with very thick ice coverage across the holes, in this case the ice was too thick to 

visualise any particles within the ice. Figure 4.9 C shows non-uniform ice thickness 

both within each hole and across different holes. Non-uniform ice is not ideal for data 

collection as it is more difficult to find areas to set up automated data collection so is 

best avoided. Figure 4.9 D shows an example of aggregated protein within vitreous 

ice, protein particles can be seen but the concentration is much too high resulting in 

clumps of protein particles which are undistinguishable from one another. Figure 4.9 

E shows an example of ice contamination within the micrograph. Whilst ice 

contamination cannot be completely avoided, there is a large amount for one image 

which would potentially make particle picking difficult and reduces the area of useable 

particles from that particular micrograph. This is a feature best avoided if it is persistent 

across a large area of a grid.  
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Through persistence, it was eventually found that varying PKN2 sample concentration 

allowed for more favourable vitrification conditions to be achieved. The addition of 

0.1% CHAPS detergent (3-((3-cholamidopropyl) dimethylammonio)-1-

propanesulfonate) to the buffer throughout the preparation of the protein allowed a 

higher concentration of PKN2FL to be reached. The addition of 0.01% CHAPS to the 

final sample buffer may also have been favourable for particle dispersion in the ice. 

With the addition of CHAPS to the sample buffer, cross-linked dimeric PKN2FL eluting 

Figure 4.9 Cryo-EM screening: examples of non-optimal vitrification conditions All images 

taken on a Tecnai T12 electron microscope operated in under cryo-EM conditions. (A) example of 

C-flat grid with extremely thin ice coverage. (B) Example of Quantifoil grid with very thick ice 

coverage across holes. (C) Example of Quantifoil grid with non-uniform ice coverage across holes. 

(D) Example micrograph containing aggregated protein. (E) Example micrograph containing ice 

contamination.   

 



 160 

from the SEC column at 8 mAU (2 μM) was concentrated 2-fold (2x), 3-fold (3x) and 

4-fold (4x). This gave three samples to assess with PKN2FL concentrations of 4 μM, 6 

μM and 8 μM. Cryo-EM grids were prepared for each concentrated sample using 

Quantifoil R 1.2/1.3 300 mesh unsupported copper grids. Grids were glow discharged 

at 45 mAmp for 70 seconds prior to sample application. A blot time of 4 seconds was 

used followed by a wait time of 30 seconds prior to plunge freezing. The grids were 

screened on a Talos Arctica microscope. The cryo-EM grids prepared with 2x and 3x 

concentrated sample were mainly black with ice too thick to image. The cryo-EM grids 

prepared with the 4x concentrated sample however yielded grids with uniform ice 

coverage suitable for imaging. These observations indicated that the ice coverage of 

the cryo-EM grid was sample concentration dependent and that a threshold of protein 

concentration had to be reached in order to obtain suitable ice coverage and for protein 

particles to enter the open holes. It should also be noted that throughout optimisation 

of grid freezing conditions, maintaining the Vitrobot chamber temperature at 4°C and 

humidity at 100% helped with producing reproducible conditions, as did cleaning all 

cryo-EM grids with chloroform prior to preparation. 

 

Figure 4.10 shows some examples of images taken of the concentrated BS3 cross-

linked dimeric PKN2FL sample. With this higher concentration (4x) and the addition of 

CHAPS detergent to the final sample buffer, particles were visualised in vitreous ice 

with no support film. Figure 4.10 A shows examples of ice coverage across different 

squares of the grid whilst Figure 4.10 B shows an example of a square with uniform 

thin vitreous ice coverage across all holes. Figures 4.10 C and D show example 

micrographs captured from holes within the square shown in B. Although the uniform 

thin ice looks ideal, inspection of the micrographs in C and D reveals there is a slight 

halo effect in that there is particle exclusion from the thinner ice in the centre of the 

hole and the protein particles are gathered in the thicker ice around the edge of the 

hole. Whilst clear progress had been made in seeing clear protein particles in ice for 

the first time, the distribution of particles was not optimal for a larger data collection 

with such large areas of ice containing no particles. The images collected here suggest 

that the PKN2 particles have a preference for slightly thicker ice and are not tolerated 

in thin ice which is consistent with previous reports of particle exclusion from thinner 

ice [278]. All images were collected on a Talos Arctica electron microscope.  
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Figure 4.10 Cryo-EM screening concentrated BS3 cross-linked dimeric PKN2FL sample 
reveals particle exclusion from thinner ice. Images were collected on a Talos Arctica 200 
kV electron microscope using a Quantifoil 1.2/1.3 300 mesh cryo-EM grid negatively glow 

discharged at 45 mAmp for 70 seconds prior to application of concentrated BS3 cross-linked 
dimeric PKN2FL sample with 0.01% CHAPS. Blot time 4.5 seconds and wait time 30 seconds 

prior to plunge freezing with an FEI Vitrobot mark IV. (A) and (B) example grid squares with ice 
coverage (C) and (D) example micrographs showing particle exclusion from centre of hole 

where ice is thinner. 
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In order to overcome the particle exclusion observed in the squares with thin vitreous 

ice coverage, areas with slightly thicker ice were examined. Figure 4.11 shows 

examples of images taken from another grid prepared with the concentrated BS3 

cross-linked dimeric PKN2FL sample that had been prepared with a shorter blot time 

of 4 seconds. Figure 4.11 A shows an example of uniform thicker ice coverage over 

multiple squares and Figure 4.11 B shows and example of a square with thicker ice 

coverage over most of the holes. Figures 4.11 C and D show example micrographs 

captured from holes within the square shown in B. The micrographs in C and D here 

reveal that the halo effect is lost and the PKN2 particles can be seen to be well 

dispersed across the entire hole. All images were collected on a Talos Arctica electron 

microscope. 
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Figure 4.11 Cryo-EM screening concentrated BS3 cross-linked dimeric PKN2FL sample 
reveals particles well dispersed in thicker ice. Images were collected on a Talos Arctica 200 kV 

electron microscope using a Quantifoil 1.2/1.3 300 mesh cryo-EM grid negatively glow discharged 

at 45 mAmp for 70 seconds prior to application of concentrated BS3 cross-linked dimeric PKN2FL 

sample with 0.01% CHAPS. Blot time 4 seconds and wait time 30 seconds prior to plunge freezing 

with an FEI Vitrobot mark IV. (A) and (B) example grid squares with thicker ice coverage (C) and 

(D) example micrographs showing even particle distribution across holes. 
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Whilst reproducible conditions had been found to prepare cryo-EM grids with well 

dispersed cross-linked dimeric PKN2FL in vitreous ice across open holes, there were 

concerns about these conditions being dependent on protein concentration after 

purification by gel filtration. It was thought that concentration may damage the sample 

so efforts were made to optimise the cryo-EM grid preparation further, such that grids 

could be prepared without sample concentration post gel filtration. To do this the 

protein preparations were scaled up with the aim of maximising the amount of dimeric 

PKN2FL recovered at the end of the protocol. Attempts were made to apply the 

unconcentrated sample onto cryo-EM grids with a thin carbon support layer, which 

reportedly requires up to five times less protein concentration than when applying 

sample to holey grids with no carbon support [276]. This approach was trialled with 

carbon coated grids and graphene oxide coated grids both sourced commercially and 

prepared in-house with limited success. Conditions were very difficult to optimise given 

the increased background noise to the images that is associated with thin carbon 

backing [276]. The increased background noise coupled with the small size of the 

target protein made particle identification very challenging.  

 

The second approach to do this was to apply a different charge surface property to 

holey grids prior to sample application. Previously glow discharge parameters had 

been varied, but all involved applying a varying degree of negative surface charge to 

the grid, rendering it hydrophilic. Therefore a positive surface charge was applied to 

the grid by introducing the presence of amylamine during glow discharging, retaining 

the hydrophobic nature of the grid surface [276, 278]. It was anticipated that by altering 

the surface property of the grid in this way, the high protein concentration threshold 

previously observed for particles entering the ice in holes might be reduced or 

eliminated. Other studies had shown adding chemicals during the glow discharging 

process to significantly alter particle distribution across the grid [278].  

 

Glow discharging Quantifoil grids in the presence of amylamine prior to application of 

non-concentrated cross-linked dimeric PKN2FL and vitrification resulted in well 

distributed protein particles across open holes. A halo effect was seen when imaging 

holes with thinner ice, as was observed with the previous concentrated sample and 

air glow discharged grids, where particles were excluded from the centre of holes. This 

problem was again overcome by imaging holes with thicker ice. Figure 4.12 A shows 
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an example of an amylamine glow discharged grid square with uniform ice and Figure 

4.12 B shows an example of the ice thickness across holes where well distributed 

protein particles were found. Figures 4.12 C and D show example micrographs 

captured from this grid. Although the contrast is not as strong as in previous 

micrographs, well distributed particles can be seen across the holes  imaged on a 

Talos Arctica microscope. It was concluded that adsorption onto positive charged grids 

was beneficial for sample dispersion, perhaps due to an overall negative charge on 

PKN2 protein. Given the isoelectric point (pI) of PKN2FL is 5.59, the protein would have 

an overall negative charge at the pH 7.5 of the sample buffer. 
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Figure 4.12 Cryo-EM screening BS3 cross-linked PKN2FL sample: no sample concentration 
step was required when grids were glow discharged with amylamine.  Images were collected 
on a Talos Arctica 200 kV electron microscope of a Quantifoil 1.2/1.3 300 mesh cryo-EM grid 

positively glow discharged with amylamine at 25 mAmp for 60 seconds prior to application of non-

concentrated BS3 cross-linked dimeric PKN2FL sample with 0.01% CHAPS. Blot time 4 seconds and 

wait time 30 seconds prior to plunge freezing with an FEI Vitrobot mark IV. (A)  example grid square 

with uniform ice coverage (B) example grid square holes with thicker ice coverage (C) and (D) 
example micrographs showing even particle distribution across holes. 
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At this point suitable criteria had been met to proceed to data collection in that 

reproducible cryo-EM grids had been prepared showing uniform ice coverage and 

well-dispersed particles had been visualised within the ice. Both the cross-linked 

dimeric PKN2FL sample and cryo-EM grid preparations had been optimised. This had 

enabled visualisation of PKN2FL particles suspended in a vitreous layer of ice across 

open holes without a sample concentration step being required post-purification. The 

final conditions selected for data collection were as follows; non-concentrated sample 

with 0.01% CHAPS detergent was applied to Quantifoil R 1.2/1.3 300 mesh copper 

grids glow discharged in the presence of amylamine for 60 seconds at 25 mAmp. Grids 

were vitrified using an FEI Vitrobot mark IV. A 4 µL aliquot of sample was applied to 

grids followed by a 30 second wait and a 4.5 second blot time. The humidity of the 

Vitrobot chamber was at 100% and the temperature was at 4°C. An atlas from a single 

cryo-EM grid selected for data collection is shown in Figure 4.13 A alongside freezing 

conditions (B) and data collection parameters (C). The grid atlas shows there to be a 

sufficient number of holes with suitable ice thickness for data collection.  

 

  

Figure 4.13 Cryo-EM data collection of BS3 cross-linked dimeric PKN2FL sample (A) grid atlas 

of data collection grid collected on Titan Krios 300 kV electron microscope. (B) Conditions used for 
preparation of the data collection grid shown in (A). Grid was prepared with non-concentrated BS3 

cross-linked dimeric PKN2FL. (C) data collection parameters. 



 168 

Data was collected on a Titan Krios microscope operating at 300 kV. Images were 

collected in integration mode using a Gatan K2 Summit direct electron detector 

camera. Figure 4.14 shows an overview of the data processing carried out. Pre-

processing procedures are outlined in grey boxes, particle picking and extraction 

procedures are highlighted in blue boxes, 2D and 3D classification procedures are 

highlighted in green boxes and post-processing procedures are highlighted in green 

boxes. 

  

Figure 4.14 Overview of the key cryo-EM data processing steps for the BS3 cross-linked 
dimeric PKN2FL dataset. Pre-processing steps are outlined in grey, particle processing steps are 

outlined in blue, particle classification steps are outlined in green and post-processing steps are 
outlined in purple. 



 169 

Data collection was performed by Dr. Andrea Nans, a member of the structural biology 

Science Technology Platform at The Francis Crick Institute. A total of 7535 movies 

were collected and subjected to on the fly pre-processing. Motion correction and frame 

alignment of the movies was carried out using MotionCor2 [279]. Contrast transfer 

function (CTF) estimation was performed using ctffind4 to determine the defocus 

parameters for each micrograph [280, 281]. The power spectra associated with each 

micrograph were manually inspected and any indicating crystalline ice were removed.  

 

A number of particle picking programs were trialled including crYOLO [282], Xmipp 

3.0 [283]  and Gautomatch [284]. Optimisation of parameters within template-based 

picker Gautomatch allowed for the best results with fine tuning of the maximum and 

minimum values of the ‘local average’ parameter resulting in particle picking across 

the entire micrograph despite the gradient in ice present in the majority of micrographs. 

A total of 1,206,360 particles were picked automatically after optimising picking 

parameters on a subset of micrographs. Particles were extracted using Relion [265]. 

Particles were extracted with a 2x binned pixel size of 1.68 Å/pix and a box size of 120 

x 120 pixels. An example micrograph with picked particles circled in blue and selection 

of example extracted particles are shown in Figure 4.15 A and B respectively.  

 

 

  Figure 4.15 Cryo-EM of BS3 cross-linked dimeric PKN2FL sample: particle picking and 
extraction (A) Representative micrograph from Titan Krios data collection with particles picked in 

Gautomatch circled in blue (B) Some examples of picked particles extracted. 
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Particles were screened using Xmipp 3.0 [283] particle sorting in order to remove 

contaminant features that were incorrectly picked as protein particles and poor protein 

particles. The lowest scoring 10% of particles were removed. The resulting screened 

particles were submitted for initial 2D classification in Relion [265] and partitioned into 

100 classes. The resulting 2D class averages did not look promising and indicated 

that this would be a challenging dataset to process. The class averages lacked clear 

definition and showed no evidence of high-resolution features. Given the large number 

of particles contributing to the classification and the high-quality data collection 

parameters, we would expect to detect some evidence for high resolution features at 

this stage if they were present. The lack of any secondary structure elements observed 

in these 2D class averages suggests poor alignment. There also appeared to be 

evidence of “streaking” present in the class averages and smearing of density coming 

away from the class averages indicative of continuous motion within the particle 

images. 

 

Despite the initial poor 2D classification results efforts were made to clean the particle 

stack in order to understand what the limitations of the dataset were. The large number 

of starting particles could still potentially contain high quality particles that would go on 

to contribute to a high-resolution reconstruction. There could be a greater number of 

dimeric conformers of PKN2FL than expected leading to a large degree of 

conformational heterogeneity requiring further classification to be separated out. The 

‘smeared’ density could be due to neighbouring particles, classes showing multiple 

particles could be removed while re-centring and re-extraction of particles could help. 

Streaks present in 2D classes could be due to overfitting of noise and could be 

reduced by changing parameters in the 2D classification job. Poor alignment during 

2D classification could be caused by inherent sample flexibility or sample instability. 

Although the sample was prepared in the presence of a covalent chemical cross-linker, 

this stabilisation could still potentially be disrupted during the vitrification process 

leading to partial or full sample denaturation. 

 

Iterative rounds of 2D classification were carried out, gradually removing particles 

contributing to the poorest, most featureless classes with the most noise. Classes 

where neighbouring particles could be identified were removed. 2D classification 

parameters were optimised in Relion [265] such as the increasing the limit resolution 
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step, decreasing the regularisation parameter T, which can help prevent overfitting of 

results [285], increasing the offset search value and using subsets for initial updates 

but this optimisation did not drastically improve the outcome of the 2D classification. 

3D classification was used to further filter the particles. Both a low pass filtered Relion 

[265] generated initial model from the dataset and the low pass filtered cross-linked 

dimeric PKN2FL negative stain map were trialled as references. 3D classification 

allowed the continued selection of particles based on different parameters to 2D 

classification. 3D classes that were very small or very noisy, clearly lacking domain 

like features, were removed. After removal of particles associated with poor 3D 

classes, the particles contributing to more convincing 3D classes were then classified 

in 2D again.  

 

The process described above was repeated until removal of particles no longer 

improved the 2D class averages or 3D volumes generated. The resulting 21,726 

particles were transferred to cryoSPARC v2 [286] for comparative analysis and to 

perform further analysis. Figure 4.16 shows 2D class averages generated for the 

cleaned stack of 21,726 particles in both cryoSPARC [286]  (A) and Relion [265] (B).  
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The class averages produced in both cryoSPARC [286] and Relion [265] 2D 

classification of the same particles are similar and both display a comparable level of 

detail. The best class averages show clear white density against a solid black 

background and show clear definition of bi-lobal and tri-lobal protein density. 

Conversely, the poorest class averages show unclear white density against a black 

background strewn with grey noise and show no definitive shape. The stack of 21,726 

particles were heterogeneously refined in cryoSPARC v2 [286] against an ab initio 

model generated in cryoSPARC v2 [286] from the data. The resulting best 3D volume 

Figure 4.16 Cryo-EM of BS3 cross-linked dimeric PKN2FL sample: 2D classification (A) 2D 

classification of 21,726 particles partitioned into 35 classes in cryoSPARC v2 (B) 2D classification 

of 21,726 particles partitioned into 35 classes in Relion 
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containing 11,905 particles was subject to non-uniform refinement in cryoSPARC v2 

[286]. The non-uniform refined 3D volume of cross-linked dimeric PKN2FL is shown in 

Figure 4.17, a tri-lobal volume can be seen with a single hole and an additional density 

with poor connectivity to the main volume. Figure 4.17 A shows the refined 3D map 

with local resolution rendering applied, indicating the majority of the map to have a 

resolution of between 13 and 16 Å. Figure 4.17 B shows the refined 3D map with local 

filtering applied which did not improve the resolution of the map. Figure 4.17 C shows 

the gold standard Fourier Shell Correlation (FSC) resolution estimation for the refined 

3D map generated in cryoSPARC v2 [286] to be 13.15 Å.  

Figure 4.17 Cryo-EM of BS3 cross-linked dimeric PKN2FL sample: 3D map (A) Non-uniform 

refined 3D map generated in cryoSPARC v2 rendered by local resolution, colour coded key shows 

the resolution to which each colour corresponds. (B) Non-uniform refined 3D map generated in 
cryoSPARC v2 with local filtering applied. (C) FSC curves for refinement performed in cryoSPARC 

v2. 
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Existing high resolution structures and homology models of PKN2 domains were 

docked into the refined cryo-EM 3D map for cross-linked dimeric PKN2FL in UCSF 

Chimera [267]. The fitting results are shown in Figure 4.18 with the refined 3D cryo-

EM map in mesh, PKN2 HR1 domain homology model in orange, C2-like domain 

homology model in green and kinase domain crystal structure (PDB: 4CRS) in purple. 

Given the limited resolution of the map a definitive conclusion about domain 

arrangement cannot be made. Two speculative arrangements are shown in Figure 

4.18 B and C. The immediate observation from both fitting arrangements shown, is 

that the cryo-EM map is not the appropriate volume for dimeric PKN2FL with the 

scenario in 4.18 B showing just one copy of each domain filling the 3D volume and the 

scenario in 4.18 C showing two copies of the kinase domain but only one set of HR1 

domains and one C2-like domain filling the volume. The results show that the cryo-EM 

map generated for PKN2FL is roughly half the expected volume for dimeric PKN2FL. 

The results are surprising given the dimeric PKN2FL was chemically stabilised with 

cross-linking agent BS3 prior vitrification. The results are also unexpected considering 

the negative stain 3D map generated for the same cross-linked dimeric PKN2FL 

sample was an appropriate dimeric volume (Figure 4.7).  
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Whilst negative stain EM can give a good indication of how a sample will behave in 

cryo-EM studies, it is not always the case that the homogeneity and stability of a 

sample will be maintained during the vitrification process [287-289]. The lack of density 

observed for dimeric PKN2FL in the cryo-EM 3D map could be due to either 

fragmentation or partial denaturation of the sample, or to a high degree of flexibility 

within the sample, or indeed a combination of each. Although the BS3 cross-linker 

successfully stabilised the PKN2FL dimer prior to vitrification, this could be destabilised 

during the rapid plunge freezing due to exposure to the air-water interface. Protein 

interaction with the air-water interface can on occasion lead to rapid denaturation or 

Figure 4.18 Cryo-EM of BS3 cross-linked dimeric PKN2FL sample: possible domain fitting into 
3D map (A) Schematic overview of PKN2FL domains with high resolution homology models or 

existing crystal structures alongside each domain. (B) Possible domain fitting scenario 1. (C) 
Possible domain fitting scenario 2. PKN2FL domains models and structures fitted into cryo-EM EM 

generated 3D electron density map using UCSF Chimera. Kinase domains are shown in pink and 

purple. 
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partial unfolding of proteins, causing damage before the sample is even frozen [290-

292]. 

 

In order to assess the level of flexibility and heterogeneity within the sample, 3D 

variability analysis was carried out in cryoSPARC v2 [286]. 3D variability analysis 

displays a set of all possible conformations that appear in the sample and describes 

the three major components of movement within the sample. Results revealed a large 

degree of movement in all directions across all parts of the molecule. The motion seen 

in the variability analysis suggests a high level of flexibility within the sample which 

could be responsible for the poor alignment of particle projections seen in 2D 

classification and the overall low resolution of 3D reconstruction possible with these 

particles. Figure 4.19 shows some additional density (green) to the cryo-EM 3D 

reconstruction (yellow) identified from an individual frame of the 3D variability analysis. 

The cryo-EM 3D reconstruction and the additional density are shown fitted into the 

negative stain 3D reconstruction (mesh). The fitting shows again that the cryo-EM 

reconstruction is roughly half of the volume of the negative stain reconstruction and 

that even with the additional density captured from 3D variability analysis, a full dimeric 

volume is not recovered. Due to the small size of the molecule and the motion detected 

in all domains of the molecule, further flexible data processing was not possible. 

 

  
Figure 4.19 Comparison of cryo-EM generated BS3 cross-linked dimeric PKN2FL 3D map with 
negative stain generated 3D map (A) Cryo-EM 3D map (yellow) fitted into negative stain 3D map 

(mesh). (B) Cryo-EM 3D map (yellow) fitted into negative stain 3D map (mesh), additional density 
(green) captured from an individual frame of a movie generated by 3D variability analysis in 

cryoSPARC v2. Fitting was carried out in UCSF Chimera. 
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Overall the cryo-EM studies described for cross-linked dimeric PKN2FL here did not 

advance upon the negative stain EM analysis carried out or yield any further structural 

detail. From the results we can conclude that the sample was not suitable for cryo-EM 

in this form. Sample instability, denaturation, flexibility and heterogeneity were likely 

the contributing factors leading to poor 2D particle projection alignment and low-

resolution 3D reconstruction. The sample flexibility could be exacerbated by 

fragmentation damage during vitrification. Therefore future cryo-EM studies of PKN2FL 

must address these issues to improve PKN2 sample quality and stabilisation.  

 

4.5 An alternative strategy to improve full length PKN2 for cryo-EM studies through 

protein partner stabilisation  
 
Cryo-EM analysis revealed inherent instability and possible flexibility of PKN2FL, 

despite the presence of chemical crosslinker BS3, which reduced the overall 

achievable resolution by cryo-EM. One strategy to overcome these sample issues is 

to include additional partner proteins to form a more rigid assembly.  Addition of 

binding partners to form a larger complex is often beneficial as larger particles are 

more suitable for imaging and analysis by cryo-EM [259]. Incorporation of additional 

binding partners also provides an opportunity to capture PKN2 in a physiologically 

relevant conformation. 

 

The initial PKN2FL protein partners to focus on were the activating protein RhoA and 

upstream priming kinase PDK1. As described previously (Chapter 3, section 3.3 and 

section 3.5) when these proteins were co-expressed in both Sf21 insect cells and 

Freestyle 293 HEK cells, no stable complex was observed following pull down with 

affinity-tagged PKN2FL. In both cases RhoA was expressed with the Q63L mutation 

rendering it constitutively GTP bound [293]. Although GTP-bound RhoA has been 

reported to preferentially bind PKN HR1 domains compared to GDP-bound RhoA 

[127, 152, 294, 295], this interaction was not captured here. Alternative small GTPase 

proteins RhoB and Rac1 with the equivalent constitutively activating Q63L mutation 

were also co-expressed with PKN2FL and PDK1 in Freestyle 293 HEK cells with the 

anticipation that they may display stronger binding to PKN2 and induce more stable 

complex formation, however again no stable complex was detected. There is a 

precedent for small GTPase interactions being difficult to capture in a complex. An 
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illustrative example is a cryo-EM study of the mTORC1-RHEB complex, this 

interaction reportedly has micromolar affinity and yet RHEB was only present in 20% 

of the particles analysed [296]. 

 

The inability to capture a complex following co-expression and affinity pull down could 

be due to the transient nature of the interaction at the plasma membrane and a likely 

weaker interaction in solution [153]. To try and capture the interaction between PKN2 

and PDK1 before the release of the protein partners, further mutations were 

introduced. An activation loop mutation T816A was introduced to PKN2 as a substrate-

trap for PDK1. Inactivating kinase mutations D205A and D223A were introduced into 

PDK1 with D205A removing the catalytic base of PDK1 [297], and D223A removing 

the D of the conserved DFG motif of PDK1 [298]. With a non-phosphorylatable Ala 

residue replacing Thr 816 and a kinase dead PDK1, together the two mutants should 

prevent the phosphorylation of PKN2 at the activation loop and leave PDK1 unable to 

release from PKN2. There was however no complex observed following co-expression 

and affinity pull down with these mutant proteins. Since PDK1 is known to require 

access to the PKN2 C-tail hydrophobic motif for activation, it can be inferred from these 

data that the C-tail is shielded from PDK1.  

 

In vitro reconstitution was also assessed with bacterially expressed and purified 

RhoA1-181 Q63L and PKN2FL co-expressed with PDK1 purified from Sf21 insect cells, 

however, still no complex was detected by affinity pull down or gel filtration. The table 

in Figure 4.20 summarises the strategies followed for PKN2FL, RhoA and PDK1 

complex formation. 
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Another explanation for the failure to capture a protein complex of PKN2FL, RhoA and 

PDK1 could be the absence of a membrane anchored RhoA. The RhoA constructs 

used in the experiments presented in this study all lacked a CAAX-box sequence that 

when isoprenylated can target both it and PKN2 to a biological membrane. The 

absence of this CAAX-box sequence and therefore a key motif-membrane interaction 

could impact on complex formation. Using HEK cells as the expression host for 

PKN2FL presented endogenous levels of Rho-family GTPases that could be 

membrane-anchored to drive PKN2 activation. These endogenous  Rho-family 

GTPases would be available at low levels and would cycle through a GTPase cycle 

rather than be trapped in a GTP-bound state as per the RhoAmut used in the 

recombinant constructs. However, the purification strategies in this study targeted 

soluble cytoplasmic extracts and did not specifically address purification of membrane-

bound complexes containing PKN2. Given the known association of RhoA with cellular 

membranes [154, 156, 158, 299, 300], the predicted interaction of PKN2 with 

membranes through the C2-like domain [232, 233] and the membrane mediated 

activation of other kinases such as PKC [18, 301, 302], membrane context may be 

Figure 4.20 Table summarising strategies used to try and form a PKN2FL – RhoA – PDK1 
complex 
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crucial parameter to explore in the future for capturing this particular PKN2 activation 

assembly. 

 

The original purification of PKN isoforms showed that they partitioned between 

membranes and a soluble cytosolic fraction [161, 224, 227]. Therefore we sought to 

explore alternative PKN2 binding partners as soluble complexes. Whilst some 

interesting potential PKN2 interacting proteins were revealed by mass spectrometry 

(Chapter 3.6), these interactions have yet to be experimentally validated at this point. 

Several studies have described the Yersinia outer protein M (YopM) as a potential 

functionally relevant partner and activator of PKN2 [303, 304]. Yersinia pestis is the 

active agent of the plague whilst Yersinia enterocolitica causes gastroenteritis [305]. 

Yersinia outer proteins (Yops) are virulence effector proteins of human-pathogenic 

Yersinia that are delivered via a type III secretion system into host cells where they 

promote pathogenesis [182]. YopE and YopT have been shown to modulate host 

signalling responses by inhibiting RhoA [182, 306]. An immune response is triggered 

in the host cell by inactivation of RhoA through the activation of the pyrin 

inflammasome [182]. Yersinia have evolved a mechanism to maintain virulence 

through YopM which recruits ribosomal S6 kinase 1 (RSK1) and PKN kinases, forming 

a novel complex and promoting the activation of these kinases through a poorly 

understood mechanism [303]. Once activated PKN negatively regulates pyrin by 

phosphorylation which in turn inhibits the pyrin inflammasome response [189, 307]. By 

hijacking host kinases YopM inhibits the natural infection triggered inflammasome 

activation. Figure 4.21 shows a schematic overview of how Yops are proposed to 

promote virulence in host cells.  
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YopM from Y. pestis has a molecular weight of 46 kDa and can form oligomers. The 

structure has been solved by X-ray crystallography [308]. The majority of YopM 

consists of a leucine rich repeat (LRR) region flanked at the N-terminus by an N-

terminal secretion signal and two alpha helices which initiate the folding of the LRR 

region and an unstructured domain at the C-terminus [308]. The number of LRRs 

present varies depending on Yersinia species and the unstructured C-terminal domain 

is conserved across species [309]. The LRR region of YopM has been shown to bind 

PKNs while the unstructured C-terminal region is required for binding RSK1 [309, 310]. 

Unlike other Yops, YopM is thought to have no catalytic activity [309]. For this reason, 

YopM has been suggested to function as a scaffold protein for kinases RSK and PKN 

[182], bringing them together prompting inflammasome inhibition and promoting 

Yersinia pathogenesis.  

 

Figure 4.21 Overview of Yersinia outer proteins’ roles in bacterial infection of host cells Under 

normal circumstances in cells the RhoA signal transduction pathway negatively regulates the pyrin 

inflammasome though PKN kinase activity. When the host cell is infected by Yersinia, Yops are 

injected into the host cell where they initially inhibit RhoA signalling which triggers an inflammasome 

response when pyrin is no longer phosphorylated. YopM then acts to re-activate PKN with RSK1, 

pyrin is once again phosphorylated and the inflammasome response inhibited. 
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The Yersinia pestis YopM sequence was cloned into pcDNA 3.1 + vector with an N-

terminal Strep-tag by Miguel Zamora-Porras in the McDonald Lab. The initial strategy 

to prepare a complex with PKN2FL and YopM was to use the mammalian expression 

constructs available at the time, Strep-tagged PKN2FL and Strep-tagged YopM, and to 

co-express the proteins in Freestyle 293 cells followed by affinity pull down. The 

limitation of this initial strategy was that both proteins were tagged with the same Strep 

affinity tag and consequently both proteins would independently bind the Streptactin 

sepharose affinity resin and further steps would need to be taken in order to confirm 

the purification of a co-complex.  This preliminary approach is shown in Figure 4.22 

and was pursued whilst differentially tagged constructs of YopM and PKN2 were 

prepared. 

 
 

 
 
 
 
 
 
 
 
As anticipated two major bands were visualised by SDS PAGE after desthiobiotin 

elution corresponding to PKN2FL and YopM (Figure 4.23 A). To confirm whether eluted 

PKN2FL and YopM samples were forming a complex, SEC was carried out. However, 

the SEC results were unclear and did not show separation of a PKN2FL-YopM complex.  

Gradient fixation (GraFix) was therefore carried out as an alternative approach that 

had been routinely used in the lab to stabilise multi-protein complexes. The GraFix 

procedure combines purification by density gradient centrifugation with weak chemical 

cross-linking to stabilize and separate macromolecular complexes [311, 312]. GraFix 

has been shown to improve the quality of cryo-EM samples by reducing sample 

heterogeneity, reducing background fragmented particles, and increasing sample 

contrast and particle definition [311, 312]. A continuous density gradient is prepared 

by mixing two different density solutions appropriate for the desired gradient with a 

Figure 4.22 Overview of initial strategy to form a PKN2FL – YopM complex Co-expression of 

Strep-tagged YopM and Strep-tagged PKN2FL followed by affinity pull down with Streptactin 

sepharose resin, additional methods such as gradient fixation or SEC will be required to identify 

complex formation. 
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specialised gradient mixer. The chemical cross-linking reagent is added only to the 

denser solution, resulting in a gradually increasing concentration of cross-linker 

throughout the gradient. Here, gradients of 5-30% glycerol was prepared with the 

addition of 0.1% glutaraldehyde and 0.5 mM BS3 chemical cross-linkers. Samples 

were added to the top of the prepared gradients and exposed to ultracentrifugation at 

33,000 rpm for 16 hours. SDS PAGE analysis of the sample prior to loading onto the 

gradients and an overview of the GraFix procedure are shown in Figure 4.23. 

 

 

 
 
 
 
 
 
 
 
 
 
 
After ultracentrifugation the stabilised, separated samples were fractionated in 125 µL 

aliquots and the cross-linking agents quenched with 20 mM Tris pH 7.5. The fractions 

were analysed by SDS PAGE and western blot, the results are shown in Figure 4.24. 

3-8% Tris-Acetate gels were used to give better separation of higher molecular weight 

species and better distinction between species. 

 

Figure 4.23 GraFix preparation of PKN2FL – YopM  complex (A) SDS PAGE analysis of 
desthiobiotin elution following Streptactin sepharose affinity pull down of co-expressed Strep-

tagged YopM and Strep-tagged PKN2FL. (B) Schematic overview of GraFix procedure. A 
continuous gradient of glycerol and cross-linking agent is prepared, with increasing amounts of 
glycerol and cross-linker towards the bottom of the tube. Sample is applied to the top of the 

tube. Ultracentrifugation allows for gradual separation and stabilisation of the sample 
throughout the gradient. The resulting sample is then fractionated and analysed. 
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Figure 4.24 A shows samples taken throughout the gradient with YopM and PKN2FL 

with glycerol and cross-linker concentration increasing from left to right across the gel. 

A band migrating at just above 50 kDa can be seen corresponding to monomeric YopM 

and a band migrating at 140 kDa can be seen which corresponds to monomeric 

PKN2FL. Fainter bands can be seen below and above the 260 kDa marker which could 

correspond to cross-linked dimeric PKN2FL, a complex of YopM and PKN2FL, or 

multimeric YopM. Figure 4.24 B shows a western blot of the same samples in Figure 

4.24 A using an antibody against PKN2. The western blot shows PKN2 to be present 

in samples with bands corresponding to monomeric PKN2FL in addition to larger 

molecular weight samples further into the gradient, larger than the expected molecular 

weight of dimeric PKN2FL at 224 kDa. These results suggest the formation of larger 

Figure 4.24 SDS PAGE and western blot analysis of PKN2FL – YopM  complex samples 
prepared by Grafix (A) SDS PAGE analysis of Strep-YopM-Strep-PKN2FL sample post GraFix. (B) 
Western blot analysis with anti-PKN2 antibody of samples in (A). (C) Silver stained SDS PAGE 

analysis of more samples from Strep-YopM-Strep-PKN2FL sample post GraFix. (D) Silver stained 

SDS PAGE analysis of samples from control Strep-PKN2FL sample alone post GraFix. All SDS 
PAGE analysis was carried out using 3-8% Tris-acetate gels run at 150 V for 60 minutes.  
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complexes containing PKN2. Figure 4.24 C shows further SDS PAGE analysis of the 

YopM and PKN2 GraFix sample including more fractions taken from the gradient close 

to where potential PKN2FL-containing complexes were observed. The gel is silver 

stained to allow clearer visualisation of low concentration protein samples. This more 

sensitive staining technique shows monomeric YopM and PKN2FL persisting 

throughout the gradient and reveals the presence of multiple molecular weight species 

within the same sample suggesting incomplete separation. There are however 

samples towards the end of the gradient showing larger molecular weight species 

corresponding to samples with PKN2 present previously shown by western blot, and 

these samples appear to contain fewer lower molecular weight contaminating species. 

Figure 4.24 D shows the SDS PAGE analysis of equivalent fractions from a control 

PKN2FL alone GraFix experiment. Comparison of the gels in Figure 4.24 C and 4.24 D 

reveals a lack of the higher molecular weight species towards the end of the gradient, 

suggesting this species is only present in the YopM-PKN2FL sample and could 

correspond to a cross-linked complex containing YopM and PKN2FL. 

 

The stoichiometry of the YopM-PKN2 interaction is unknown. The predicted molecular 

weight of a 1:1 YopM-PKN2 complex is 158 kDa whereas a 2:2 stoichiometry would 

result in a complex of 316 kDa. The larger molecular weight of the potential complex 

identified in the SDS PAGE analysis in Figure 4.24 is migrating well above 260 kDa 

and could have a molecular weight of around 316 kDa, although reliable molecular 

weight determination is not possible from these gels alone. Given the fact that PKN2FL 

forms dimers and that YopM forms multimers [308], the larger 2:2 complex is plausible 

and a larger complex would be preferable for cryo-EM analysis. Negative stain grids 

were prepared from fractions containing the larger molecular weight species 

corresponding to the putative YopM-PKN2FL complex indicated by the red dashed box 

in Figure 4.24 C. Negative stain grids were screened on a Tecnai T12 electron 

microscope and the sample displaying most homogeneous particles was chosen for 

data collection. 175 micrographs were collected at 30,000x magnification and 

processed in Relion [265]. The results are shown in Figure 4.25. 
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Figure 4.25 A shows an example negative stain micrograph collected of the potential 

complex sample displaying high quality homogeneous particles. Figure 4.25 C shows 

an example of 2D class averages generated in Relion [265] from 2323 of extracted 

picked particles. The 2D class averages show a range of different views of the 

molecule and a reasonable level of detail depicting the overall shape and potential 

domains within the molecule. Comparing these 2D classes with those from the 

previous cross-linked dimeric PKN2FL sample, additional domain density can be seen 

in most views. Figure 4.25 D shows the refined 3D volume at ~35 Å generated in 

Relion [265] from 2323 particles.  

 

Figure 4.26 shows fitting of the refined volume for potential YopM-PKN2FL complex in 

grey with previously determined cross-linked dimeric PKN2FL negative stain volume in 

yellow (Fig 4.26 A) and the YopM crystal structure (PDB 1G9U) in purple (Fig 4.26 B). 

The fitting shows that the refined volume generated for the potential complex can 

Figure 4.25 Negative stain EM of potential PKN2FL – YopM complex sample prepared by 
GraFix (A) Example negative stain EM micrograph collected on Tecnai T12 electron microscope. 
(B) Data collection and particle processing parameters. (C) Examples of 2D class averages 

generated in Relion. (D) Negative stain 3D reconstruction of potential PKN2FL-YopM complex 
generated in Relion. The view on the left is rotated by 180° to the left, yielding the view on the right. 
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accommodate both previous structures. The YopM-PKN2FL volume appears to have 

two defined domains with the lower part of the molecule matching the overall shape of 

dimeric PKN2 and an additional single density matching the overall curvature of the 

YopM structure with the inner curved side of the LRRs facing towards PKN2, as has 

been described for other LRR mediated protein-protein interactions [313, 314]. The 

preliminary fitting of each component shown here suggests a 1:2 YopM:PKN2 

stoichiometry. At this resolution the stoichiometry cannot be confidently determined 

and further validation is required. However, given the suggested role of YopM as a 

scaffold protein acting to bridge PKN and RSK kinases it is plausible that only one 

molecule of YopM is required in the complex. In the possible fitting shown here there 

is unassigned density where the disordered C-terminus of YopM would be expected 

to be and could indeed occupy, this region would also be accessible for interaction 

with RSK1.  
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Figure 4.26 Domain fitting into negative stain EM 3D map for potential PKN2FL – YopM 
complex sample prepared by GraFix (A) Fitting of previous negative stain 3D map of cross-linked 

dimeric PKN2FL (yellow) into the 3D map for the potential PKN2FL – YopM complex (grey). (B) Fitting 

of YopM crystal structure (purple, PDB: 1G9U) into additional density within 3D map of potential 

PKN2FL – YopM complex (grey). Fitting was carried out using UCSF Chimera. Views on the left is 

rotated by 180° to the left, yielding the view on the right. 
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Given the promising negative stain results for the potential YopM-PKN2FL GraFix 

complex, several sample checks were carried out prior to taking the sample forward 

for cryo-EM analysis. The GraFix sample contains a high level of glycerol which whilst 

unproblematic in negative stain studies, is not compatible with cryo-EM studies as it 

causes poor image contrast [311]. The glycerol was removed from the sample by 

dialysis into a cryo-EM suitable buffer. Negative stain grids were then prepared with 

pre-dialysis samples that had been snap frozen in liquid nitrogen and thawed, to 

ascertain whether the protein sample could be frozen at this stage without damage. 

Negative stain grids were prepared of the post-dialysis sample and the post-dialysis 

sample freeze thawed again to ascertain the effect of flash freezing and thawing on 

the sample in the cryo-EM buffer. Figure 4.27 shows negative stain micrographs 

collected on the Tecnai T12 microscope for each of the samples described. 

 

  

Figure 4.27 Negative stain sample stability checks for PKN2FL – YopM complex sample 
prepared by GraFix (A) Example micrograph of PKN2FL - YopM GraFix sample pre-dialysis for 

buffer exchange, snap frozen in liquid nitrogen and thawed prior to negative staining. (B) Example 

micrograph collected of the PKN2FL – YopM GraFix sample post dialysis for buffer exchange. (C) 
Example micrograph collected of the PKN2FL -YopM GraFix sample post dialysis, snap frozen in 
liquid nitrogen and thawed prior to negative staining. All micrographs were collected on a Tecnai 

T12 120 kV electron microscope at 30,000x magnification. 
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The results in Figure 4.27 show there to be no drastic change or obvious damage to 

particles post dialysis or post freeze-thawing. No sample degradation or aggregation 

can be seen in Figure 4.27 B or C. The overall concentration and particle size is 

consistent in each sample, with just a slightly lower particle concentration post-dialysis 

of the sample. These results along with the preliminary negative stain results indicate 

this potential YopM-PKN2FL is suitable to be taken forward for cryo-EM analysis and 

this work is ongoing. 

 

In parallel with the initial strategy to form a YopM-PKN2FL complex, differential affinity 

tags were cloned onto PKN2FL and YopM for complex assembly. The use of different 

affinity tags on PKN2FL and YopM allows sequential pull downs on each affinity tagged 

protein. The schematic in Figure 4.28 A shows an overview of the double pull down 

strategy with Strep-tagged YopM and His-tagged PKN2FL. Co-expression  in Freestyle 

293 HEK cells is followed by an affinity pull down with Streptactin sepharose resin 

which will capture the Strep-tagged YopM and any proteins bound to YopM, for 

example PKN2FL. Bound protein is eluted from the Streptactin sepharose resin with 

desthiobiotin and the eluted sample subjected to a second affinity pull down with 

Nickel-NTA agarose resin which will capture the His-tagged PKN2FL and any proteins 

bound. Bound proteins are then eluted from the Ni-NTA resin with imidazole. Any His-

tagged PKN2FL present in the desthiobiotin eluted sample applied to the Ni-NTA resin 

can only be present through an association with Strep-tagged YopM. Similarly, any 

YopM present in the final imidazole elution can only be present through an association 

with His-tagged PKN2FL. This strategy increases confidence in complex formation and 

reduces the level of excess free YopM and PKN2FL in the sample. 
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Figure 4.28 B shows SDS PAGE analysis of the protein samples bound to the 

Streptactin sepharose resin and subsequently eluted from the Streptactin sepharose 

resin. Purification through the His-tag on PKN2 and elution from the Ni-NTA resin is 

also shown. Coomassie stained bands can be seen migrating at the appropriate 

molecular weight for PKN2FL and YopM. Figure 4.28 C shows the silver stained SDS 

PAGE analysis of samples fractionated from a 5-30% GraFix gradient with 0.1% 

glutaraldehyde and 0.5 mM BS3, as used previously. For comparison Figure 4.28 D 

shows the same silver stained SDS PAGE analysis from the GraFix experiment with 

Strep-tagged YopM and Strep-tagged PKN2FL shown in Figure 4.24 C. The pattern of 

protein bands seen in the gel in C matches the pattern of protein bands seen in gel D. 

Protein bands can be seen in the differential tagged complex sample corresponding 

to monomeric YopM, monomeric PKN2FL, potential dimeric PKN2FL and larger 

molecular weight species of a potential complex containing YopM and PKN2FL. The 

bands corresponding to these different protein species appear at the same point 

Figure 4.28 Alternative strategy to form a PKN2FL – YopM complex (A) Co-expression of Strep-

tagged YopM and His-tagged PKN2FL followed by affinity pull down with Streptactin sepharose resin 

and desthiobiotin elution, then affinity pull down with Ni-NTA agarose resin and imidazole elution. 

(B) SDS PAGE analysis of the Streptacin sepharose resin from the initial pull down, the desthiobiotin 
elution from the initial pull down and the elution from the imidazole elution from the second Ni-NTA 

pull down. (C) Silver stained SDS PAGE analysis of samples from Strep-YopM-His-PKN2FL sample 

post GraFix. (D) Silver stained SDS PAGE analysis of samples from previous Strep-YopM-Strep-

PKN2FL sample post GraFix. 
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across the gradient as they do in the double Strep-tagged complex sample. 

Comparison of the results from both complex formation strategies are consistent with 

a YopM-PKN2FL complex being formed and separated in both cases. This adds a 

degree of confidence to the negative stain generated 3D model of the potential YopM-

PKN2FL complex (Figures 4.25 and 4.26). A negative stain EM data collection of the 

suggested complex sample from the differentially tagged GraFix preparation would 

add further validation that the same complex has been captured by both GraFix 

preparations. This work is currently ongoing. 

 

4.6 Chapter Summary 
 

Here we present results from a  structural analysis of PKN2FL using electron 

microscopy revealing a dimeric organisation and that it is a highly challenging 

structural target. This chapter followed the optimisation of a heterogeneous PKN2FL 

sample containing both monomeric and dimeric PKN2FL, with monomeric PKN2FL 

being the dominant species in the sample. The results showed that chemical 

stabilisation of PKN2FL was necessary in order to capture and separate the dimeric 

species of PKN2FL in solution in vitro.  A 30 Å resolution 3D reconstruction of cross-

linked dimeric PKN2FL was solved by negative stain EM revealing an asymmetric 

conformation of the dimer. The 3D reconstruction enabled putative docking of high-

resolution domain structures and homology models into the electron density map. The 

domain architecture of dimeric PKN2FL proposed here requires further experimental 

validation for example, from XL-MS data, labelling by appropriate nanobodies or 

obtaining high-resolution structural information. 

 

Much time and effort was spent optimising the preparation of dimeric PKN2FL cryo-EM 

grids to obtain higher resolution structural information of the sample. Consecutive 

rounds of grid preparation and screening were carried out, each round varying a 

different parameter eventually leading to the preparation of cryo-EM grids with cross-

linked dimeric PKN2FL particles distributed evenly within uniform ice ideal for imaging. 

A large dataset was collected on a Titan Krios 300 kV electron microscope. However, 

following SPA no high-resolution features were detected. Despite chemical cross-

linking of the dimeric PKN2FL sample, a dimeric 3D volume was not recovered. The 

poor alignment of particles, lack of high-resolution features observed and the small 
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volume of the resulting 3D reconstruction suggested a large degree of movement in 

the sample, and/or sample fragmentation. Whether the sample was degraded or 

partially denatured during the vitrification process, or there is inherent flexibility within 

PKN2FL, the results showed that cross-linked PKN2FL is not a suitable target for cryo-

EM analysis and future experiments should aim to stabilise PKN2FL. 

 

Following the results from the cryo-EM studies of cross-linked dimeric PKN2FL, efforts 

were made to prepare a stable complex with PKN2FL and interacting partner proteins. 

This approach aimed to build up a larger protein complex more suitable for cryo-EM 

analysis and to reduce PKN2FL flexibility and instability with the presence of stabilising 

binding partners. The later work in this chapter documents the progress of PKN2FL 

complex formation with alternative activating partner YopM. Substantial progress was 

made with multiple GraFix strategies yielding potential YopM-PKN2FL complexes, one 

of which was analysed by negative stain EM giving rise to a 35 Å resolution 3D 

reconstruction. Fitting into the 3D reconstruction showed a convincing arrangement of 

the dimeric PKN2FL volume and YopM crystal structure within the 35 Å electron density 

map. These results provide an excellent basis from which to take the project forward 

with multiple promising new samples involving PKN2FL. Continuation of the project will 

be undertaken by a postdoctoral research scientist in the McDonald lab. The next 

experiments will involve validation of complex formation, negative stain analysis of 

validated complexes followed by optimisation of samples for cryo-EM studies.  
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Chapter 5. Understanding the basis for PKN2 substrate targeting 
 

The AGC family of serine/threonine kinases are basophilic kinases that target selected 

substrates with Arg/Lys residues proximal to a phospho-acceptor site. In addition,  a 

hydrophobic residue (Φ) following the phospho-acceptor is frequently found giving a 

local consensus motif of R/K-X-S/T-Φ, where X denotes any amino acid, for 

many AGC kinases (see https://www.kinexus.ca). Since many AGC kinases have 

similar consensus motifs, it is unsurprising that many substrates appear to be in 

common and are overlapping. In view of the large potential number of proteins bearing 

such a motif, many of which are not AGC kinase substrates, there are various other 

substrate targeting mechanisms at play [315]. For example, substrate localisation at 

the cell membrane where the kinase is activated also serves to restrict the number of 

potential substrates with local motifs encountered. The presence of docking motifs, 

which are additional substrate binding sites distal to the substrate binding region, can 

also play a key role in substrate recruitment, recent examples include mitogen 

activated protein kinases (MAPK), cyclin dependent kinase (CDK) and atypical PKC 

[316]. Multi-site phosphorylation can also provide a stringent mechanism for kinases 

to exhibit high substrate selectivity and may involve a hierarchy of competitive 

substrate interactions and potentially “gate-keeper” phospho-acceptor sites leading 

to hypersensitive behaviour once phosphorylated [317, 318].  
  

5.1 Chapter aims 
 
The aim of the work undertaken in this chapter was to explore the basis for substrate 

targeting by the PKN2 kinase. A combination of bioinformatic, biochemical and mass 

spectrometry analysis methods were used as a part of an unbiased approach to find 

PKN2 substrates. In parallel, efforts were made to characterise the putative PKN 

substrate CAP-gly domain-containing linker protein 1, also known as cytoplasmic 

linker protein 170 (CLIP170) [164] in vitro, to follow up previous structure-based 

findings for CLIP170 (McDonald, unpublished). This chapter describes results 

confirming a local consensus sequence motif for PKN2, preliminary evidence for 

longer range substrate contacts and data supporting a processive multi-site 

phosphorylation of CLIP170 in vitro. Experiments are described to validate the 

physiological phosphorylation of CLIP170 by PKN2 ex vivo using mouse brain lysates. 
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5.2 Validation of an (R-3) substrate consensus motif for PKN2  
 
A previous study by Collazos et al. analysed the phosphorylation consensus motif of 

PKNs using a peptide library approach and assessed its predictive value [5]. They 

reported a preference for an arginine residue in position −3 relative to the phospho-

acceptor site, but showed differences in tolerating arginine residues in position +1 and 

−1. To confirm this motif independently using the PamGene technology, a Ser/Thr 

PamChip consisting of 144 unrelated 15 amino acid Ser/Thr peptides immobilised 

within a ceramic membrane was probed using recombinant purified PKN2 kinase 

domain (PKN2KD). Each Ser/Thr peptide spans a known phospho-site derived from 

the literature with at least one known serine/threonine kinase. Addition of ATP to 

purified PKN2KD in the sample buffer initiates phosphorylation of peptide substrates on 

the chip. A proprietary antibody mix is used to identify phosphorylated Ser/Thr 

residues on the chip and a fluorescently conjugated secondary antibody mix is used 

to quantify the phosphorylation of individual peptide substrates. Substrates can be 

scored by level of phosphorylation to find meaningful positive ‘hits’. Of the 144 

serine/threonine peptides, approximately 34 peptides were phosphorylated to high 

stoichiometry with log2-transfrom values above 5.5. This compared well with other 

serine/threonine kinases used in parallel such as atypical aPKCι. A sequence 

alignment was performed using the 17 highest scoring peptide substrate hits identified 

in the array. The sequence alignment is shown in Figure 5.1A and identifies conserved 

residues flanking the phospho-acceptor site within the most phosphorylated 

substrates from the peptide array. Residues highlighted in red are conserved basic 

residues preceding the phospho-acceptor Ser/Thr residue, which is highlighted in 

green. Where a Pro residue is positioned directly before the phospho-acceptor Ser/Thr 

residue, it is highlighted in yellow. The full list of peptides on the PamGene chip can 

be found in Appendix 3 with a heatmap generated to visualise level of phosphorylation 

of each peptide by PKN2KD. 

 

To visualise the conservation information from the sequence alignment of the top 17 

peptide substrate hits,  a sequence logo was generated using WebLogo software 

[319].  The sequence logo generated is shown in Figure 5.1B. The sequence logo is 

a graphical representation of the multiple sequence alignment with a stack of residues 

at each position, in this case positions are labelled with respect to the phospho-
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acceptor residue. The overall height of the stack indicates the degree of conservation 

at that position whereas the height of an individual residue within the stack indicates 

the relative frequency of that residue at that position.  
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Figure 5.1 Local sequence motif for PKN2 peptide substrates 
(A) Sequence alignment of the top 17 positive hits based on log2-transform values identified from a 

PamChip Ser/Thr peptide array. Sequences are labelled with gene names. Conserved residues are 

coloured in red, proline residues in yellow and phospho-acceptor residue in green. (B) Sequence logo 

generated with WebLogo software using the top 17 positive hits identified from a PamChip Ser/Thr 
peptide array.  X-axis denotes position of residue with respect to phospho-acceptor residue at position 

0. Y-axis measures the information in bits which corresponds to the height of the stacks of residues 

and indicates level of conservation. (C) Alignment of putative and previously reported PKN2 

substrates, gene names are listed, colouring is the same as in (A) with the addition of conserved Ile 

or Leu residues coloured in purple.  
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One feature that stands out from these results is that most substrate peptide hits 

identified have a serine rather than threonine phospho-acceptor residue. This is 

consistent with the DFG+1 residue determining Ser/Thr phospho-acceptor specificity 

and a bulky DFG+1 residue (PKN2L803) conferring a serine phospho-acceptor 

preference [76].  The results also highlight the favourable positive charge at the amino-

terminal side of the PKN2KD substrate groove, particularly surrounding the R-3 

substrate residue, which is a function of specificity determining residues (SDRs) 

(PKN2D744, PKN2D786 and PKN2M746). In addition there is a strong substrate K/R-2 

preference which may be due to proximal negatively charged residues in the substrate 

binding cleft PKN2E822 and PKN2E862. There is possibly a weaker K/R-5 preference 

too, potentially conferred through interaction with PKN2E849. A slight R+2 preference 

is also shown which may bind to the conserved phospho-threonine residue in the 

activation-loop (PKN2T816). Interestingly a hydrophobic residue at the +1 substrate 

position is not shown in the weblogo generated motif, despite over 50% of the 17 

contributing substrates having a hydrophobic +1 residue. Hydrophobic +1 substrate 

residues could be accommodated by a pocket comprised of residues PKN2P821, 

PKN2F817 and PKN2F866. 

 

In addition we noticed several peptides with a proline at -1 (P-1) featured as well as a 

hydrophobic residue (Φ) at -5 and +4 in some peptides. An alignment of putative and 

reported PKN substrates is shown in Figure 5.1C emphasises the P-1 and Φ-5 and 

Φ+4 features. These sequences include: CLIP170 (aka CLIP1) and EGFR (epidermal 

growth factor receptor) which were previously identified as potential PKN substrates 

[164] and MRTFA (myocardin-related transcription factor A) has recently been shown 

to be a substrate of PKN2 in vitro and in vivo [181]. Both CLIP170 and ARHGAP15 

(Rho-GTPase activating protein 15) are proteins of interest within the lab as a CLIP1 

derived peptide (CLIP170297-318) has been previously co-crystallised with PKN2KD, 

whilst ARHGAP15 is a known GTPase activator and shares the same RPEL motif 

found in recently validated PKN2 substrate MRFTA [320-322]. CREB1 (cyclic AMP-

responsive element-binding protein 1) and GABRB2 (Gamma-aminobutyric acid 

receptor subunit beta-2) are also included for comparison to sequences identified by 

the PamChip Ser/Thr kinase peptide array carried out in this study and which 

contributed to the sequence logo. The alignment is consistent with the PKN2KD crystal 
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structure bound to CLIP170 peptide and potentially reveals new features present in a 

subset of PKN substrates that need further validation.  

 

In summary, using a combined approach including a PamGene peptide array, 

bioinformatics and a literature review, a local motif for PKN2 has been confirmed 

providing a consensus sequence motif highlighting more detailed variations of the 

motif than previous studies when combined with previous crystallographic analyses. 

Such a sequence motif provides further evidence for previously proposed PKN2 

substrates, such as CLIP170 as well as new potential target substrates, such as 

CREB1 and ARHGAP15. 

 

5.3 Assessment of PKN2 activity using putative PKN2 peptide substrates  
 
To probe whether three of the putative PKN2 substrate peptides shown in Figure 5.1C 

with a proline at the -1 position were indeed PKN2 substrates, an in vitro kinase assay 

was carried out with recombinant PKN2KD. The three peptides tested were CLIP170, 

ARHGAP15 and CREB1. A fluorescence-based kinase assay measuring ADP 

production using a ParM sensor, previously described in Chapter 2 section 2.6.3 [222], 

was carried out and the results are shown in Figure 5.2. Enzyme concentration was 

kept constant with PKN2KD at 10 nM, this enzyme concentration was selected to give 

an optimal fluorescence response signal. The peptide substrate concentrations were 

varied from 0 – 250 µM over 11 data points. A constant concentration of ATP was 

used in all assays, given the KM of ATP for PKN2KD was determined to be 13.91 μM ± 

1.22, an excess concentration of 500 μM ATP was used. Fluorescent measurements 

were taken over a time course for each concentration. The linear range of data points 

recorded at each substrate concentration was used to determine the rate of reaction, 

calculated rates were plotted against peptide substrate concentration with data fitted 

using a non-linear regression analysis according to the Michaelis-Menten equation. 

The Michaelis-Menten derived kinetic constants are shown in Figure 5.2C and a 

Hanes-Woolf plot in Figure 5.2B shows an alternative representation of the activity 

data. PKN2KD activity with the CLIP170 peptide is shown in blue, with the ARHGAP15 

peptide is shown in red and with the CREB peptide is shown in green. Comparison of 

the activity profiles for each peptide shows that CLIP170 is the peptide most efficiently 

phosphorylated by PKN2KD.  
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The results in Figure 5.2 show PKN2KD to have the highest turnover number when 

using CLIP170 as a peptide substrate with a kcat value of 52.26 min-1, which is higher 

than the kcat derived with CREB or ARHGAP15 peptides with kcat values at 30.1 min-1 

and 16.55 min-1 respectively. The CLIP170 and CREB peptides have similar affinity 

for PKN2KD with KM values of 4.66 µM and 3.62 µM respectively, while the ARHGAP15 

Figure 5.2 Analysis of kinase activity of recombinant purified PKN2KD with three putative 
peptide substrates 
An in vitro kinase activity assay was performed with PKN2KD and three different peptide substrates. 

(A) Shows a plot of v versus [S]  (where v is the rate (µM min-1)  and S is [peptide substrate] (µM)) for 

PKN2KD activity. The fit to data points is from a non-linear least-squares best fit to the Michaelis–
Menten equation. PKN2KD kinase activity with CLIP170 peptide = blue, with ARHGAP15 peptide = 

red, with CREB peptide = green. All data is represented as mean ± standard deviation of triplicate 

samples. (B) A Hanes-Woolf plot of the PKN2KD activity shown in A, with [S]/v ([peptide substrate] 

(µM)/rate (µM min-1)) versus [S] ([peptide substrate] (µM)) plotted and a linear regression line fitted to 

the data points. PKN2KD kinase activity with CLIP170 peptide = blue, with ARHGAP15 peptide = red, 

with CREB peptide = green. All data is represented as mean ± standard deviation of triplicate 

samples. (C) Table of kinetic constants derived from Michaelis-Menten equation. 
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peptide has a significantly lower affinity with a KM value of 29.4 µM. There may be 

some substrate inhibition occurring given the decrease in rate values at higher 

substrate concentrations in the cases of CLIP170 and CREB peptides, further 

experiments are required to confirm this. The kcat/KM value is also known as the 

specificity constant and is a measure of enzyme efficiency that can be used when 

comparing different substrates, with a higher specificity constant value corresponding 

to a greater enzyme preference for that substrate [323, 324]. The kcat/KM value derived 

with the CLIP170 peptide is 11.14 min-1 µM-1 and is greater than the kcat/KM value for 

either the CREB or ARHGAP15 peptides with values of 8.32 min-1 µM-1 and 0.56 min-

1 µM-1  respectively. Given the highest turnover number and the highest specificity 

constant observed with using CLIP170 peptide in this in vitro activity assay,  the 

CLIP170 peptide was chosen as the model peptide substrate to be used in PKN2 

activity assays throughout this study.  

 

These results confirm that the CLIP170 peptide sequence is successfully 

phosphorylated by PKN2KD in vitro consistent with the match to the PNK2 substrate 

consensus. When taken with the previously solved co-crystal structure of PKN2 bound 

to the CLIP170297-318 peptide (described in Chapter 1, section 1.2.3), this provided a 

strong incentive for further investigation of CLIP170 as a PKN2 substrate. CLIP170 is 

a microtubule associated protein with a serine-rich region known to be targeted by 

basophilic kinases, consistent with the reported role of PKN2 in cytoskeleton 

organisation [184, 325]. Studying this interaction could help understand how PKN2 is 

connected to the cytoskeleton, potentially through regulating CLIP170 function, 

conformation or interaction with microtubules.  

 
5.4 Towards validation of CLIP170 peptide bound PKN2 kinase domain dimer in 
solution 
 

A key finding from the crystal structure of PKN2KD bound to the CLIP170297-318 peptide 

was that two identical asymmetric PKN2KD dimers were observed for the four 

molecules in the asymmetric unit. Each PKN2KD protomer was bound to Mg-AMP-PNP 

and CLIP170 peptide. The homodimer interface was stabilised by a CLIP170 peptide 

interaction and involved a RYPR motif on PKN2 equivalent to that previously described 

for aPKC contributing to substrate recruitment [134]. Both CLIP170 and PKN are 
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known to form homodimers [131, 326], however, such assemblies formed at the high 

concentrations of proteins present in a crystal lattice could potentially be an artefact of 

crystallisation. Therefore, experiments were designed to probe and to validate whether 

the PKN2KD homodimer forms in solution in the presence of CLIP170 and to test 

whether the proposed dimerisation interface, the RYPR motif, had an effect on dimer 

formation. The RYPR motif is situated on the C-terminal lobe of the kinase domain 

and appears to be involved at the C-lobe to C-lobe contact, where the RYPR motif of 

one PKN2KD molecule appears to contact and acidic motif on the second protomer, 

while the second protomer’s RYPR motif directly interacts with the CLIP170 peptide 

substrate. These contacts are shown in Figure 5.3 with both RYPR motifs highlighted 

in yellow and the CLIP170 substrate is highlighted in orange.  
 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Asymmetric dimer PKN2KD -CLIP170297-318 co-crystal structure 
(A) Left: unpublished monomeric PKN2KD crystal structure with C-lobe RYPR motif residues shown 

and highlighted in yellow. Middle: Unpublished asymmetric, dimeric co-crystal structure of PKN2KD  
bound to CLIP170 peptide (residues 291-318) highlighted in orange. Residues of RYPR motif on 

each molecules C-lobe are shown and highlighted in yellow. Right: Close up of asymmetric dimer co-
crystal interface, CLIP170 peptide in orange and RYPR motifs of each molecule highlighted in yellow. 

(Robert Constable, unpublished data, McDonald Lab)  
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In order to test this, recombinant purified PKN2KD WT and PKN2KD mutant with RYPR 

motif arginine residues substituted with alanine residues, PKN2KD AYPA, were 

prepared. The protein constructs were cloned with N-terminal GST-tags in dual-

expression vectors with upstream kinase PDK1. Protein constructs were expressed in 

insect cells using the baculovirus expression system as described in Chapter 2 section 

2.3.2. PKN2KD constructs were affinity purified in batch using GST resin followed by 

further purification by anion exchange chromatography as described in Chapter 3 

section 3.3. Figure 5.4 shows the anion exchange chromatography purification of 

PKN2KD  WT and AYPA. 
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Figure 5.4 Preparation of recombinant purified PKN2KD WT and AYPA 
Purification of PKN2KD constructs following GST affinity chromatography. Constructs were co-

expressed in insect cells with PDK1. PKN2KD WT (A) and PKN2KD AYPA mutant (B). Chromatogram 

following anion exchange of affinity purified protein samples, absorbance at 280 nm trace in blue 
showing eluted protein and mS/cm trace in orange showing conductivity following increasing NaCl 

concentration. SDS PAGE analysis of purified PKN2KD protein sample corresponding to the peak 

marked with a star  in the chromatogram. Both proteins elute at 39 mS/cm. 
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To test dimer formation in solution, PKN2KD WT and AYPA were incubated with either 

non-hydrolysable ATP analogue AMP-PNP alone, or AMP-PNP and CLIP170297-318 

peptide prior to size exclusion chromatography (SEC). It was hypothesised that there 

would be a difference in elution volume between the PKN2 WT and PKN2 AYPA 

constructs, with an earlier elution volume for the PKN2 WT constructs indicating a 

larger molecular weight due to dimer formation. In this way the presence of 

CLIP170297-318 peptide may also induce RYPR-dependent dimer formation as seen in 

the co-crystal asymmetric dimer. The SEC results in Figure 5.5A however, show there 

is no difference in elution volume between WT and AYPA PKN2KD with and without 

CLIP170297-318 peptide. PKN2KD elutes in the first peak at retention volume 15.4 mL in 

all samples, the later peak at retention volume 20 mL does not contain PKN2 and 

corresponds to excess nucleotide analogue and peptide.  
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The technique of SEC coupled to multi angle laser light scattering (MALLS) is more 

independent of protein shape than SEC alone and so was used as a second in solution 

approach. SEC MALLS also takes into account light scattering, refractive index and 

UV readings to calculate protein molecular weight [327, 328]. SEC MALLS 

experiments with WT and AYPA PKN2KD were carried out using a Superose 6 increase 

column and the results are shown in Figure 5.5B and C respectively. The refractive 

index (left y axis) is plotted against the retention time (x axis) and the calculated molar 

mass (right y axis) is shown as a dotted line across the peak. The results show the 

molecular weight calculated for WT PKN2KD to be 34.2 kDa and for AYPA PKN2KD to 

be 36.7 kDa,  both of which are close to the expected molecular weight of monomeric 

PKN2KD at 39 kDa, rather than the expected molecular weight of dimeric PKN2KD at 78 

kDa. 

 

From these data we cannot confirm that PKN2KD is dimeric in solution or comment on 

whether the RYPR motif is required for dimerisation. In order to address whether the 

CLIP170 substrate is responsible for driving dimer formation, longer CLIP170 peptides 

were designed to incorporate sequence from the coiled coil domain of CLIP170. 

CLIP170 can form dimers through its coiled coil domain and we hypothesised that a 

dimeric substrate could drive dimerisation of PKN2. Figure 5.5D shows the original 

crystallised CLIP170297-318 peptide and longer CLIP170297-379 peptide lengths in the 

context of full length CLIP170, indicating where in the primary sequence the peptides 

are derived from.  

Figure 5.5 Towards in solution evidence for PKN2KD -CLIP170 peptide bound dimer 
(A) Overlaid chromatogram traces following size exclusion chromatography using a Superdex 200 

increase 10/300 column. Elution profiles are shown for; PKN2KD WT with AMPPNP (blue), PKN2KD 

WT with AMPPNP and CLIP170297-318 peptide (red), PKN2KD AYPA mutant with AMPPNP (green) and 

PKN2KD AYPA mutant with AMPPNP and CLIP170297-318 peptide (purple). (B) SEC MALLS data for 
WT PKN2KD incubated with non-hydrolysable ATP analogue. The plot shows the refractive index 

plotted against elution time, with the dotted line across the peak representing the molecular mass 

calculated in g/mol. (C) SEC MALLS data for AYPA PKN2KD. (D) Overview of full length CLIP170 

domains. Grey bars represent different length CLIP170 peptides and highlights where they are 

derived from and their context within the full length structure: CLIP170297-318, CLIP170297-379. (E) SEC 

MALLS data for WT PKN2KD incubated with ATPγS and CLIP170297-318 peptide. (F) SEC MALLS data 

for WT PKN2KD incubated with ATPγS and CLIP170297-379 peptide. All SEC MALLS data plotted as 
described in (B). 
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SEC MALLS experiments with WT PKN2KD and CLIP170297-318 and WT PKN2KD with 

longer CLIP170297-379 were carried out using a Superose 6 increase column and the 

results are shown in Figure 5.5E and F respectively. The results show the molecular 

weight calculated for WT PKN2KD with CLIP170297-318 to be 31.7 kDa and for WT 

PKN2KD with CLIP170297-379 to be 44.4 kDa. Whilst the results do show an increase in 

molecular weight for PKN2KD with the longer CLIP170 peptide, the molecular weight 

does not correspond to that of a dimer at 78 kDa. 

 

From these experiments there is no evidence of a PKN2KD dimer in solution, either in 

the presence or absence of CLIP170. This is consistent with the difficulty experienced 

in preparing dimeric full length PKN2, where optimisation was required to capture, 

separate and stabilise dimeric full length PKN2 (Chapter 4, sections 4.2 and 4.3). In 

the absence of a chemical crosslinker a heterogeneous mix of monomeric and dimeric 

full length PKN2 was observed, in which  dimeric full length PKN2 was by far the lower 

populated species. This could suggest that the nature of dimerisation of PKN2 is very 

dynamic and difficult to capture in solution.  Alternatively the data could suggest the 

dimersation interface in solution may require the regulatory domains incorporated in 

the full-length construct or the presence of a cell membrane. The in-solution dimer 

observed with full length PKN2 may be a physiologically relevant species whereas the 

crystallised kinase domain- kinase domain dimer is currently interpreted to be a 

crystallisation artefact. 
 
5.5 Exploration of CLIP170 multi-site phosphorylation by PKN2 in vitro 
 
To build upon the analysis of PKN2 interaction with CLIP170 peptides, recombinant 

purified CLIP1701-484 was prepared. This CLIP1701-484 construct includes the serine-

rich region from which the original crystallised peptide CLIP170297-318 was derived and 

extends into the coiled coil region. Truncated CLIP1701-484, also known as the H2 

fragment, has been reported to be able to associate as a dimer [329, 330]. Amino-

terminally His-tagged CLIP1701-484 was expressed in E. coli (Chapter 2 section 2.3.1) 

and was purified by Co2+ affinity chromatography followed by SEC.  Figure 5.6 shows 

the purification of recombinant CLIP1701-484. In Figure 5.6B, the first peak at 70 mL 

corresponds to the void volume of the column and therefore contains largely 
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aggregated protein. The second peak at 84 mL corresponds to CLIP1701-484. From the 

corresponding gel in Figure 5.6C CLIP1701-484 appears to be present in samples from 

both peaks and some CLIP1701-484 was aggregated but separated during SEC. Only 

monodisperse samples from the second peak at the elution volume of 84 mL, 

corresponding to the gel bands outlined in red, were pooled and concentrated for 

further use. Here CLIP1701-484 is migrating at a molecular weight of around 70 kDa 

which is higher than its expected molecular weight of 59 kDa. This could be due to an 

elongated shape or conformation of this construct, the band has been identified and 

confirmed by mass spectrometry to be CLIP1701-484. 

 

 

 

 

 

 

 

 

Figure 5.6 Preparation of recombinant purified CLIP1701-484 

 His-tagged CLIP1701-484 was expressed in E. coli. Lysate loaded onto a Co2+ Hi-trap column was 

eluted with a  0-300 mM imidazole gradient. (A) SDS PAGE analysis of eluted samples. (B) 
Chromatogram following size exclusion chromatography of appropriate pooled samples from the 

imidazole gradient elution, using a Superdex 200 26/300 column. (C) SDS PAGE analysis of gel 

filtration samples. Gel bands outlined in red correspond to samples from second chromatogram peak 
in (B) also outined in red. 
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In order to analyse CLIP1701-484 phosphorylation in vitro, 18.5 μM CLIP1701-484 was 

incubated with 0.6 μM PKN2KD and 500 μM ATP for 24 hours at 4°C. This sample was 

analysed via SDS PAGE alongside CLIP1701-484 alone and the subsequent bands 

excised, digested and analysed by mass spectrometry. The results are shown in 

Figure 5.7.  
 

 

 

 

 

 

 

 

 

 

The SDS PAGE gel in Figure 5.7A shows an increase in mass for the CLIP1701-484 

sample with PKN2KD and ATP compared to the CLIP1701-484 alone sample. This band 

shift is likely to be as a result of CLIP1701-484 phosphorylation by PKN2KD. Mass 

spectrometry analysis in Figures 5.7B and 5.7C confirms the identity of the protein in 

both samples to be CLIP1701-484 from the sequences of peptides present in the 

sample. Quantification of post translational modifications (PTMs) indicates that upon 

Figure 5.7 PKN2KD phosphorylates CLIP1701-484 at multiple sites in vitro  
(A) SDS PAGE analysis of purified CLIP1701-484 samples with and without incubation with PKN2KD 

and ATP. (B) Table listing phosphorylated residues in each CLIP1701-484 sample as determined by 

mass spectrometry analysis. (C&D) Sequence coverage and post translational modification analysis 

of each denatured and trypsin digested CLIP1701-484 sample determined by mass spectrometry. 
Yellow highlighting denotes the residues sequence confirmed, green highlighting denotes post 

translational modification to that residue. (C) Analysis CLIP1701-484 alone. (D) Analysis of CLIP1701-

484 incubated with PKN2KD and ATP for 24 hours.  
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incubation with PKN2KD and ATP, many residues of CLIP1701-484 become 

phosphorylated that are unmodified in purified CLIP1701-484 alone. Mapping of PTMs 

shows a subset of CLIP170 serine residues are phosphorylated, including all serine 

residues present in the previously crystallised CLIP170297-318 peptide sequence 

RRVMATTSASLKRSPSASSLSS. These data confirm that CLIP1701-484 is 

phosphorylated by PKN2KD in vitro and identifies the serine-rich region as being 

enriched for PKN2KD phosphorylation sites. 

 
5.6 Following the PKN2KD-dependent CLIP170 phosphorylation trajectory in vitro 
 

Given the complete phosphorylation of all serine residues within the serine-rich region 

of CLIP170, it was decided to establish the specific order in which these residues were 

phosphorylated by PKN2 using a time course. Purified recombinant CLIP1701-484 (14 

μM) was incubated with ATP (450 μM) and varying concentrations of purified 

recombinant PKN2KD (50 nM to 5 μM) over 24 hours at 4°C. Aliquots of the reactions 

were removed and quenched with EDTA at predetermined time points; 0 minutes, 1 

minute, 5 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, and 24 hours. 

Time point samples were run on SDS PAGE gels shown in Figure 5.8A with the 

addition of 50 nM PKN2KD, Figure 5.8B with the addition of 500 nM PKN2KD and Figure 

5.6C with the addition of 5 µM PKN2KD. 

 

For each concentration of PKN2KD added the CLIP1701-484 gel band shifts 

progressively over the time course to a higher molecular weight, consistent with gel 

band retardation due to phosphorylation. To identify sites modified as a function of 

time, the gel bands corresponding to phosphorylated CLIP1701-484 at each time point 

were subjected to trypsin digest and LC-MS/MS analysis for quantification and 

mapping of individual phosphorylation sites. The most abundant phosphorylated 

CLIP1701-484 fragment was SPSASSLSSMSSVASSVSSRPSR. The underlined 

portion of the sequence is the overlap with the previously crystallised CLIP170297-318 

peptide sequence RRVMATTSASLKRSPSASSLSS. Highlighted in bold is Ser 312, 

present in both the trypsin digest derived peptide and the crystallisation peptide. Ser 

312 is positioned as the phospho-acceptor site in the previously solved CLIP170-

PKN2KD co-crystal structure and was proposed to be a candidate site for CLIP170 
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phosphorylation by PKN isoforms [164]. The flanking sequences of Ser 312 are also 

consistent with the PamGene-derived consensus sequence shown in Figure 5.1.  

From the LC-MS/MS data presented here the location and order of the first three 

serine residues of CLIP1701-484 to be phosphorylated by PKN2KD have been assigned. 

By comparing the occurrence of uniquely phosphorylated residues over time, it can be 

established that the initial site is Ser 312 followed by Ser 314 and subsequently Ser 

310. To determine the location of phosphorylation sites beyond the first three with 

confidence is difficult. The probability of phosphorylation location is determined by 

calculating the expected mass of the modified peptide for every possible 

phosphorylation location and combination of locations, the expected masses are then 

matched to the experimental masses observed. This can be done with a high level of 

confidence for the location of a single phospho-site, this level of confidence becomes 

lower when assigning more phospho-sites as the expected masses for different 

combinations of the same mass modification become increasingly similar. For each 

time point sample the experimental mass of peptides present were matched to 

calculated expected masses and location of phosphorylated residues determined (up 

to three phosphorylated residues).  

 

A comparison of the normalised peak intensities, as determined by mass 

spectrometry, of the non-phosphorylated peptide, the singly phosphorylated peptide 

(Ser 312), the doubly phosphorylated peptide (Ser 312 and Ser 314) and the triply 

phosphorylated peptide (Ser 312, Ser 314 and Ser 310) across the time course is 

shown in Figure 5.8A, 5.8B and 5.8C. The unmodified peptide (shown in the top 

graphs of Fig.5.8A-C) is only present in the first time points, with the increasingly 

phosphorylated peptides becoming more abundant in the later time points. At higher 

PKN2KD concentration the phosphorylation occurs more rapidly (concentration of 

PKN2KD increases from Fig.5.8 A  to Fig.5.8 C). These results show that Ser 312 is the 

preferred phosphorylation residue of CLIP170 and so is the first to be phosphorylated. 
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Figure 5.8A 
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Figure 5.8B 
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Figure 5.8C 
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5.7 Towards validation of PKN2 as a CLIP170 kinase ex vivo 
 
To build upon the in vitro evidence provided here for CLIP170 phosphorylation by 

PKN2 and to investigate it in a more physiological context, a collaboration with the 

Protein Phosphorylation Lab (Francis Crick Institute) was initiated as this laboratory 

had previously shown an essential non-redundant function for PKN2 in mouse 

mesoderm expansion [187]. An experiment was designed to use PKN2-enriched 

mouse brain lysate as an endogenous source of PKN2 to phosphorylate a biotinylated 

CLIP170297-318 peptide. To establish this assay, several tools were required including 

a phospho-specific antibody raised against CLIP170 phospho-Ser 312 (α-pCLIP) and 

a selective chemical inhibitor against human PKN2 as a kinase-specificity control. The 

phospho-specific antibody would allow detection of phosphorylated CLIP170 peptide 

in an enzyme-linked immunosorbant assay (ELISA) plate-based technique designed 

to detect and quantify peptides or proteins. By using a streptavidin coated plate to 

capture the biotinylated CLIP170 peptide, a signal from a fluorescently conjugated 

secondary antibody would quantify the amount of specific primary antibody, α-pCLIP, 

bound to phosphorylated biotinylated CLIP170 peptide tethered to the plate.  

 
5.7.1 Design of an ELISA to detect PKN2-dependent CLIP170 phosphorylation in 

mouse brain lysates 
 
The most crucial element of an ELISA detection strategy is a highly specific antibody-

antigen interaction, in this case a phospho-specific CLIP170 phospho-Ser 312 (α-

pCLIP) antibody. An overview of the ELISA design is shown in Figure 5.9, segmented 

into three main parts; production of mouse brain lysate, phosphorylation of CLIP170 

Figure 5.8 Mapping the trajectory of phosphorylation of multiple serine residues in CLIP170  
The abundance of increasingly phosphorylated CLIP170 peptide is shown across a 24 hour 

phosphorylation time course at varying PKN2KD concentration. Data were generated from LC-MS/MS 

followed by MaxQuant analysis of excised and trypsin digested SDS PAGE samples from each time 

point. MS analysis performed by David Frith, Proteomics STP. The normalised peak area of each 
peptide; unmodified, singly-phosphorylated, doubly-phosphorylated and triply-phosphorylated is 

shown for each time point sample along with the SDS PAGE analysis of time point samples at each 

PKN2KD concentration. (A) 50 µM PKN2KD. (B) 500 nM PKN2KD. (C) 50 nM PKN2KD. Anomalous 

outlying results are greyed out. The three colours contributing to each bar represent the precursor 

ion (blue), the precursor ion M+1 (purple) and the precursor ion M+2 (red). 
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by endogenous PKN2, and detection of phospho-CLIP170 by α-pCLIP recognition. 

Each part required separate optimisation and validation steps with appropriate 

controls. 

 

Initially mouse brains were harvested by staff in the Parker laboratory (Francis Crick 

Institute). Figure 5.9A shows an overview of the method used to prepare endogenous 

PKN2 from PKN1/3 knockout mouse brain tissue. The schematic indicates mouse 

brains lysis and preparation of an extract followed by partial enrichment of the soluble 

lysate fraction through binding to a HiTrap Q column and elution with a salt gradient. 

Eluted fractions were then analysed by western blot with anti-PKN2 and anti-phospho-

PKN2. The phospho-PKN2 antibody recognises phospho-Thr 816, the conserved 

activation loop residue which is phosphorylated by PDK1 and required for PKN2 

activity. This allowed for detection of fractions with active PKN2 present. Different lysis 

conditions and steps prior to partial purification of lysate by anion exchange were 

trialled for improvement (discussed below). 

 

The next step was to establish conditions for monitoring CLIP170 phosphorylation by 

PKN2. A suitable kinase assay followed by a method for detection of phosphorylation 

was required. Part two, Figure 5.9B, shows an overview of the kinase assay used in 

which biotinylated CLIP170 peptide is phosphorylated by PKN2. Initially the kinase 

assay was optimised and validated using purified recombinant PKN2, both kinase 

domain and full-length protein, before using PKN2 enriched fractions prepared from 

mouse brain lysate. The schematic indicates the kinase assay requires a control to be 

carried out with a PKN2-specific inhibitor. The PKN2 knockout in mice is embryonic 

lethal due to developmental defects [187]. In the absence of a PKN2 knockout mouse 

brain to use as a negative control, a PKN2-specific inhibitor was required to validate 

that any changes in the phosphorylation of CLIP70 peptide detected were due to 

PKN2, and not due to other kinases present in the lysate. The duration of kinase assay 

and concentrations of reagents were parameters to explore and subjected to 

optimisation.  

 

Finally, in order to detect and measure phosphorylation of CLIP170 by PKN2 an 

indirect plate-based ELISA assay was designed as shown in Figure 5.9C. The 

schematic shows the steps of the ELISA protocol designed; binding of biotinylated 
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CLIP170 peptide which has been previously exposed to PKN2 in the kinase assay in 

the preceding step, followed by washes and then incubation with the specific α-pCLIP 

primary antibody which recognises and binds phosphorylated CLIP170. Primary 

antibody binding is followed by washing and subsequent incubation with a 

fluorescently conjugated secondary antibody, which is followed by washing and 

imaging of the plate. Length of incubations, concentrations of antibodies and washing 

steps were varied in turn to find the best conditions for the assay.  
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Figure 5.9 Overview of the three distinct steps of ELISA design to detect 
phosphorylation of CLIP7170 by endogenous PKN2 
 



 220 

 

 

 

 

 

 

 
 
 
 
5.7.2 Partial purification and detection of endogenous PKN2 from PKN1/3 knockout 

mouse brains 
 

Previous protocols to purify PKN published by the Parker Laboratory showed neutral 

detergents could be used to extract PKN from COS cells prior to immunoprecipitation 

[160]. To extract sufficient amounts of active full-length PKN2 from mouse brains 

different lysis conditions were tested. The mouse brains were first dissected then 

added to lysis buffer and homogenised using a Potter homogeniser. Two different salt 

concentrations in lysis buffer were compared to determine whether a lower salt 

concentration and more gentle lysis were beneficial over a physiological salt 

concentration. The addition of NP40 neutral detergent to the lysis buffer  or  sonication 

post-homogenisation were compared for the best method to disrupt cell membranes. 

Homogenised lysates were centrifuged and the pellet removed prior to loading 

samples for western blot analysis. Figure 5.10A details the different lysis conditions 

tested and Figure 5.10B shows the western blot analysis of conditions 1-6 alongside 

a control recombinant purified full length PKN2 sample.  
 

Figure 5.9 Overview of the three discrete steps of ELISA design to detect phosphorylation of 
CLIP170 by endogenous PKN2 
(A) Schematic representation of method for preparing endogenous PKN2 through the lysis of PKN2 

enriched mouse brains, followed by application of a salt gradient and identification of PKN2 containing 

fractions by western blot. (B) Schematic representation of kinase assay, exposing  modified CLIP170 
peptide to endogenous PKN2 containing samples in the presence of ATP. (C) Schematic 

representation of  ELISA assay designed to detect phosphorylation of a modified CLIP170 peptide 

by endogenous PKN2. 
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In Figure 5.10B, the green signal is due to the presence of specific phospho-Thr 816 

PKN2 antibody (α-pT816 PKN2) and the arrow indicates the band representing full 

length PKN2 in the lysate samples. The first observation to note is that the PKN2 in 

the lysate samples is migrating at a higher apparent molecular weight than the 

recombinant full-length PKN2. This could be due to the presence of PTMs in the lysate 

sample that are not present in the recombinant PKN2 sample, such as multiple 

phosphorylation sites or other larger covalent modifications such as palmitoylation. A 

contribution from multiple phosphorylation sites is plausible as phosphatase inhibitors 

were used during the brain lysis preparation but not throughout the recombinant PKN2 

preparation. The presence of α-pT816 PKN2 signal in all samples indicates that 

Figure 5.10 Optimisation of mouse brain lysis conditions to prepare of endogenous PKN2 
(A) Table detailing the six different lysis conditions tested. (B) Western blot analysis of PKN2 obtained 

from each different lysis condition. The band indicated shows full length PKN2 phosphorylated at 

activation loop residue T816. Signal of Alexa488 secondary antibody detected using the Li-COR 

imaging system. 
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activation loop Thr 816 is phosphorylated in all samples. The presence of this 

phosphorylation in the recombinant PKN2 sample despite the lack of phosphatase 

inhibitors could be due to the important regulatory nature of this phosphorylation site. 

Thr 816 is highly conserved and its phosphorylation functions to make the kinase 

active, it is therefore likely to be more stable [8]. There are 14 other residues reported 

to be phosphorylated in PKN2 other than the regulatory activation loop, Thr 816, and 

turn motif, Thr 958, in the protein database Uniprot. These additional phosphorylation 

sites may be phosphorylated in the lysate samples but as they are non-functional may 

be more labile [8]. More transitory phosphorylation sites are likely to be susceptible to 

phosphatase activity therefore not present in the recombinant sample, leading to 

different migration molecular weights. Another explanation could be that the 

recombinant sample is proteolysed and missing some residues which are present in 

the endogenous PKN2 samples, this however is not likely as the recombinant PKN2 

sample has been sequence verified by mass spectrometry analysis which shows 80% 

coverage of the PKN2 sequence ranging from the N- to C- terminus. The α-pPKN2 

antibody does also recognise the phosphorylated activation loop of PKN1, however 

PKN1 is not present in these lysate samples as the brains lysed were from PKN1/3 

knockout mice. 

 

By following the amount of active PKN2 present in each sample by western blot shows 

there is more active PKN2 present in samples 3 and 4, which have not been exposed 

to detergent or sonication. However, there also appears to be a higher background 

with more lower molecular weight breakdown products of PKN2 present in these 

samples. Both the addition of sonication to the protocol and detergent to the lysis 

buffer reduces the presence of these lower molecular weight species which are not as 

prevalent or present at all in sample 1,2,5 and 6. Overall the salt concentration of the 

lysis buffer does not appear to have a large impact on the presence of lower molecular 

weight breakdown products, both sonication and detergent have a greater effect in 

reducing the level of breakdown products in the lysate samples. Since adding 

detergent and sonication appear to have similar effects, using one or the other in future 

lysis protocols would be sufficient. Adding detergent or screening for different types of 

detergent would be the preference for future protocols as it does not add extra time to 

the process, whereas sonication adds extra time in which the sample could be 

degraded.  
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From the analysis of these different lysis conditions the optimal lysis conditions were 

determined to be: 120 mM NaCl, 20mM HEPES pH 7.5, 5 mM EDTA, 0.5 mM TCEP, 

0.25% NP40, + protease and phosphatase inhibitor cocktail tablets, with brain 

dissection followed by lysis with buffer and homogenisation. Following on from the 

lysis and homogenisation, the sample was centrifuged at high speed to remove 

insoluble materials prior to anion exchange chromatography. This step was crucial to 

ensure the impure solution fraction did not damage the AKTA purifier or the column 

when applied. 

 

Figure 5.11 shows the resulting chromatogram from the anion exchange of the brain 

lysate sample alongside SDS PAGE and western blot analysis of fractions to track the 

presence of active PKN2 throughout.  
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The chromatogram in Figure 5.11A shows protein eluting across the entire salt 

gradient, with the largest amount of protein eluting at a conductivity of 22 mS/cm. 

Figure 5.11B shows SDS PAGE analysis of samples across the elution profile, this 

analysis indicates the total amount of protein in the eluted samples and confirms the 

majority of proteins elute in the samples corresponding to salt concentrations of 200-

300 mM NaCl and at higher salt concentrations the total protein eluted is reduced.  

Figure 5.11 Identification of endogenous PKN2 in partially purified mouse brain lysate 
(A) Anion exchange chromatography profile of mouse brain lysate, tracking the elution of proteins 

bound to a Hi-TrapQ column following an increasing NaCl gradient. The blue line represents 

absorbance measured at 280 nm, indicating protein eluted, and the orange line represents 

conductivity, indicating the NaCl concentration.   (B) SDS PAGE analysis of eluted protein samples 
corresponding to the fractions from the anion exchange profile. (C) Western blot analysis of eluted 

protein samples corresponding to fractions from the anion exchange profile. (D) Western blot analysis 

of mouse brain lysate samples pre-anion exchange, samples that did not bind to the anion exchange 

column, samples identified in (C) that do not contain PKN2 and samples from consecutive fractions 

surrounding where PKN2 was identified in (C). For both western bot analyses PKN2 signal detected 

= red, phosphorylated PKN2 (pT816) signal detected = green. Overlay is yellow. Fluorescent 

secondary antibody signal detected using Li-COR imaging system. 
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Figure 5.11C shows western blot analysis of the same samples analysed in 5.11B, 

alongside a recombinant purified full length PKN2 sample. The red signal indicates 

the presence of PKN2 and can be seen in samples D11 and E3. The green signal is 

due to the presence of phosphorylated PKN2 at Thr 816. Here the endogenous PKN2 

in brain lysate samples now migrates at the same molecular weight as recombinant 

PKN2 (in contrast to Figure 5.10B). This can be explained by the lack of phosphatase 

inhibitors in buffers used throughout the anion exchange step that were present in the 

lysis buffer. Thus, hyperphosphorylation of PKN2 may account for the higher 

molecular weight observed previously in lysates, but removal of these 

phosphorylations by phosphatases occurs in the Hi-TrapQ column. The anti-phospho 

Thr 816 blot with green signal has a higher background than the anti-PKN2 antibody, 

but clear bands can also be seen at the corresponding molecular weight to 

recombinant PKN2 in samples D11 and E3. A stronger signal is present in fraction E3 

indicating there is more active PKN2, phosphorylated at Thr 816 in this fraction. A 

good overlap of signal in fractions D11 and E3 from both antibodies confirms the  

presence of PKN2 in samples D11 and E3, with more activated PKN2 present in 

sample E3. The green signal seen in later fractions G11 and H3, does not overlap with 

a signal for PKN2 in the same fractions, suggesting non-specific antibody binding.  

 

Figure 5.11D shows a western blot analysis of further fractions close to PKN2 in the 

elution profile identified in Figure 5.11C. This red signal in the blot shows PKN2 is 

present in samples D9 to E4 and the green signal shows activation loop-

phosphorylated  PKN2 is present in samples D12 to E3. There are multiple bands 

present in the anti-phospho Thr 816 blot which were not present in the previous blot 

(Figure 5.11C), this could be due to re-using the primary antibody in this blot. Re-use 

of the primary phospho antibody here appears to reduce its performance and so it was 

not re-used again for the duration of this study. In conclusion these results validate 

that endogenous PKN2 can be partially purified from mouse brain lysate by anion 

exchange and that fractions containing activated PKN2 can be positively identified. 
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5.7.3 Optimisation and validation of ELISA designed to detect CLIP170 

phosphorylation by endogenous PKN2 

 

5.7.3.1 Purification of specific primary antibody raised against phospho-Ser 312 

CLIP170 

 

In order to detect phosphorylated biotinylated CLIP170 peptide bound to the 

streptavidin coated ELISA plate a specific antibody was required. Having determined 

the first phosphorylation residue of CLIP170 in vitro to be Ser 312, a polyclonal 

antibody (pAb) was raised against a phosphorylated S312 CLIP170 antigen. The 

rabbit pAb was purified from harvested bleeds using custom made affinity columns 

prepared with specific resin. The resin was prepared by coupling specific peptides with 

the pS312 CLIP170 antigen sequence to the resin. The ThermoFisher SulfoLink 

Immobilisation kit was used to prepare the specific resins according to the 

manufacturer’s instructions (See Chapter 2, section 2.4.5). Both phospho- and non-

phospho- resins were prepared and the harvested bleed was first applied to the non-

phospho- resin, to remove and non-specific non-phosphorylated antibody within the 

bleed, the flow through from this column was then applied to the phospho- resin and 

the bound antibody further purified by SEC.   

 
To test the specificity of the pAb, α-pCLIP, western blot analysis was carried out on 

recombinant purified CLIP1701-484 alone and recombinant purified CLIP1701-484 

incubated with PKN2KD and ATP, the results are shown in Figure 5.12.  
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Figure 5.12A shows the western blot performed with the pAb harvest bleed, referred 

to as ‘α-pCLIP bleed’, at dilutions of 1:100 and 1:500. There is clear signal for 

CLIP1701-484 exposed to and phosphorylated by PKN2 in blots at both dilutions of α-

pCLIP bleed while there is no signal for CLIP1701-484 alone in the 1:500 dilution blot 

and there is a faint signal for CLIP1701-484 alone in the 1:100 dilution blot. These results 

show that the pAb α-pCLIP is present in the harvest bleed and is binding specifically 

to phosphorylated CLIP1701-484. Figure 5.12B shows the western blot performed with 

the purified pAb, ‘α-pCLIP pure’. The blot shows no background, non-specific signal 

for the CLIP1701-484 alone sample and shows clear signal for CLIP1701-484 exposed to 

PKN2KD. The signal for phosphorylated CLIP1701-484 increases with time of incubation 

with PKN2KD, indicating the increase in signal is due to phosphorylation by PKN2KD. 

These results show that purification of the α-pCLIP pAb was successful and confirms 

that it specifically binds phosphorylated CLIP170 with no background, non-specific 

binding to unphosphorylated CLIP170. The purified pAb can be used at lower 

concentrations than the harvest bleed for example at 1:1000 dilution as shown here. 
 

 

 

Figure 5.12 Purification of phosphorylated CLIP170 specific primary antibody α-pCLIP  
Western blot analysis of purified CLIP1701-484 samples with and without exposure to PKN2KD and ATP 

testing custom polyclonal primary antibody raised against phosphorylated CLIP170 at residue Ser 

312. (A) Western blot analysis using the harvest bleed of the custom antibody, prior to any 

purification, (α-pCLIP bleed) at dilutions of 1:100 and 1:500. (B) Western blot analysis of CLIP170 

phosphorylation by PKN2 using purified custom polyclonal primary antibody (α-pCLIP pure). 
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5.7.3.2 Validation of ELISA with control biotinylated CLIP170 peptides 
 

Detection of phosphorylated CLIP170 by the ELISA assay described in section 5.7.1 

was first validated using control biotinylated phosphorylated (phos-) and unmodified 

(unphos-) CLIP170 peptides bound to a streptavidin-coated 96-well plate. To ensure 

the maximum binding capacity of the plate was reached, control peptides were added 

at a concentration of 50 µM. Initially the biotinylated peptides were incubated for 2 

hours to allow binding and then washed three times with TBST-BSA (Tris buffered 

saline with 0.1 % Tween and bovine serum albumin) prior to incubation with primary 

antibody. Binding of primary antibody was followed by three washes, incubation with 

fluorescently conjugated secondary antibody and then three washes again prior to 

imaging the fluorescent signal from the secondary antibody.  

 

Figure 5.13 shows the positive signals for both phos- and unphos- CLIP170 peptides 

using α-pCLIP bleed and a general phospho-Serine antibody which recognises the 

phospho-motif R-x-x-pS, referred to as α-pSer throughout this study, in A and B 

respectively. Both A and B show the positive signal for phos- and unphos- CLIP170 

peptide in the presence and absence of a control cell lysate (HEK293 cells lysed with 

RIPA buffer). The addition of control lysate was tested to see if cell lysate had an effect 

on the differential signal between the positive (phos) and negative (unphos) control 

signals.  

 

With α-pCLIP bleed (A) there is no significant difference in signal for the phos- or 

unphos- CLIP170 peptides with or without the control cell lysate, suggesting non-

specific binding to both peptides in both conditions. With α-pSer (B) there is a 

significant difference in signal for the phos- and unphos- CLIP170 peptides without the 

control cell lysate, with the positive control phos-CLIP170 peptide signal being higher. 

In contrast there is no significant difference in signal for the phos- and unphos- 

CLIP170 peptides in the presence of cell lysate, suggesting there is more non-specific 

binding and higher background signal when the lysate is present. 

 

As previously shown the α-pCLIP bleed binds specifically to phosphorylated CLIP170 

(Section 5.7.3.1) but this feature was not captured this in the ELISA format. Therefore 

efforts were made to reduce potential background signal in the ELISA in order to 
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capture specific binding of α-pCLIP bleed to the phos- CLIP170 peptide. To remove 

potential background signal a blocking step prior to the binding of the biotinylated 

peptides to the streptavidin coated plate was introduced and an increased number of 

washes added between binding steps, from three washes to five, were added to the 

protocol. Figure 5.13 panels C and D show the same procedure as in panels A and B 

respectively but with the addition of these steps described. Now with α-pCLIP bleed 

(C) there is a significant difference in signal for the phos- and unphos- CLIP170 

peptides with and without the control cell lysate, suggesting the background signal has 

been reduced and now shows a greater positive signal for the positive control peptide, 

and that the lysate is not contributing to any non-specific binding observed. With α-

pSer and the additional blocking and washing steps (D) there is still a significant 

difference in signal for the phos- and unphos- CLIP170 peptides without the control 

cell lysate, however with the control cell lysate present there is no significant difference 

in signal for the phos- and unphos- CLIP170 peptides. The overall signal when the α-

pSer antibody is used is much lower with the addition of the blocking and extra 

washing steps. These results suggest that the α-pSer antibody is binding more weakly 

or perhaps less specifically to the phosphorylated CLIP170 peptide and is more 

affected by extra background signal introduced by the presence of cell lysate.  

 

Having previously shown the purification of α-pCLIP was successful in improving 

specificity and allowed its use at lower concentrations (Section 5.7.3.1), the purified 

antibody (α-pCLIP pure) was compared to α-pCLIP bleed and α-pSer, by including the 

additional blocking and washing steps and the results are shown in Figure panel 5.13E 

(it should be noted no control lysate was added here). All primary antibodies show a 

significant difference in signal between the phos- and unphos- CLIP170 peptides, with 

the positive control giving more signal. The largest differential signal is seen with α-

pCLIP pure, which shows a much reduced unphos- CLIP170 peptide signal compared 

to α-pCLIP bleed, indicating there is much less non-specific binding. These results 

together show α-pCLIP pure to be the best for detecting phosphorylated CLIP170 

reliably. From here on α-pCLIP bleed was no longer used and α-pCLIP refers to the 

purified antibody. 
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Figure 5.13 Validation and optimisation of ELISA with control biotinylated CLIP170 
peptides 
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5.7.3.3 Validation of ELISA with biotinylated peptides phosphorylated by purified 

recombinant PKN2 

 
To validate the detection of CLIP170 peptides phosphorylated by recombinant PKN2, 

unmodified biotinylated CLIP170 peptides were exposed to various concentrations of 

recombinant purified PKN2 and 500 µM ATP over a time course, the results are shown 

in Figure 5.14. 
 

 

  

Figure 5.13 Validation and optimisation of ELISA with control biotinylated CLIP170 peptides  
Each graph shows positive signal detected due to presence of fluorescently conjugated secondary 

antibody, plotted for control peptides phosphorylated CLIP170 (phos) and unmodified CLIP170 

(unphos).  (A) Shows positive signal using α-pCLIP bleed as the primary antibody and compares 

positive signal of control peptides in the presence and absence of a control cell lysate. Dark purple =  

with lysate, lighter purple = no lysate. (B) Shows positive signal using general α-pSer  as the primary 

antibody and compares positive signal of control peptides in the presence and absence of a control 
cell lysate. Dark blue =  with lysate, lighter blue = no lysate. (C) Shows the same as described in (A) 
with the addition of 30 min blocking steps with TBST with 3% BSA prior to the binding of biotinylated 

peptide to the plate, and prior to the binding of primary antibody. Also with an increase of 3 washes 

in wash steps to 5 washes. (D) Shows the same as described in (B) with the additional steps 

described in (C). (E) Compares positive signals for control peptides using different primary antibodies 

(no control lysate added); α-pCLIP bleed = purple, α-pSer = blue  and ; α-pCLIP pure = green. Error 

bars indicate standard deviation calculated using triplicate technical repeat values. 
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  Figure 5.14 Validation of ELISA with biotinylated peptides phosphorylated by purified 
recombinant PKN2 
Each graph shows positive signal detected due to presence of fluorescently conjugated secondary 
antibody. Positive signal is plotted for time point samples from kinase assays containing 50 µM 

biotinylated CLIP170 peptide exposed to various purified recombinant PKN2 samples and 500 µM 

ATP over those time points.  (A) Compares positive signal using α-pCLIP and α-pSer primary 

antibodies to detect phosphorylation of time point samples from a kinase assay with 50 nM PKN2KD. 

Green = α-pCLIP, blue = α-pSer. (B) Shows the same samples as in (A) with the addition of a high 

salt wash overnight prior to imaging. (C) Shows positive signal using α-pCLIP primary antibody to 

detect phosphorylation of time point samples from a kinase assay with 10 nM full length PKN2  = 

darkest green, 30 nM full length PKN2 = middle green, and 80 nM full length PKN2 = lightest green. 
(D) Shows positive signal using α-pSer primary antibody to detect phosphorylation of time point 

samples from a kinase assay with 10 nM full length PKN2  = darkest blue, 30 nM full length PKN2 = 

middle blue, and 80 nM full length PKN2 = lightest blue. (E) Compares positive signal using α-pCLIP 

and α-pSer primary antibodies to detect phosphorylation of time point samples from a kinase assay 

with 30 nM full length PKN2. Green = α-pCLIP, blue = α-pSer. Error bars indicate standard deviation 

calculated using triplicate technical repeat values. 
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When unmodified biotinylated CLIP170 peptide was initially exposed to 50 nM purified 

recombinant PKN2KD there was no significant difference in signal detected for any time 

point samples with either α-pCLIP or α-pSer  (Figure 5.14A).  Application of a high salt 

wash overnight to the time course samples in 5.14A resulted in a clear differential 

signal for each time point sample with both α-pCLIP and α-pSer (Figure 5.14B). Signal 

increased over each time point sample indicating the detection method was suitable 

for monitoring increasingly phosphorylated CLIP170 peptide samples. From this point 

on high salt washes were incorporated into the ELISA protocol; first, two high salt 

washes followed by three TBST-BSA washes after the biotinylated CLIP170 peptide 

binding step and secondly the same washing pattern after secondary antibody binding 

prior to imaging.  

 

Unmodified biotinylated CLIP170 peptides were then exposed to different 

concentrations of recombinant purified full-length PKN2 (10 nM, 30 nM, and 80 nM). 

This was  to test if the ELISA was capable of detecting phosphorylation  of CLIP170 

by low concentrations of a less active form of PKN2 compared to the isolated PKN2KD  

and more likely to be comparable to activity levels of endogenous full-length PKN2 

that would be present in the mouse brain lysate sample. Figure 5.14C shows that 

when using α-pCLIP a significant increase in signal is detected with each increasing 

time point at each concentration of PKN2, with the exception of the signal for 15 min 

and 90 min time points at the highest concentration of PKN2, for which the signal does 

not continue to increase. In contrast when using α-pSer no significant increase in 

signal is seen over each increasing time point (Figure 5.14D). Figure 5.14E shows a 

comparison of the signal using both α-pCLIP and α-pSer over each time point with 30 

nM full length PKN2, highlighting the improved detection with α-pCLIP. 

 

5.7.3.4 Optimisation of ELISA signal  

 
To ensure the reliable detection of a positive phosphorylation signal, an additional high 

salt wash after the primary antibody binding step of the ELISA protocol was tested. 

Figure 5.15A and B show that when using α-pCLIP the additional wash step does not 

significantly affect the differential signal between control phos- and unphos- CLIP170 

peptides whereas when using α-pSer, additional washes reduce the control phos- 

CLIP170 peptide signal. From this it was determined that this additional high salt wash 
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step was not necessary and the only high salt washes in the ELISA protocol from this 

point on would be after the binding of biotinylated peptide to the plate and after binding 

of secondary antibody prior to imaging.  

 

The concentration of fluorescently conjugated secondary antibody was varied and 

tested. The results in Figure 5.15C and D show that a greater overall signal and larger 

differential signal between control phos- and unphos- CLIP170 peptides when using 

secondary antibody at 1:5000 dilution with α-pCLIP primary antibody. There was no 

appreciable difference when using 1:5000 or 1:50000 dilution of secondary antibody 

with α-pSer primary antibody. From these results it was determined that a 1:5000 

dilution of secondary antibody was suitable. All results from validation and optimisation 

tests to this point show the α-pCLIP primary antibody to be more specific, sensitive 

and reproducible than the α-pSer primary antibody in this ELISA. From this point on 

α-pCLIP was the primary antibody of used in the ELISA.  

 

It should be noted that additional control HEK cell lysate was not used in any of the 

optimisation experiments shown in Figure 5.15. 
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5.7.3.5 Optimisation of ELISA signal detection and linear response 

 
In order to determine the linear signal detection range of the ELISA, a concentration 

series of known amounts of control phos- CLIP170 peptide was tested (0 µM, 12.5 

µM, 25 µM, 37.5 µM and 50 µM. Figure 5.16A shows that assay is not linear when 

using α-pCLIP as there was not a proportional response to the increasing 

concentration of phos- CLIP170 peptide. α-pSer was also tested for comparison but 

also did not show a proportional response. This is problematic for the assay as it 

Figure 5.15 Optimisation of ELISA positive signal varying secondary antibody concentration 
and washes 
Each graph shows positive signal detected due to presence of fluorescently conjugated secondary 

antibody, plotted for control peptides phosphorylated CLIP170 (phos) and unmodified CLIP170 

(unphos). Each graph compares positive signal using primary antibodies α-pCLIP = green and  α-

pSer = blue    (A) Shows positive signal with less washes throughout the protocol: high salt washes 

only after peptide binding and after secondary antibody biding.  (B) Shows positive signal with more 

washes throughout the protocol: high salt washes after peptide binding, after primary antibody binding 

and after secondary antibody binding. (C) Shows positive signal using a 1:5000 dilution of secondary 

antibody (D) Shows positive signal using a 1:50000 dilution of secondary antibody.  
Error bars indicate standard deviation calculated using triplicate technical repeat values. 
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means that the amount of CLIP170 phosphorylation cannot be accurately quantified 

and only a discrete phosphorylated or non-phosphorylated conclusion can be made 

about a sample. This is insufficient for differentiating small differences in amount of 

phosphorylated CLIP170 in a sample which could occur for example between lysate 

samples which contain kinases other than PKN2 which may still phosphorylate 

CLIP170 but not to the same extent as PKN2, yet would still give similar results. 

Furthermore, in the absence of a linear response, subtle differences in 

phosphorylation due to partial inhibition of PKN2 activity by a chemical inhibitor would 

not be detected. 

 

In order to address the issue of non-linearity of signal detection the amount of primary 

antibody was reduced and tested over the same concentration range of control phos- 

CLIP170 peptide. It was hypothesised that too high a concentration of primary 

antibody could give a close to maximum response being reached too quickly with only 

a small percentage of phos- CLIP170 peptide. However, reducing the amount of α-

pCLIP did not improve the linearity of the assay, Figure 5.16B.  

 

A second approach was tested to improve the assay signal linearity was to use an 

alternative secondary antibody and detection method. Figure 5.16C outlines the 

alternative approach to the detection of CLIP170 phosphorylation with the use of a 

clear streptavidin coated 96-well plate, then tethering of biotinylated CLIP170 peptide 

steps and addition of primary antibody, followed by the addition of an HRP-conjugated 

secondary antibody instead of  a fluorescently conjugated antibody. Addition of 

3,3’,5,5’-tetramethylbenzidine (TMB), a sensitive, colorimetric substrate  was then 

used to detect secondary antibody signal. Upon reaction with peroxidase TMB turns 

blue in colour and absorbance can be detected at 650 nm. It was hypothesised that 

the TMB substrate detection method would be more sensitive and lead to a more 

gradual response. However, Figure 5.16E shows that the use of an alternative HRP 

conjugated secondary antibody with TMB substrate did not improve the signal 

detection linearity of the assay compared to the use of the fluorescently conjugated 

secondary antibody, Figure 5.16D.  
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Figure 5.16 Attempts to optimise pCLIP170 ELISA linearity 
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Since the original ELISA protocol designed was producing a discrete response despite 

attempts to improve the linearity of the assay, we sought to change the overall design 

of the ELISA. An overview of the alternative ELISA protocol is shown in Figure 5.17. 

The aim of the newly designed ELISA protocol was to have a more direct assay which 

would be less prone to error due to there being fewer steps and reagents. Direct 

ELISAs involve the immobilisation of an antigen to an ELISA plate and the antigen is 

then detected by an antibody directly conjugated to a detection signal in a single step. 

In contrast indirect ELISAs involve the immobilisation of an antigen to an ELISA plate 

followed by a two-step detection process, first with binding of an unlabelled primary 

antibody and second with conjugated secondary antibody. Although a direct ELISA is 

often considered to be less sensitive than an indirect ELISA as it does not involve 

signal amplification through a secondary antibody, it was thought that given the 

consistently high signal observed when using the specific α-pCLIP, this assay perhaps 

did not require signal amplification. The alternative ELISA approach used here 

involved biotinylating the primary antibody α-pCLIP and tethering it to a black 

streptavidin coated plate, the tethered primary antibody then captured phosphorylated 

CLIP170 peptide in solution. The CLIP170 peptide in this instance was fluorescently 

labelled with Cy5 and so could be directly detected by fluorescence endpoint 

measurement. 

 

Figure 5.16 Attempts to optimise pCLIP170 ELISA signal response linearity 
Each graph shows positive signal detected due to presence of secondary antibody, plotted against 

an increasing concentration series of control phosphorylated biotinylated CLIP170 peptide mixed with 

control unphosphorylated biotinylated CLIP170 peptide. Concentration series is shown as the 

percentage of total peptide which is phosphorylated (% phos biotinylated CLIP170 peptide). (A) 
Compares positive signal using α-pCLIP and α-pSer primary antibodies. α-pCLIP = green,  α-pSer  = 

blue. (B) Shows positive signal using α-pCLIP primary antibody at different concentrations. 1:1000 

dilution = darkest green, 1:2000 dilution = middle green, 1:5000 dilution = lightest green. (C) 
Schematic representation of an adapted ‘Part three: detection of CLIP170 phosphorylation’ method, 

in which an alternative, HRP-conjugated secondary antibody is used for detection in conjunction with 

TMB substrate for visualisation.  (D) Shows positive signal due to presence of fluorescent secondary 

antibody, measured in relative fluorescence units (RFU). α-pCLIP was the primary antibody used. (E) 
Shows positive signal due to presence of HRP secondary antibody reacted with TMB substrate, 

measured in Absorbance at 650 nm (Abs650). α-pCLIP was the primary antibody used. 

Error bars indicate standard deviation calculated using triplicate technical repeat values. 
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Figure 5.17 Further optimisation of ELISA linearity with alternative capture approach 
(A) Schematic representation of an adapted ‘Part two: phosphorylation of CLIP170 by PKN2’ method, 

in which an alternative, fluorescently labelled CLIP170 peptide is used in the kinase assay. (B) 
Schematic representation of an adapted ‘Part three: detection of CLIP170 phosphorylation’ method, 

in which biotinylated primary antibody α-pCLIP is tethered to the streptavidin coated plate and 

fluorescently labelled phosphorylated CLIP170 peptide binds to the tethered specific antibody and its 

fluorescent signal is imaged directly. (C) Shows positive fluorescent signal detected due to presence 

of fluorescently labelled CLIP170 peptide. Positive signal is plotted for different mixtures of control 
phosphorylated fluorescently labelled Cy5-CLIP170 peptide, unmodified control fluorescently labelled 

Cy5-peptide and unmodified unlabelled CLIP170 peptide 
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Figure 5.17C shows initial testing of a positive control phosphorylated fluorescent 

CLIP170 peptide. The results show that a positive signal is detected with control 

phosphorylated fluorescently labelled CLIP170 peptide (phos CY5 CLIP peptide), 

however an increased positive signal is detected with a mixture of control phos- and 

unphos- fluorescently labelled CLIP170 peptide, indicating the non-specific binding or 

background signal of the unphos- fluorescent CLIP170 peptide. Positive signal did not 

decrease upon the addition of increasing amounts of unphos- control unlabelled 

peptide, indicating that the unphos- unlabelled peptide is not non-specifically binding 

to the tethered α-pCLIP and so competing for binding sites.  

 

With more time available the next steps would have been to reduce the background 

signal from the non-phosphorylated fluorescent CLIP170 peptide and go on to 

determine the linearity of the optimised ELISA. However, the direct approach to the 

ELISA requires a significantly larger amount of the primary antibody α-pCLIP than the 

indirect ELISA which involves purifying large quantities of α-pCLIP. The direct ELISA 

then requires the labelling of α-pCLIP with biotin which is very expensive. The 

fluorescently-labelled peptide was also more expensive to synthesise compared to the 

biotinylated peptide. Given the amount of optimisation required for the previous ELISA 

protocol and taking into account the extra costs associated with the direct ELISA it 

was decided it was not currently feasible to continue with the optimisation of this 

alternative ELISA approach. 

 

Overall efforts to devise an ELISA showed that active PKN2 could be successfully 

identified in mouse brain lysate samples and a protocol developed here for mouse 

brain lysate preparation could be useful in future experiments requiring an 

endogenous source of PKN2. Both reagents and tools were designed and developed 

to detect CLIP170 phosphorylation by PKN2 and initial results showed effective 

detection of CLIP170 phosphorylation. However, the main caveat to the ELISA was 

that it produced a non-linear response and was not suitable for detecting subtle 

changes in the level of CLIP170 phosphorylation. Although various attempts were 

made to improve the signal detection linearity of the assay, these efforts were not 

successful in this study. 
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5.8 Chapter summary 
 

In this chapter a local sequence motif for PKN2 substrates was identified and 

validated, the multi-site phosphorylation of CLIP170 by PKN2 was characterised in 

vitro, mapping the nature and order of sites being phosphorylated to the serine-rich 

regulatory region of CLIP170. Work in this chapter has initiated ongoing further studies 

of CLIP170 functional regulation and substantially progressed the investigation of 

endogenous PKN2 as a CLIP170 kinase. Efforts to show endogenous PKN2 could be 

detected in an active conformation were successful. Ultimately, it has not been 

possible to show that endogenous PKN2 phosphorylates CLIP170 to provide evidence 

that PKN2 is a major kinase of CLIP170 in mouse brain lysate. To continue this 

investigation, it may be better to use radiometric assay to monitor CLIP170 

phosphorylation. Using autoradiography, phospho-imaging or liquid scintillation 

counting would allow for more robust quantification of amount of phosphorylated 

substrate. This experiment would also require a specific PKN2 inhibitor to validate that 

phosphorylation of CLIP170 detected arises through PKN2 kinase specifically.  
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Chapter 6. Towards a selective PKN2 chemical probe 
 
Whilst exploring the design of an ELISA for PKN2 activity in Chapter 5, it became 

apparent there was a need for a selective PKN2 chemical probe. Chemical probes are 

validated biologically active small molecules able to modulate the properties of their 

target protein, in this case the enzymatic activity of PKN2. In Chapter 5 mouse brains 

were used as the source of endogenous PKN2 in an experiment to assess whether 

endogenous PKN2 was phosphorylating putative substrate CLIP170. The absence of 

a PKN2 knockout mouse brain meant an alternative chemical biology approach to 

generate a “null” kinase control was required. Having identified the need for a selective 

PKN2 chemical probe, the broader objective of the work described in this chapter was 

to explore the properties of an existing chemical scaffold (CRT0066332) as well as 

new chemical scaffolds and improve them towards satisfying a list of chemical probe 

criteria set by the Structural Genomics Consortium (www.thesgc.org). These include 

the in vitro inhibition of the target at <100 nM (IC50 or KD), at least a >30-fold selectivity 

over other family members (PKN and AGC kinases) and on target cell activity of 1 μM 

(IC50 or EC50). It was equally important to identify an appropriate control compound (a 

hundred-fold less potent) and off-target profiling outside of the AGC kinases. 

 

As described in Chapter 1, PKN2 has a non-redundant role in mouse development but 

is also a validated target in pancreatic cancer. There are two recent reports of focused 

design of specific PKN2 inhibitors. A recent published study described efforts to 

develop a selective chemical tool for PKN2 based on 2-(4-pyridyl)-benzimidazoles 

[331].  The most promising compound exhibited an IC50 value of 0.064 μM against 

PKN2 and had a 17-fold selectivity for PKN2 over PKN1 [331]. An unpublished study 

between the Parker lab (Francis Crick Institute) and Cancer Research Technology 

(CRT) has identified the imidazo[1,2-b]pyridazine CRT0066332 against PKN2 by 

executing a high-throughput activity-based screening assay. Iterations led to the 

CRT0066332 compound which showed promising in vitro PKN2KD inhibition (IC50 20-

30 nM) and kinase selectivity (of a panel of 106 kinases and application of 

CRT0066332 at 1 μM, 4 kinases other than PKN2 displayed >70% inhibition by 332. 

S(70) @ 1 μM = 3.6%) but also showed substantial off-target cellular toxicity. Without 

a structure of CRT0066332 bound to PKN2 to guide development, the project was put 

on hold. There are reports of multi-kinase inhibitors that can be successfully used to 
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inhibit PKN2 for example; ROCK kinase inhibitors Y27632 and HA1077 (Fasudil) [332, 

333], PKC inhibitor Ro-318220 and JAK3 inhibitor VI [333]. Janus Associated Kinase 

(JAK) inhibitor Tofacitinib has also been shown to inhibit PKN1 and a co-crystal 

structure has been solved of Tofacitinib bound to PKN1KD [334, 335]. The caveat to 

using these inhibitors is that they are not PKN-isoform-specific and therefore 

unsuitable for PKN2-selective inhibition studies.  

 

PKN2 is an interesting therapeutic target given its role in the progression of cancer 

[137, 198, 200, 336]. Most recently PKN2 has been identified as a target in the fibrotic 

stroma associated with the invasion and drug resistance of pancreatic cancer. Our 

collaborators in the Cameron lab at Bart’s Cancer Institute have shown that eliminating 

PKN2 from pancreatic stellate cells accompanies the loss of the invasive phenotype 

and transfection of PKN2 back into these cells rescues the invasion phenotype (Angus 

Cameron, unpublished data). This work highlights a potential therapeutic role for 

inhibition of PKN2.  

 
6.1 Chapter aims 
 
The work in this chapter addresses the need for a PKN2 specific inhibitor and chemical 

probe. The aims were: to identify compounds with similar or improved in vitro IC50 

values against PKN2KD compared to the benchmark compound CRT0066332. 

Second, to demonstrate the binding pose for imidazo[1,2-b]pyridazines by either 

crystallography or molecular docking software to map structure activity relationships 

of PKN2KD with inhibitor compounds. Third, to identify novel scaffolds with inhibitory 

effects in vitro against PKN2KD which together with improved CRT0066332 analogues 

could potentially help mitigate cellular toxicity issues previously associated with 

CRT0066332. The aspiration was to provide sufficient insights and add value to the 

original drug discovery project to encourage a re-activation of the PKN2 drug discovery 

project with CRUK Therapeutic Discovery Laboratories (CRUK-TDL). 

 

6.2 Existing PKN inhibitors  
 
The JAK inhibitor Tofacitinib (CP-650,550) [337, 338] and PKN2 specific inhibitors 

‘Compound 5’ [331] and CRT0066332 are shown in Figure 6.1. CRT0066S332 will be 

referred to simply as 332 for the duration of this chapter. These inhibitors are ATP 
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competitive inhibitors that block the phosphotransferase activity of the kinase  by  

directly binding in the ATP-cleft located between the two lobes of the kinase domain 

[339].  These inhibitors are generically known as Type I ATP competitive inhibitors that 

stabilise an active conformation of the kinase. Compound 332 is used in this study as 

a starting point from which to develop new and improved PKN2 inhibitors. Tofacitinib 

and ‘Compound 5’ are used as benchmark compounds.  

 

 

 

 

 

 

 
6.3 Elaborations and modifications to compound 332  
 
6.3.1 Characterisation of inhibitor 332 with PKN2KD  
 

It was necessary to establish the benchmark properties and behaviour of compound 

332 towards PKN2 prior to comparing against new PKN2 inhibitor compounds 

generated in this study. To do this two techniques were used. A thermal shift assay 

(TSA) was implemented to indirectly detect compound binding in parallel with an in 

vitro kinase assay to directly measure the compounds effect on enzymatic activity. 

The TSA monitors the stability of a protein by measuring its thermal denaturation 

temperature or melting temperature (Tm). The binding of a low molecular weight 

Figure 6.1 Benchmark inhibitors used in this study 
Chemical structures for (A) the PKN2 inhibitor 332 imidazo[1,2-b]pyridazine identified by CRUK-TDL 

(B) the JAK inhibitor Tofacitinib (C) A PKN2 selective benzimidazole  inhibitor defined as ‘Compound 

5’. 
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ligand, such as a chemical inhibitor, to a protein often increases the thermal stability 

and hence Tm of the protein [340-342].  During the TSA PKN2KD is incubated with 

chemical inhibitor and SYPRO orange dye prior to a gradual temperature increase 

from 25°C to 95°C. SYPRO orange dye fluoresces upon binding to hydrophobic 

regions within a protein that become exposed during protein denaturation [341]. After 

protein denaturation, protein:dye complexes aggregate leading to quenching and 

decrease of the fluorescence signal [341]. By measuring fluorescence throughout the 

systematic temperature increase, the Tm of the protein can be determined. The Tm is 

defined the midpoint of the sigmoidal transition region of the fluorescence curve when 

the negative derivative of fluorescence over temperature is plotted against 

temperature. A higher Tm is associated with increased protein stability. By comparing 

Tm values for the target protein in the presence and absence of small molecule 

binders, an increase in Tm or a ‘thermal shift’ can be observed with the addition of a 

small molecule that stabilises the tertiary structure of the protein through the molecular 

interaction. Figure 6.2B shows the thermal melt curves for PKN2KD alone in blue and 

PKN2KD in the presence of chemical inhibitor 332 in red. A clear thermal shift can be 

seen in the presence of 332 compared to the WT control with DMSO only, from 44.5°C 

± 0.42 up to 53.4°C ± 0.17 with a difference in Tm (ΔTm) of 9.0°C. This substantial 

thermal shift shows that the TSA provides a suitable readout for binding of chemical 

binders to PKN2KD and can be used to compare the relative binding of newly designed 

chemical inhibitors are binding to PKN2KD. 

 

The in vitro kinase assay used to asses enzymatic inhibition of PKN2 was the ParM 

assay, described previously in Chapter 2 section 2.6.3 [222], a fluorescence based 

ADP quantitation assay. During the assay PKN2KD was kept constant whilst the 

chemical inhibitor concentration was varied from 0 – 1 mM over 12 data points. A 

constant concentration of 250 μM ATP was used in all assays. This concentration was 

chosen to be in excess over the KM of ATP for PKN2KD, determined to be 13.91 μM ± 

1.22. Reaction rates were calculated for each inhibitor concentration and a dose-

response curve was generated. In order to determine the potency of the inhibitor, the 

half maximal inhibitory concentration (IC50) value was calculated. The IC50 value is the 

amount of substance required to inhibit a biological process, such as enzymatic 

activity, by 50% [343-345]. The IC50 value is calculated from the dose response curve 

as the concentration at which the curve passes through the 50% inhibition level, in this 
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case that is the reaction rate % value half way between the top and bottom plateaus 

of the dose response curve. Figure 6.2C shows a dose response curve for purified 

recombinant PKN2KD in the presence of chemical inhibitor compound 332. The IC50 

value is determined as 0.071 μM ± 0.014. The data here shows that the concentration 

range of inhibitor 332 is appropriate to generate a dose response curve with Rate % 

values plateauing at either end of the concentration range and this concentration range 

can be used to compare the potency of newly designed chemical inhibitors. In 

summary both assays can be used as useful measures to guide and asses chemical 

inhibitor properties against PKN2KD. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
6.3.2 Overview of chemical inhibitor screening approach 
 
A structure-guided approach was taken harnessing the recombinant PKN2 and 

biophysical assays available in the laboratory with the synthetic chemistry skills of Dr 

Christelle Soudy in the Peptide Chemistry Laboratory (Francis Crick Institute) and 

cellular assays for PKN2 function available in Dr Angus Cameron’s laboratory (Barts 

Cancer Institute). Compounds synthesised by Dr Soudy were also supplemented with 

compounds ordered from the company Enamine Ltd. based on their chemical 

similarity to 332. Structure-based inferences were made by docking CRT compound 

Figure 6.2 Characterisation of 332 inhibitor with PKN2KD 

(A) Chemical structure CRT compound 332 (B) Comparison of melting temperature of PKN2KD in the 
presence (red) and absence (blue)  of 332 compound, negative derivative of fluorescence over 

temperature is plotted against temperature where the Tm is at the maxima (C) Normalised dose 

response curve for PKN2KD exposed to 332. Activity of  PKN2KD exposed to increasing concentrations 

of 332 inhibitor was monitored via a fluorescence-based ADP detection assay and rates calculated. 

Normalised rate values expressed as Rate % are plotted against inhibitor concentration. IC50 value is 

determined by fitting data to the Hill equation. Data is represented as mean ± standard deviation of 

triplicate samples. 
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332 into the ATP binding pocket of PKN2 using the existing crystal structure of PKN2KD 

from the McDonald laboratory (Chapter 1, section 1.2.3) and the molecular docking 

software MOE (MOE 2016.0802). New compounds were prepared by adding new 

substituents to compound 322, some substituents were replaced by different 

modifications and other related compounds involved scaffold hopping from 332. Each 

of these prepared compounds were benchmarked against two or three of the 

compounds shown in Figure 6.1 in order to determine improved or equivalent 

potencies. 

 

As outlined in Figure 6.3, synthesised compounds were initially screened by TSA and 

the Tm value was used to indirectly assess the impact of compound binding on 

PKN2KD stability. Candidate compounds displaying large thermal shifts with PKN2KD 

were taken forward to be tested for inhibition of PKN2 using the ParM in vitro kinase 

assay [222]. In parallel efforts were made to crystallise compounds showing 

substantial thermal shifts with PKN2KD to help identify ATP binding cleft pockets and 

hydrogen bond donor/acceptors that could be targeted by a subsequent round of 

compounds. Following several iterations of compound synthesis and testing new 

compounds with improved or equivalent features, a final panel of novel inhibitor 

compounds was selected to be taken forward for validation and characterisation in 

cell-based assays and selectivity screening against a panel of kinases.  

 

Figure 6.3 shows an overview of the PKN2 chemical inhibitor screening approach.  
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6.3.3 Structure guided design of PKN2 inhibitor compounds 
 
 
The primary aim was to develop ATP competitive inhibitors either based on compound 

332 or with properties comparable to 332 if designed de novo. It was helpful to have 

available a crystal structure of PKN2KD bound to the non-hydrolysable analogue (AMP-

PNP). This allowed an atomic level description of interactions between PKN2 and ATP 

to compare potential interactions with new inhibitor compounds. The crystal structure 

of PKN2KD with AMP-PNP is shown visualised in the Molecular Operating Environment 

program (MOE 2016.0802) in Figure 6.5 alongside a 2D representation of the binding 

pose generated in LigPlot. 

 

The AMP-PNP bound PKN2KD structure shows the heteroaromatic ring of the ATP 

analogue forming a series of hydrogen bonds with the hinge region of PKN2 which 

runs between and connects the two lobes of the kinase domain. Valine 671 situated 

in the P-loop region at the top of the binding pocket, sitting above the ligand, is also 

interacting with the heteroaromatic ring through a CH/π hydrogen bond. Hydrogen 

bonds are formed between AMP-PNP and all three of the highlighted regions of the 

PKN2 binding pocket. The phosphate tail of the AMP-PNP has a strong negative 

charge as seen by the red colouring of the ligand surface in the 3D representations. 

Most existing kinase inhibitors are ATP competitive inhibitors with a planar 

heterocyclic ring system presenting 1-3 hydrogen bonds to main chain carbonyl and 

amide groups within the hinge region of the kinase domain, similar to those formed by 

the adenosine ring of ATP [211, 339, 346, 347]. The heterocyclic ring then usually acts 

as a scaffold for substituents occupying the adjacent binding pocket regions.  

Figure 6.3. Overview of compound screening approach 

A schematic overview of the pipeline for testing new PKN2 compounds. New compounds sourced in-

house through structure guided modification of existing compound 332, or analogues of in-house 

compounds sourced externally from company Enamine. Initial analysis of new compounds by thermal 

shift assay. Promising candidate compounds are followed up with further investigation by in vitro 
kinase assay with PKN2KD for IC50 determination. This process is repeated with results feeding back 

into new compound design. In parallel to characterisation of compounds by thermal shift assay and 

IC50 determination crystallisation screens were set up with promising candidate compounds. 

Eventually improved candidate compounds are selected for further validation in cell-based assays 

and selectivity screening, to be carried out externally. Processes outlined in dark blue indicate work 

carried out by me. 
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Having examined the ATP binding mode and characterised the 332 compound by TSA 

and in vitro kinase assay, the selectivity profiling data for compound 332 was 

assessed. The KinaseProfiler™ screening service (Millipore) had previously been 

carried out testing compound 332 for inhibition against 106 different kinases. There 

were several kinases which displayed greater than 70% inhibition by 332 at 1 µM 

(unpublished data). The protein databank (PDB) was searched for ligands co-

crystallised with the kinases which displayed >70% inhibition by 332. Ligand co-crystal 

structures identified were observed for similarities with compound 332 and their 

binding modes observed. Two co-crystal structures of Pim-1 kinase bound to inhibitor 

compounds with similarities to 332 were identified [348]. The two compounds with 

similarities were (1R,2R)-N1-(-naphthalen-2yl)pyrazolo[1,5-a]pyrimidin-5-

yl)cyclohexane-1,2-diamine, called compound 9g, and N,N-dimethyl-N’-[3-(1H-

pyrazol-4-yl)pyrazolo[1,5-a]pyrimidin-5-yl]ethane-1,2-diamine, called compound 11o. 

Both compounds 9g and 11o have a pyrazolo[1,5-a]pyrimidine core, which is the 

structural isomer of the imidazo[1,2-b]pyridazine group present in PKN2 inhibitor 332, 

and to the adenine ring of ATP. The three compounds; 332, 9g and 11o are shown 

alongside one another for comparison in Figure 6.4, with the imidazo[1,2-b]pyridazine 

and pyrazolo[1,5-a]pyrimidine core groups highlighted respectively. The Pim-1kinase 

co-crystal structures are shown in Figure 6.5 visualised in MOE along with the 

corresponding 2D interaction maps generated in LigPlot.  
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The co-crystal structures of compounds 9g (Figure 6.5 B) and 11o (Figure 6.5 C) with 

Pim-1 show that unlike in the PKN2-AMP-PNP structure, there are no hydrogen bonds 

formed between the Pim-1 hinge region amino acid residues and the pyrazolo[1,5-

a]pyrimidine groups. This is likely due to the presence of an additional proline residue 

(Pro 123) within the hinge region of  Pim-1 which only allows for a maximum of one 

hydrogen bond between ATP or ATP mimetics [348, 349]. There is however a similar 

CH/π hydrogen bond to that seen in the PKN2-AMP-PNP structure, between Pim-1 

P-loop Valine 52 and both aromatic rings in compound 9g. There are also additional 

CH/π hydrogen bonds formed with another Pim-1 P-loop residue, Lysine 67, and the 

pyrazolo[1,5-a]pyrimidine of compound 9g. The two crystal structures present two 

unique binding modes. Compound 11o adopts the canonical binding mode commonly 

seen with other pyrazolo[1,5-a]pyrimidine derivatives, with the pyrazolo[1,5-

a]pyrimidine group positioned parallel to the hinge region of Pim-1 [348]. In contrast 

the presence of the naphthyl group in compound 9g induces a flipped orientation in 

which the pyrazolo[1,5-a]pyrimidine group is no longer positioned next to the hinge 

region with instead the naphthyl group oriented along the hinge region [348]. These 

examples of distinct binding modes suggest the true binding modes for PKN2 inhibitor 

332 may be harder to predict without crystallographic evidence. It also raises the 

possibility that the introduction of different substituents in 332 derivatives may drive 

Figure 6.4 Comparison of PKN2 kinase inhibitor 332 with PIM kinase inhibitors 9g and 11o 
Chemical structures for (A) PKN2 inhibitor 332 with imidazo[1,2-b]pyridazine group highlighted green 
(B) PIM1 inhibitor 9g with pyrazolo[1,5-a]pyrimidine group highlighted green (C) PIM1 inhibitor 11o 

with pyrazolo[1,5-a]pyrimidine group highlighted green 
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different binding conformations complicating structure-activity relationship (SAR) 

analysis.   

 

Given the high level of sequence homology between the kinase domains of PKN1 and 

PKN2, and the selection of Tofacitinib as a benchmark compound in this study,  the 

binding mode of Tofacitinib in complex with PKN1KD was examined (Figure 6.5 D). The 

co-crystal structure shows a classical Type I inhibitor binding mode with two hydrogen 

bonds forming between hinge region residues Glu 702 and Ser 704, and the 

pyrrolopyrazine heterocycle of Tofacitinab [335]. The crystal structure revealed 

extensive Van der Waals interactions between conserved active site residue Phe 910 

and Tofacitinib. Phe 910 is not displaced by Tofacitinib binding, in contrast to two other 

co-crystal structures of PKN1KD and Staurosporin analogues Ro-31-8220 and 

Lestaurtinib solved in the same study, both of which displace the Phe 910 [335]. 

Tofacitinib does however displace a different phenylalanine, Phe 632 of the P-loop. 

This conformational change allows for Tofacitinib, with a relatively rigid structure, to 

simultaneously contact the top to the bottom of the nucleotide binding cleft through 

Van der Walls contacts. This bridging may account for the selectivity of Tofacitinib 

[335]. 
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Using the information from existing crystal structures efforts were made to generate 

potential binding poses for compound 332 with PKN2 using MOE and a flexible 

docking approach where protein sidechains within the binding site are free to move. 

The potential binding poses were scored and ranked by the docking program based 

on predicted binding fit. The resulting scores together with prior information from 

natural ligand and similar inhibitor compound co-crystal structures, were used to 

identify the most likely binding poses and guide compound modification. The selected 

poses for compound 332 docked into the PKN2KD crystal structure are shown in Figure 

6.6 visualised in MOE alongside the corresponding 2D interaction maps generated in 

LigPlot. It should be noted that due to the 3D binding poses and 2D interaction maps 

being generated in different programs, MOE and LigPlot respectively, there is 

sometimes a discrepancy between the interactions displayed. The 2D interaction 

maps shown throughout this chapter serve as an additional visual aid to understand 

the overall orientation of ligands within the nucleotide binding cleft of the kinase. All 

descriptions of the interactions throughout the chapter are based on the existing 3D 

structures or 3D model outputs from MOE. 

 

 

  

Figure 6.5 Existing crystal structures of PKN and PIM1 kinase domains in complex with 
ligands  
A close up of the nucleotide binding cleft of each kinase domain is shown (left), alongside a 2D 

interaction map generated in LigPlot (right). Each 3D kinase domain structure is shown in blue with 

the bound ligand surface shown and coloured according to electrostatic charge, red = negatively 
charged, blue = positively charged. Side chains of interacting residues of PKN2 are shown. Where 

side chain contacts are made the interacting regions are highlighted. The hinge region is highlighted 

in yellow, the P-loop region is highlighted in green and the phosphate-binding region is highlighted in 

red. The corresponding regions in the 2D interactions maps are highlighted according to the same 

colour scheme. (A) PKN2KD bound to AMP-PNP (McDonald, unpublished)  (B) PIM1KD bound to 

compound 9g (PDB code: 4MBI) (C) PIM1KD bound to compound 11o (PDB code: 4MBI) (D) PKN1KD 

bound to Tofacitinab (PDB code: 4OTI) 
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Figure 6.6 Docking of compound 332 into nucleotide binding cleft of PKN2KD crystal structure 
using MOE 
(A) Pose 1 of compound 332 docked into the binding pocket of PKN2KD generated using the induced 

fit binding mode of MOE docking program. Close up of binding pocket is shown with ligand surface 
coloured according to electrostatic charge, red = negatively charged, blue = positively charged. Side 

chains of interacting residues of PKN2 are shown. Where side chain contacts are made the interacting 

regions are highlighted. The hinge region is highlighted in yellow, the P-loop region is highlighted in 

green and the phosphate-binding region is highlighted in red. The corresponding regions in the 2D 

interaction map shown alongside are highlighted according to the same colour scheme.  The 2D 

interaction map was generated in LigPlot showing important PKN2 binding site residues and ligand-

protein interactions with compound 332. (B) Pose 2 of compound 332 docked into the binding pocket 

of PKN2KD generated using the induced fit binding mode of MOE docking program, shown alongside 
a 2D interaction map, features shown are as described in A.  
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Figure 6.6 A shows the MOE generated binding pose 1 for PKN2KD-332 in which the 

3-benzo[d][1,3]dioxol-5-yl group is pointing in towards the hinge region, the 

imidazo[1,2-b]pyridazine is situated below the P-loop and the (S)-4-methylpentane-

1,2-diamine is situated above the phosphate-binding region. In this binding pose the 

only key contacts formed are CH/π hydrogen bonds between Valine 671 in the P-loop 

of PKN2 and the imidazo[1,2-b]pyridazine  rings. Figure 6.6 B shows an alternative 

MOE generated binding pose for PKN2KD-332 in which the (S)-4-methylpentane-1,2-

diamine is pointing towards the lower hinge region, the imidazo[1,2-b]pyridazine is 

positioned along the upper hinge region and the 3-benzo[d][1,3]dioxol-5-yl is situated 

above the phosphate-binding region. In addition to maintaining the Valine 671 CH/π 

hydrogen bonding with imidazo[1,2-b]pyridazine, binding pose 2 displays a CH/π 

hydrogen bond from the Asp 800 in the phosphate-binding region and the 3-

benzo[d][1,3]dioxol-5-yl group as well as a hydrogen bond from the (S)-4-

methylpentane-1,2-diamine to Asp 744 situated in the hinge region. The surface 

charge of 332 in binding pose 2 matches that of natural ligand ATP more closely than 

the surface charge of 332 in binding pose 1, with the electronegative oxygens of the 

3-benzo[d][1,3]dioxol-5-yl group in binding pose 2 sitting above the phosphate-binding 

region. For both poses generated MOE identified the (S)-4-methylpentane-1,2-

diamine group to be most exposed, followed by the 3-benzo[d][1,3]dioxol-5-yl group. 

The exposed areas identified can serve as good starting points to target for 

modification.  

 

Given the increased interactions displayed in binding pose 2, along with the similarity 

of the overall surface charge of 332 in this pose with AMP-PNP in the PKN2KD-AMP-

PNP structure, of the two potential binding poses for PKN2KD-332 shown here binding 

pose 2 appears a more consistent predicted pose. Binding pose 2 is similar to the 

positioning of compound 11o bound to Pim-1 kinase, the published co-crystal structure 

(PDB 4MBI) shown Figure 6.5 C. Compound 332 is also engaged with all three regions 

of the PKN2 binding pocket in binding pose 2, and shows the imidazo[1,2-b]pyridazine 

positioned parallel to the hinge region of PKN2, in keeping with another previous Pim-

1 kinase co-crystal structure with an imidazo[1,2-b]pyridazine containing compound 

[350]. From the positioning in binding pose 2 it would be expected that hydrogen bonds 

would be made to the hinge region, as seen in the PKN2KD-AMP-PNP structure (Figure 

6.5 A) and the PKN1KD-TOF structure (Figure 6.5 D), although the docking program 
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has not captured this, highlighting the need for structural data for conclusive binding 

modes. 

 
6.3.4 Characterisation of round 1 compounds designed from compound 332  
 
Compound 332 was segmented into three distinct components for clarity and design 

purposes (Figure 6.7). The ‘head-piece’ heterocycle (3-(benzo[d][1,3]dioxol-5-yl) is 

coloured in orange, the ‘middle-piece’ heterocycle (imidazo[1,2-b]pyridazine) is 

coloured in green and the ‘tail-piece’ chiral-centre containing substituent ((S)-4-

methylpentane-1,2-diamine) is coloured in blue. Each of these segments was targeted 

for modification throughout five rounds of compound synthesis and testing. 
 
 
6.3.4.1 Rationale for the design of round 1 compounds 
 
The first round of synthesis and characterisation generated four compounds 071, 098, 

094 and 100 shown in Figure 6.7. Compounds 071, 098 and 094 all incorporate  tail-

piece modifications highlighted in blue where the (S)-4-methylpentane-1,2-diamine of 

332 is replaced with; (1-methylpiperidin-4-yl)methanamine in 071, a chlorine in 098 

and tert-butyl (S)-(1-amino-4-methylpentan-2-yl)carbamate in 094. Compound 100 

incorporates a head-piece modification highlighted in orange where the 3-

(benzo[d][1,3]dioxol-5-yl is replaced with a bromine.    
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Figure 6.7 Compounds prepared in round 1 synthesis 

First round of compounds against PKN2 designed by Dr Christelle Soudy. Chemical structure of 

benchmarked compound 332 is shown boxed in blue, with head-piece (orange), middle-piece (green) 
and tail-piece (blue) highlighted to show areas of modification. Chemical structures of compounds 

071, 098, 094 and 100 are shown with areas of modification highlighted with equivalent orientation to 

332.  
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6.3.4.2 Thermal shift and inhibitory activities of round 1 compounds 
 
The four compounds 071, 098, 094 and 100 were tested for their interaction with 

recombinant PKN2KD using a TSA measuring Tm and IC50 determination from the in 

vitro kinase assay. The Tm and IC50 values were compared for a correlation (Figure 

6.9). Compounds with the highest Tm values should give compounds with the most 

potent IC50 values. Since compounds can be efficiently screened simultaneously in 

96-well plates by TSA using small amounts of protein, it served as the primary screen 

for testing compounds. The ParM assay used for IC50 determination is more time 

consuming, requires more reagents and only one compound can be tested at once. 

Results for all four compounds are shown in Figure 6.8 with the dose response curves 

and IC50 values determined alongside the thermal melt curves for each compound 

(shown in black) compared to compound 332 (shown in red). The ΔTm stated in each 

case refers to the difference in Tm between each new compound and 332, tested at 

the same time. Compound 098 has the lowest Tm at 44.2°C, followed by 094 and 100 

at 46.0°C, with 071 showing the highest Tm of the new compounds at 50.5°C. Not 

unexpectedly, all four compounds had poorer Tm than compound 332. The 

comparison of IC50 values similarly shows that none of these compounds have better 

IC50 values than 332 at 0.071 μM, but 071 displays a good dose response curve with 

an IC50 value of 2.34 μM. The dose response curves for both 094 and 100 start to 

show signs of inhibition at high concentrations whereas 098 shows no inhibition of 

PKN2KD activity (Figure 6.9B). 

 

Figure 6.9C shows a correlation between the ΔTm and IC50 for the limited compound 

set indicating the TSA is a reliable first screening assay. Previous studies have 

indicated chemical probe ΔTm shifts are good surrogates for binding affinities for 

target proteins [351]. Compound 071 incorporated a piperdine substituent into the tail-

piece but did not hugely reduce thermal stability of PKN2KD compared to 332 or its 

corresponding IC50. Removal of the tail piece altogether in compound 98 showed no 

increase in Tm from that of WT PKN2KD alone (44.5°C) with a Tm value of 44.2°C and 

showed no inhibition at all. Conversely, substitution of the headpiece by a single 

bromine substituent in compound 100 was tolerated. Therefore it can be concluded 

from round 1 compounds that the tailpiece and its size are important for inhibition and 

the head piece is a less important contributor.  
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Figure 6.8 Characterisation of Round 1 compounds by thermal shift assay and IC50 

determination 
Chemical structure of each compound  alongside a normalised dose response curve for PKN2KD 

exposed to each compound, and a comparison of melting temperature of PKN2KD in the presence 

each compound (black) compared to existing compound 332 (red) run at the same time. ΔTm stated 

in each case refers to the difference in Tm between each new compound and 332 The  Results for 

(A) Compound 071 (B) Compound 094 (C) Compound 098 (D) Compound 100 are shown. Melting 
temperature curves were generated by plotting the negative derivative of fluorescence over 

temperature against temperature and represent the mean value of triplicate samples. Enzymatic 

activity of  PKN2KD exposed to increasing concentrations of each inhibitor were monitored via a 

fluorescence based ADP detection assay  and reaction rates calculated. Normalised reaction rates 

expressed as Rate % are plotted against inhibitor concentration. IC50 value is determined by fitting of 

the Hill equation and  data is represented as mean ± standard deviation of triplicate samples. 
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Figure 6.9 Comparison of melting temperature and IC50 values for Round 1 compounds  
(A) Comparison of melting temperatures (Tm) for 071 (blue), 094 (green), 098 (purple), 100 (orange) 

and 332 (red). (B) Comparison of normalised dose response curves and IC50 values for 071 (blue), 

094 (green), 098 (purple), 100 (orange) and 332 (red). (C) Difference in melting temperature (ΔTm) 

between PKN2KD alone and PKN2KD in the presence of each compound, plotted against the IC50 value 
for each compound. 
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6.3.5 Characterisation of round 2 compounds designed compound 332  
 
6.3.5.1 Rationale for the design of round 2 compounds 
 
The second round of synthesis and characterisation generated eight compounds 143, 

144, 161, 149, 145, 146, 147 and 158 (shown in Figure 6.10). Compounds 143, 144, 

161 and 149 all incorporate  tail-piece modifications where the (S)-4-methylpentane-

1,2-diamine of 332 is replaced with; (1S,2S) cyclohexane-1,2-diamine in 143, (1S,2R) 

cyclohexane-1,2-diamine in 144, (S)-3-methylbutane-1,2-diamine in 161 and (R)-4-

methylpentane-1,2-diamine in 149. Compounds 145, 146, 147 and 158 incorporate a 

head-piece modification where the 3-(benzo[d][1,3]dioxol-5-yl is replaced with 

quinolin-5-yl in 145, quinolin-6-yl in 146, pyridine-3-yl in 147 and 3-aminophenyl in 

158.    
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Figure 6.10 Compounds prepared in round 2 synthesis 

Second  round of compounds against PKN2 designed by Dr Christelle Soudy. Chemical structure of 

original compound 332 is shown boxed in blue, with head-piece (orange), middle-piece (green) and 

tail-piece (blue) highlighted to show areas of modification. Chemical structures of compounds 143, 

144, 161, 149, 145, 146, 147  and 158 are shown with areas of modification, in relation to 332, 
highlighted.  
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6.3.5.2 Thermal shift and inhibitory activities of round 2 compounds 
 
The eight compounds generated were tested for their interaction with recombinant 

PKN2KD using TSA as per round 1 (shown in Figure 6.11). Comparisons show that 

compounds 145, 147, 158 and 161 have lower Tm values ranging between 46°C and 

50°C whereas compounds 144, 149, 143 and 146 have higher Tm values between 

51°C and 55°C. The compounds with higher Tm values are highlighted with a grey 

box and are close to the Tm of compound 332 (53.4°C), or in the case of 143 and 146 

are exceeding the Tm value of 332 at 53.9°C and 54.9°C respectively.  

 

Of the compounds with higher Tm values 149 is the R isomer of original 332 

compound, implying that the isomer form does not significantly affect PKN2KD binding. 

143 and 144 both have more constrained tail-piece modifications which do not appear  

to significantly reduce binding to PKN2KD compared to original 332 compound. 

Compounds 145, 147 and 158 all have head-piece modifications and all appear to 

reduce binding to PKN2KD based on lower thermal stability. Interestingly 146 also 

harbours a head-piece modification but does not appear to reduce binding to PKN2KD, 

in fact it appears to slightly enhance thermal stability relative to compound 332. 

Compounds 145 and 146 have been modified by the addition of the same chemical 

group but with different orientations, yet 145 yields the lowest Tm at 46.6°C and 146 

yields the highest Tm at 54.9°C, giving a ΔTm of 8.4°C between the two, which is 

comparable to the ΔTm between PKN2KD with no compound and PKN2KD with 332. 

This finding that compounds 143 and 146 increase thermal stability over 332 result is 

of particular interest as they modify the tail piece and head piece respectively 

suggesting improvements on compound 332 may be achievable. The results also 

suggest that the size and orientation of the head-piece is important for binding and the 

binding of the head-piece is more specific than the tail-piece.  

 

 

 
 
 



 265 

 

 

 

 

 

 

 

 

 

Figure 6.11 TSA analysis of round 2 compounds by thermal shift assay 
Skeletal formula of each compound  alongside a comparison of melting temperature of PKN2KD in the 
presence each compound (black) compared to existing compound 332 (red). Melting temperature 

curves were generated by plotting the negative derivative of fluorescence over temperature against 

temperature and represent the mean value of triplicate samples.  Results for (A) Compound 161 (B) 
Compound 145 (C) Compound 143 (D) Compound 149 (E) Compound 158 (F) Compound 147 (G) 
Compound 146 and (H) Compound 144 are shown.  
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Compounds with Tm values above 51°C were taken forward for further 

characterisation by IC50 determination. Individual dose response curves for PKN2KD in 

the presence of each compound and IC50 values generated are shown in Figure 6.13, 

an overlay and comparison of the curves is shown in Figure 6.14. 

Figure 6.12 Comparison of melting values for round 2 compounds  
Comparison of melting temperatures (Tm) for compounds 146 (blue),144 (green), 145 (purple), 143 

(orange), 147 (black), 158 (dark blue), 161 (dark purple), 149 (brown) and 332 (red). Grey box is 

shown around melt curves for compounds with highest Tm values selected to be taken forward for 

further analysis by IC50 determination. 



 267 

 

 

  Figure 6.13 Further analysis of selected round 2 compounds by IC50 determination 
Enzymatic activity of  PKN2KD exposed to increasing concentrations of each inhibitor were monitored 

via a fluorescence based ADP detection assay and rates calculated. Normalised reaction rates 

expressed as Rate % are plotted against inhibitor concentration. IC50 value  determined by fitting of 

the Hill equation and  data is represented as mean ± standard deviation of triplicate samples. Results 
for (A) Compound 143 (B) Compound 144 (C) Compound 146 (D) Compound 149 and (E) Compound 

332 are shown.  
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Figures 6.13 and 6.14 show that all compounds can inhibit PKN2KD activity in this 

concentration range, 143 shows the poorest level of inhibition with an IC50 value of 

3.54 μM. Compounds 144, 149, 332 and 146 show very similar dose response curves 

and all generate IC50 values between 300 and 500 nM. In this experiment 332 showed 

an IC50 of 376 nM compared to 71 nM from the in vitro kinase assay for round 1. In 

this experiment compound 146 showed a slightly lower, more potent IC50 than 332 with 

an value of 302 nM compared to 376 nM for 332. This round showed some 

discrepancy in the correlation between high Tm values and potent IC50 values. Whilst 

compounds 143 and 146 both displayed high Tm values, the corresponding IC50 

values did not translate into potent IC50 values for both compounds, only for 146. 

These results suggest that the chirality of the tail-piece in 143 and 144 is important in 

the inhibition of PKN2KD activity, with the (S,R)-diastereoisomer form of the tail-piece 

in 144 being more effective.  

 

6.3.6 Characterisation of round 3 compounds designed from compound 332  
 
6.3.6.1 Rationale for the design of round 3 compounds 
 
The third round of synthesis and characterisation generated six further compounds 

187, 193, 205, 206, 207, and 210 (Figure 6.15). Four compounds 187, 193, 206 and 

Figure 6.14 Comparison of IC50 values for round 2 compounds  
Comparison of dose-response curves and  IC50 values derived for compounds 146 (blue),144 (green), 

149 (brown) and 332 (red).  
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210 all retained the headpiece from compound 146 that gave a positive impact in 

round 2, whilst sampling different types of tail piece substituents. The two other 

compounds 205 and 207 have an identical tail piece and either the original 332 

headpiece (207) or a simple bromine substituent (205). Compound 207 only has a tail-

piece modification, the (S)-4-methylpentane-1,2-diamine tail-piece of 332 is replaced 

with morpholin-3-ylmethanol. Compounds 187, 193, 205 and 206 combine both  head- 

and tail-piece modifications. The (S)-4-methylpentane-1,2-diamine tail-piece of 332 is 

replaced with: chlorine in 187,  (1R,2R) cyclohexane-1,2-diamine in 193,  and 

morpholin-3-ylmethanol in 205 and 206. The 3-(benzo[d][1,3]dioxol-5-yl head-piece is 

replaced with: quinolin-6-yl in 187, 193 and 206, and bromine in 205.  Compound 210 

incorporates all three head- middle- and tail- piece modifications. The (S)-4-

methylpentane-1,2-diamine tail-piece of 332 is replaced with chlorine, the 3-

(benzo[d][1,3]dioxol-5-yl head-piece is replaced with quinolin-6-yl and the imidazo[1,2-

b]pyridazine middle-piece is replaced with 1H-pyrrolo[2,3-b]pyridine. 
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6.3.6.2 Characterisation of round 3 compounds 
 
 

All six compounds were assayed by TSA (Figure 6.16). Based on these results the top 

two compounds were taken forward for in vitro kinase assay (Figure 6.18). 

Figure 6.15 Compounds prepared in round 3 synthesis 

Third  round of compounds against PKN2 designed by Dr Christelle Soudy. Chemical structure of 

original compound 332 is shown boxed in blue, with head-piece (orange), middle-piece (green) and 

tail-piece (blue) highlighted to show areas of modification. Chemical strcutures of compounds 187, 

193, 205, 206, 207 and 210 are shown with areas of modification, in relation to 332, highlighted.  
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Figure 6.16 TSA analysis of round 3 compounds  
Chemical structures of each compound  alongside a comparison of melting temperature of PKN2KD 

in the presence each compound (black) compared to existing compound 332 (red). Melting 
temperature curves were generated by plotting the negative derivative of fluorescence over 

temperature against temperature and represent the mean value of triplicate samples.  Results for (A) 
Compound 210 (B) Compound 187 (C) Compound 205 (D) Compound 193 (E) Compound 206 and 

(F) Compound 207 are shown.  

 

Figure 6.17 Comparison of melting values for round 3 compounds  
Comparison of melting temperatures (Tm) for compounds 193 (blue), 205 (green), 206 (purple), 207 

(orange), 210 (black), 187 (brown) and 332 (red). Grey box is shown around melt curves for 

compounds with highest Tm values selected to be taken forward for further analysis by IC50 

determination. 
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The comparison of Tm values (Figure 6.17) shows that only compounds 210 and 193 

have Tm values approaching that of 332 (55.4°C) in this experiment, with Tm values 

of 53.4°C and 54.3°C respectively. These compounds are highlighted with a grey box. 

All other round 3 compounds had Tm values lower than 50°C. 

 

All new compounds in round 3 have multiple modifications. Compounds 187, 193, 206 

and 210 all share the same head-piece modification, but only 193 and 210 maintained 

similar thermal stability to that of 332, indicating that the tail-piece modifications of 187 

and 206 reduced binding to PKN2KD. 187 and 210 have the same head- and tail-piece 

modifications but 210 also has a middle-piece modification. Since 187 shows the 

lowest Tm value at 48.3°C and 210 shows one of the best Tm values in this experiment 

at 53.4°C, the middle-piece modification of 210 is likely to be important in its binding 

to PKN2KD. The middle-piece of 210 could potentially introduce additional hydrogen-

bond donor/acceptor pairings for the PKN2KD hinge region. 
 

Compounds 210 and 193 were taken forward for further characterisation by IC50 

determination. Individual dose response curves for PKN2KD in the presence of each 

compound and IC50 values generated are shown in Figure 6.18, an overlay and 

comparison of the curves is shown in Figure 6.19. 
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Figure 6.18 Further analysis of selected round 3 compounds by IC50 determination 
Enzymatic activity of  PKN2KD exposed to increasing concentrations of each inhibitor were monitored 

via a fluorescence based ADP detection assay and reaction rates calculated. Normalised reaction 

rates expressed as Rate % are plotted against inhibitor concentration. IC50 value  determined by fitting 

of the Hill equation and  data is represented as mean ± standard deviation of triplicate samples. 

Results for (A) Compound 193 (B) Compound 210 and (C) Compound 332 are shown.  

 

Figure 6.19 Comparison of IC50 values for round 3 compounds  
Comparison of dose-response curves and  IC50 values derived for compounds 193 (blue),210 (black) 

and 332 (red).  
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Although both compounds gave clear PKN2KD inhibition curves (Figures 6.18 and 

6.19), disappointingly neither 193 or 210 show better inhibition than 332 with IC50 in 

the micromolar range compared to 51nM for 332. These results indicate that these 

combinations of modifications did not improve compound potency over 332.  

 
6.3.7 Characterisation of round 4 compounds designed from compound 332  
 
6.3.7.1 Rationale for the design of round 4 compounds 
 
The fourth round of synthesis and characterisation generated six further compounds 

245, 246, 251, 252, 253, and 256 (Figure 6.20). Each compound incorporated both 

head- and tail-piece modifications, the tail-piece modifications all being based on the 

cyclic tail-pieces trialled in compounds 143, 144 and 193 which all showed relatively 

promising Tm values previously.  Compounds 245 and 246 have the same head-piece 

modification of a bromine. The (S)-4-methylpentane-1,2-diamine tail-piece of 332 is 

replaced with: (1S,2S) cyclohexane-1,2-diamine in 245, 251 and 252, (1R,2R) 

cyclohexane-1,2-diamine in 246 and 253, and (1S,2S)-cyclohexane-1,2-diol in 256. 

The 3-(benzo[d][1,3]dioxol-5-yl head-piece is replaced with: bromine in 245 and 246, 

naphthalen-2-yl in 251 and 253, quinolin-6-yl in 252 and 256. 
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Figure 6.20 Compounds prepared in round 4 synthesis 

Fourth  round of compounds against PKN2 designed by Dr Christelle Soudy. Chemical structure of 

original compound 332 is shown boxed in blue, with head-piece (orange), middle-piece (green) and 

tail-piece (blue) highlighted to show areas of modification. Chemical structures of compounds 245, 

246, 251, 252, 253 and 256 are shown with areas of modification, in relation to 332, highlighted.  
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6.3.7.2 Thermal shift and inhibitory activities of round 4 compounds  
 
The comparison of Tm values (Figure 6.21 and 6.22) shows that compounds 252 and 

251 have Tm values close to or exceeding that of 332 (56.4°C) with Tm values of 

55.8°C and 57.6°C respectively. These compounds are highlighted with a grey box in 

Figure 6.22. All other round 4 compounds how Tm values lower than 55°C. 

 

 

 

 

 

 

Figure 6.21 TSA analysis of round 4 compounds  
Chemical structure of each compound  alongside a comparison of melting temperature of PKN2KD in 

the presence each compound (black) compared to existing compound 332 (red). Melting temperature 

curves were generated by plotting the normalised negative derivative of fluorescence over 

temperature against temperature and represent the mean value of triplicate samples.  Results for (A) 
Compound 251 (B) Compound 246 (C) Compound 245 (D) Compound 256 (E) Compound 253 and 

(F) Compound 252  (G) Tofacitinib and (H) No compound control are shown.  
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245 and 246 with the same head-piece bromine modification gave the poorest Tm 

values of the new compounds, suggesting replacement of a head-piece heterocycle 

with a bromine reduced binding to PKN2KD. Compounds 251 and 253 share the same 

head-piece modification with a naphthalen-2-yl group, and the same cyclohexane-1,2-

diamine tail-piece modification, differing only by the arrangement with the (S,S) 

diastereoisomer in 251 and the (R,R) diastereoisomer in 253. The results here suggest 

that the orientation of the primary amine moiety of the tail-piece is important for binding 

as the Tm of 251 is 5.7°C higher than that of 253. The (S,S) diastereoisomer is more 

effective at binding PKN2KD. The matched pair of 251 and 253 could provide positive 

and negative compound controls consistent with the SGC chemical probe criteria. 

 

Based on the TSA values, compounds 252 and 251 were taken forward for further 

characterisation by IC50 determination. Compound 253 was also included in the 

experiment as a direct matched diastereoisomer pair (251 versus 253).  Individual 

dose response curves for PKN2KD in the presence of each compound and IC50 values 

generated are shown in Figure 6.23, an overlay and comparison of the curves is shown 

in Figure 6.24. 

 

 

Figure 6.22 Comparison of melting values for round 4 compounds  
Comparison of melting temperatures (Tm) for compounds 245 (blue), 251 (green), 252 (purple), 253 
(orange), 256 (black), WT control (brown), 246 (dark blue), Tofacitinib (dark purple) and 332 (red). 

Grey box is shown around melt curves for compounds with highest Tm values selected to be taken 

forward for further analysis by IC50 determination. 
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Figure 6.23 Further analysis of selected round 4 compounds by IC50 determination 
Enzymatic activity of  PKN2KD exposed to increasing concentrations of each inhibitor were monitored 

via a fluorescence based ADP detection assay and reaction rates calculated. Normalised reaction 
rates expressed as Rate % are plotted against inhibitor concentration. IC50 value  determined by fitting 

of the Hill equation and  data is represented as mean ± standard deviation of triplicate samples. 

Results for (A) Compound 251 (B) Compound 252 (C) Compound 253 and (D)  Compound 332 are 

shown.  

 

Figure 6.24 Comparison of IC50 values for round 4 compounds  
Comparison of dose-response curves and  IC50 values derived for compounds 253 (orange), 252 

(purple), 251 (green), and 332 (red).  
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Figures 6.23 and 6.24 show that all compounds can inhibit PKN2KD activity in this 

concentration range, however in this experiment neither 252 or 251 show better 

inhibition than 332, both new compounds have IC50 values in the nanomolar range but 

are still roughly 70-fold higher than the IC50 value of 332 in this experiment. Whilst 251 

and 252 generated similar dose response curves, 253 displayed much less inhibition 

than 251 with an IC50 of 20.1 μM. This data shows that the diasteroisoform of the tail-

piece in 251 and 253 is also important for the effective inhibition of PKN2 activity, as 

well as binding, with the (S,S) diastereoisomer being 37-fold more effective at 

inhibition. 
 
6.3.8 Characterisation of round 5 compounds sourced from Enamine Ltd 
 
6.3.8.1 Rationale for the selection of round 5 compounds 
 
Due to the lack of reactivity of the 5 position of the 1H-pyrrolo[2,3-b]pyridine middle-

piece of compound 210, further modifications were restricted and only one analogue 

with this modification was synthesised in this study. Nevertheless compound 210 did 

exhibit promising behaviour with a Tm value of 53.4°C. An alternative strategy 

requiring less resource was taken by sourcing  analogues and isosteres from Enamine 

Ltd (https://enamine.net/). Ten compounds were ordered with nine containing the 1H-

pyrrolo[2,3-b]pyridine of compound 210 and are shown in Figure 6.25. Compound 996 

is the only compound not containing the 1H-pyrrolo[2,3-b]pyridine group. 

 

 



 280 

 
 
 
 
 
 
 
 
6.3.8.2 Thermal shift and inhibitory activities of round 5 compounds 
 
As the ten compounds ordered had a variety of substituents extending from the core 

1H-pyrrolo[2,3-b]pyridine at different ring positions there was a lower expectation that 

these compounds would show binding or inhibition of PKN2 de novo. A second 

benchmark compound Tofacitinib was therefore also included for comparison. Initial 

binding analysis by TSA is shown in Figures 6.26 and 6.27. 

Figure 6.25 Compounds sourced from Enamine Ltd 

Chemical structure of ten compounds bought in from Enamine Ltd are shown for the fifth round of 

compounds tested against PKN2. All share a common core 1H-pyrrolo[2,3-b]pyridine moiety with the 

exception of compound 996.  
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  Figure 6.26 TSA analysis of analogues sourced from Enamine Ltd  
Chemical structure of each compound  alongside a comparison of melting temperature of PKN2KD in 

the presence each analogue (black) compared to existing compound 332 (red). Melting temperature 

curves were generated by plotting the normalised negative derivative of fluorescence over 

temperature against temperature and represent the mean value of triplicate samples.  Results for 
(A) Compound 353 (B) Compound 443 (C) Compound 345 (D) Compound 996 (E) Compound 807 

and (F) Compound 919  (G) Compound 029 (H) Compound 277 (I) Compound 306 (J) Compound 

818 (K) Tofacitinib and (L) No compound control. 
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The comparison of Tm values (Figure 6.27) shows that none of the compounds have 

Tm values exceeding or comparable with that of 332 (56.4°C) in this experiment. The 

thermal melt curves of the compounds fall into two groups; those with Tm values 

around 48°C, and those with Tm values around 51°C. These two clusters of Tm values 

are shown in B and C of Figure 6.27, the compounds with Tm values around 51°C  are 

outlined with a grey box in A and C. It was quite remarkable that compounds 443, 818 

and 306 displayed comparable Tm values to the Tofacitinib benchmark compound. 

This suggested these compounds may provide alternative starting points for further 

elaboration towards producing a potent chemical probe for PKN2. These compounds 

highlighted in A and C were therefore taken forward for by IC50 determination (Figure 

6.28 and 6.29). 

Figure 6.27 Comparison of melting values for Enamine compounds  
(A) Comparison of melting temperatures (Tm) for WT control (blue) and compounds 996 (fluorescent 

green), 029 (dark green), 919 (pink), 277 (dark purple), 353 (orange), 345 (purple),  807 (brown), 443 

(black), 818 (dark blue), Tofacitinib (maroon), 306 (green) and 332 (red). Grey box is shown around 

melt curves for compounds with highest Tm values selected to be taken forward for further analysis 

by IC50 determination. (B) Comparison of melt curves, black melt curves represent group of 

compounds with lower Tm values. (C) Comparison of melt curves, black melt curves represent group 

of compounds with higher Tm values and correspond to those highlighted in the grey box in (A). 
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Figure 6.28 Further analysis of selected Enamine compounds by IC50 determination 
Enzymatic activity of  PKN2KD exposed to increasing concentrations of each inhibitor were monitored 

via a fluorescence-based ADP detection assay and reaction rates calculated. Normalised reaction 

rates expressed as Rate % are plotted against inhibitor concentration. IC50 value  determined by fitting 

of the Hill equation and  data is represented as mean ± standard deviation of triplicate samples. 

Results for (A) Compound 306 (B) Compound 332 (C) Compound 443 (D)  Compound 818 and (E) 
Tofacitinib are shown.  
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Figures 6.28 and 6.29 show that whilst Enamine analogues 306, 443 and 818 start to 

show signs of inhibition of PKN2KD in this concentration range, none approach the level 

of inhibition displayed by either of the benchmark compounds Tofacitinib and 332. 

There appeared a discrepancy between the thermal shift values for these compounds 

and their corresponding IC50 values. Since these compounds were ordered off the 

shelf as opposed to designed specifically, the fact they show inhibitory activities at all 

is still promising. Despite the Enamine analogues not being as potent as the best 332 

derivatives they may yet provide suitable alternative starting points for future 

elaboration. These alternative starting points may prove useful in overcoming the 

previous toxicity exhibited by the 332 scaffold. 

 
6.3.9 Selection of novel PKN2 chemical inhibitors 
 
Several of the compounds inhibiting PKN2 described here show promising properties, 

forming stabilised complexes with PKN2KD increasing its Tm to at least a similar extent 

to compound 332. These compounds have also shown effective inhibition of PKN2KD 

in an in vitro kinase assay with some compounds exhibiting nanomolar IC50 values. A 

summary table of each round of synthesis shown in Figure 6.30 below highlights the 

Figure 6.29 Comparison of IC50 values for selected Enamine compounds  
Comparison of dose-response curves and  IC50 values derived for compounds 181 (dark blue), 443 

(black), 306 (green), Tofacitinib (maroon) and  332 (red).  
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best performing compounds and which modifications most likely contributed to their 

performance. 

 

 
 

 

The best performing compounds generated in this study are shown in Figure 6.31 

along with the Tm and IC50 values generated from n=3 biological repeats, with 

technical triplicates carried out in each experiment. Benchmark compounds Tofacitinib 

and ‘Compound 5’ values are included for comparison. 

  

Figure 6.30 Table summarising each round of compound synthesis  
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Unsurprisingly, the most successful compounds share similar features. 149 is the R 

isomer of 332. 146 shares the same tail-piece as 332 and very similar head-piece to 

193 and 251. 193 and 251 tail-pieces are also diastereoisomers. Comparing the Tm 

values of the best compounds, 251 has the highest Tm value at 58.6°C suggesting it 

forms the tightest complex with PKN2KD. Compounds 149, 146 and 332 all have very 

similar tail-pieces and display very similar Tm values at 56.8°C, 56.6°C and 56.5°C 

respectively. Whilst 251 does exhibit a nanomolar IC50 value it does not show the 

highest level of inhibition of PKN2KD activity. Original compound 332 is still displays 

Figure 6.31 Comparison of selected improved compounds 

Selected improved compounds against PKN2 designed by Dr Christelle Soudy, as determined by 
PKN2KD Tm and IC50 value in the presence of the compounds. Chemical structure of original 

compound 332 is shown alongside new compounds with head-piece (orange) and tail-piece (blue) 

highlighted to show areas of modification. Chemical structure of compounds 332, 149, 146, 193, and 

251 are shown. (A) Table showing the mean Tm value for each compound generated from three 

biological replicates ± standard deviation. (B) Table showing the mean IC50 value for each compound 

generated from three biological replicates ± standard deviation. 
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the most potent inhibition of PKN2KD in this study with an IC50 value that varied from 

experiment to experiment from 300 nM to 12 nM. In the comparative experiment 

shown in Figure 6.30, 332 gave an IC50 value of 122 nM, followed closely by 149 with 

an IC50 value of 185 nM, which is followed by 251 with an IC50 value of 529 nM. The 

variation of IC50 determined throughout the study could have been due to different 

batches of compound synthesis being used, different preparations of PKN2KD which 

may exhibit different levels of activity or potential degradation of compounds over time. 

The variation observed highlights the importance of including the relevant controls in 

each experiment such that direct comparisons of PKN2KD inhibition can be carried out 

under equivalent conditions to determine the relative inhibition of PKN2 by each 

compound in comparison to benchmark compound 332. Further into the study 

additional benchmark compounds were also included. 

 

At this stage having narrowed down a selection of compounds which all display similar 

and promising levels of binding and inhibition of PKN2KD it is important to remember 

the original criteria in the aims of this chapter, a key criteria being to eliminate cellular 

toxicity. The compounds shown here provide alternative scaffolds to follow-up and 

investigate their behaviours in different cellular contexts, whether they act potently on 

full-length PKN2 and the PKN2 selectivity of these compounds over other kinases.  

 

Experiments with full-length protein will take into account the regulatory domains of 

PKN2 in vitro which are not present in the kinase domain constructs used so far. 

Employing appropriate cell-based assays will then factor in other cellular components 

and activities not present in the in vitro experiments and test compound toxicity. The 

cell based work is underway in our collaborator Angus Cameron’s laboratory (Barts 

Cancer Institute) using HT29 and DLD1 cell lines. In brief, these cells are transfected 

with a TEAD luciferase reporter plasmid and a Renilla luciferase control plasmid. The 

TEAD-reporter has a readout of firefly luciferase for activity and the Renilla luciferase 

activity is used for normalisation [352]. The Cameron group have observed that when 

overexpressing wild type (WT) PKN2 in these systems, an increase in luciferase 

activity over basal levels is observed. In contrast when overexpressing kinase-dead 

PKN2 in these systems,  a decrease in luciferase activity over basal levels is observed. 

Based on these observations the assay will be used in the presence of an increasing 

concentration of chemical PKN2 inhibitor and the level of luciferase monitored with the 
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expectation that successful inhibition of PKN2 will lead to reduced luciferase levels. 

The toxicity of the PKN2 inhibitors to the cells can also be assessed.  

 

Compounds which show the most effective inhibition of PKN2 activity and exhibit little 

or no toxicity to cells will be taken forward for selectivity profiling. The selectivity 

profiling will also be carried out externally using the service provided by the 

International Centre for Kinase Profiling (Dundee University). The compounds will be 

screened against an extensive panel of 140 enzymes for inhibition, this will identify 

any off-target effects of the compounds and indicate how selective the compound is 

for PKN2 over other similar kinases. This information will be important for future use 

of the compounds and aid in experimental design when using the compounds as 

research tools. 

 

6.3.10 Towards a crystal structure of PKN2KD in complex with a imidazo[1,2-

b]pyridazine based inhibitor  
 
In order to characterise the interaction between PKN2KD and chemical inhibitor 

compounds at a molecular level to aid further compound design, a high resolution 

crystal structure was required. Efforts were made to co-crystallise PKN2KD in complex 

with several different compounds. PKN2KD was expressed and purified as described 

in Chapter 5 section 5.4, with an additional polishing size exclusion chromatography 

step carried out after anion-exchange. The chromatograms following anion exchange 

and size exclusion purifications are shown in Figure 6.32 along with SDS PAGE 

analysis of samples showing a clear single band corresponding to pure PKN2KD at 

39kDa.  
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Purified PKN2KD was concentrated to 4-8 mg/mL (102.5 – 205 μM) and incubated with 

3-fold molar excess chemical inhibitor prior to experimental set up using the sitting 

drop vapour diffusion method. This technique for protein crystallisation involves a drop 

comprising purified protein sample and crystallisation reagents (buffer and 

Figure 6.32 Preparation of recombinant purified PKN2KD for crystallography 
Purification of PKN2KD following GST affinity chromatography. PKN2KD was co-expressed in insect 

cells with PDK1. (A) Chromatogram following anion exchange of affinity purified PKN2KD, absorbance 

at 280 nm trace in blue showing eluted protein and mS/cm trace in orange showing conductivity 
following increasing NaCl concentration. PKN2KD elutes at 39 mS/cm. (B) SDS PAGE analysis of 

purified PKN2KD protein including samples throughout GST affinity purification and samples 

corresponding to the peak marked with a green line in the anion exchange chromatogram. (C) 
Chromatogram following size exclusion chromatography (SEC) of pooled and concentrated PKN2KD 

samples from anion exchange purification peak, absorbance at 280 nm trace in blue. SEC carried 

out on Superdex 200 increase column. (D) SDS PAGE analysis of purified PKN2KD protein samples 

corresponding to the peak marked with a green line in the SEC chromatogram (C). 
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precipitant), being placed in vapour equilibration with a reservoir of crystallisation 

reagents at higher concentrations [353, 354]. As the droplet of protein solution and 

reservoir equilibrate, protein and precipitant concentrations increase in the droplet, 

leading to crystal growth in the droplet when appropriate solutions and conditions are 

used. The gradual changes in concentration of protein and precipitant when using this 

method can help the growth of large and well-ordered crystals which are suitable for 

diffraction and structural data collection [353, 354]. In order to identify the appropriate 

crystallisation reagents and conditions required for protein crystals to grow, multiple 

solutions and conditions must be trialled. In this study commercially available 96-well 

format crystallisation screens were used and sitting drops were set up with 100 nL 

PKN2KD-inhibitor solution plus 100-200 nL screen solution from a 95 μL reservoir. 

Plates were sealed to create an environment in which equilibration between drop and 

reservoir could take place. Figure 6.33 shows an overview of the different rounds of 

crystallisation trials set up in this study. The overview details the different chemical 

inhibitors, protein concentrations, buffer conditions, temperatures and commercial 

screens that were trialled. Initial crystallisation trials were based on conditions used in 

a previous study carried out in the lab which yielded a single successful co-crystal of 

PKN2KD in complex with substrate CLIP170 suitable for structure determination 

(unpublished, McDonald Lab). 
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  Figure 6.33 Overview of crystal screening of PKN2KD with inhibitor compounds 
Details of conditions used in each round of crystal screening. PKN2KD (AIX & GF) refers to PKN2KD 

purified by anion exchange followed by gel filtration. PKN2KD (AIX) refers to PKN2KD purified by anion 

exchange only.  
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Co-crystallisation screens were set up alongside characterisation of new chemical 

inhibitor compounds developed in this study. In order to ensure stable complex 

formation of PKN2KD with an inhibitor compound and so promote crystal formation, 

compounds that displayed the largest thermal stability increase from each round of 

compound design were used in crystallisation screens; 332, 071, 146 and 251.  

 

Crystallisation trials were performed at both 4°C and 20°C in order to determine the 

optimal conditions for crystal growth. PKN2KD concentrations of 4-6 mg/mL were most 

commonly used, a higher concentration of 8 mg/mL was trialled in rounds 5 and 6 but 

was not found to be beneficial as it caused high levels of precipitation soon after setting 

up the drops. In all rounds PKN2KD was purified as described above with anion 

exchange followed by size exclusion chromatography, except for round 5 where 

PKN2KD purified by anion exchange only was also trialled. This was included to 

reproduce the purification protocol used to prepare the PKN2KD  that was previously 

successfully crystallised in the lab, and to check that the extra purification by gel 

filtration was not adversely altering the protein so that it was not as readily 

crystallisable. There was however no discernible difference in the drops resulting from 

the different protein purifications. Between round 3 and round 5 MgCl2 and glycerol 

were removed from the protein buffer, leaving 20 mM HEPES at pH 7.5, 50 mM NaCl 

and 1 mM TCEP as the protein buffer components for rounds 4-7.  MgCl2 was removed 

from the buffer based on the observation in round 3 that divalent cations appeared to 

reduce the solubility of the protein, increased precipitate was present in drops for 

conditions containing divalent cations. Glycerol was removed from the buffer as it was 

found not to be necessary for protein stability or solubility, upon removal of glycerol 

and MgCl2 from the buffer a greater protein yield was recovered throughout purification 

and PKN2KD was able to be concentrated to higher levels.  

 

Although no protein crystals suitable for diffraction grew in any of the rounds of 

crystallisation trials carried out in this study, a number of positive hits were observed. 

The term ‘positive hits’ is used here to describe conditions in which promising crystal-

like features were seen that could be used either to inform future optimisation 

experiments, or as seeds to promote crystal growth in future experiments. Any 

promising crystal-like features were confirmed to contain protein by UV adsorption and 

optimisation screens were generated by varying the concentration of individual 
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components from the original screen condition and/or pH of the buffer. Optimised 

screens were designed using Rockmaker and prepared by dispensing stock solutions 

according to the screen design using a Formulator robot (Formulatrix). An optimisation 

screen was set up in round 2 based on positive hits from previous Morpheus screen, 

a second optimisation screen was also generated around the crystallisation conditions 

reported for a previous PKN2KD crystal structure deposited in the PDB. The deposited 

crystal structure, 4CRS, was crystallised in 2.8 M ammonium sulphate, 0.1 M citrate 

and 0.2 M sodium potassium titrate at pH 5.8 and these were the components used in 

4CRS optimisation screens in rounds 6 and 7. Examples of positive hits from initial 

screens and from optimised screens are shown in Figure 6.34. 
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Figure 6.34 Examples of hit conditions from crystal screening 
(A) Spherulite formation in drop from Morpheus screen condition C1 with PKN2KD and compound 332. 

(B) Spherulite formation in drop from Morpheus screen condition C8 with PKN2KD and compound 071. 

(C) Potential needle like crystals outlined in red formed in drop from and optimised Morpheus screen 

condition H10 with PKN2KD and compound 332. (D) Potential needle like crystals outlined in red 

formed in drop from and optimised 4CRS screen condition G3 with PKN2KD and compound 251. 
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In Figure 6.34 examples A and B show drops containing spherulite growths which are 

a solid form of protein that do not have defined edges and do not tend to diffract X-

rays. Despite this spherulites can often be a good starting point for optimisation, 

screens were  therefore generated around these conditions. These screens were not 

successful in that they did not produce any greatly improved crystals, they did however 

produce a small cluster of potential needle like crystals shown in Figure 6.34 C outlined 

in red. A similar cluster of needle like crystals was observed in a drop from the 

optimised 4CRS screen and is shown in Figure 6.34 D. Both the spherulites and 

needle forms of crystals shown here could be used as seeds in future crystallisation 

experiments [355]. The purpose of the seed crystal is to act as a nucleation centre for 

larger crystals to grow, promoting growth of large crystals by bypassing the slow and 

somewhat random nature of crystal nucleation and instead starting directly at the 

crystal growth stage with molecules converging on the seed to form crystals [355]. In 

order to progress the crystallisation screening described in this study, future 

experiments will focus on moving to the next stage of optimisation using seeding 

techniques.  

 

A second approach to progress the structural investigation of PKN2KD in complex with 

a chemical inhibitor by X-ray crystallography was to address the construct design of 

PKN2KD. The domain boundaries for the PKN2KD construct used in this study were 

taken from the previous study in the lab from residue 652 to residue 984. Whilst this 

construct previously only formed one, slow growing, crystal throughout multiple 

crystallisation trials, there is a crystal structure of PKN2KD deposited in the PDB and 

multiple co-crystal structures of PKN1KD in complex with various inhibitor compounds 

[335]. PKN1 has a high degree of sequence homology with PKN2, especially 

throughout the C-terminal kinase domain [130, 132, 234, 245]. The sequences of 

these other successful crystallisation constructs were compared with the sequence 

used in this study in order to identify any key residues which could be contributing to, 

or hindering, the formation of crystals. The aim of detecting these key residues was to 

inform future construct design by either removing or incorporating these residues. 

Figure 6.35 shows a comparison of existing PKN2KD and PKN1KD crystallography 

constructs. 
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Figure 6.35 A  shows the comparison of the two crystal structures of PKN2KD overlaid, 

the PDB deposited structure 4CRS is shown in teal while the unpublished structure 

from the McDonald lab is shown in yellow. The 4CRS domain boundaries are from 

residue 644 to 984. The region of the 4CRS structure coloured in dark blue 

corresponds to the additional N-terminal residues present in the 4CRS construct that 

are not included in the McDonald lab construct. The C-tail of the kinase domain is 

Figure 6.35 Comparison of PKN2KD and PKN1KD crystal structures and crystallography 
constructs 
(A) An overlay of crystal structures of PKN2KD with the PDB deposited 4CRS structure shown in teal 

and the previous unpublished McDonald lab PKN2KD is shown in yellow. (B) A close-up top down 

view of the overlaid structures shown in (A) corresponding to the boxed region of (A). Dark blue region 

of structure corresponds to additional N-terminal residues present in 4CRS. Residue Q648 of the 

4CRS structure is highlighted making a contact with the C-tail. (C) Sequence alignment of the N-

terminal of PKN1KD crystallisation construct from the PDB deposited structure 4OTI, PKN2KD 

crystallisation construct from PDB deposited structure 4CRS and PKN2KD crystallisation construct 
generated in this lab. Coloured highlighting of sequences corresponds to the colouring of the overlaid 

PKN2KD structures in (A) and (B). 
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highlighted in grey and can be seen wrapping back up around the N-lobe. The boxed 

out area of the kinase domain in A is shown zoomed in and from a top down view in 

B. The close up view in B shows how the additional residues in 4CRS (dark blue) are 

extending in the opposite direction to the N-terminus of the McDonald structure. The 

additional residues of 4CRS are seen to extend out towards the C-tail, a hydrogen 

bond is formed between glutamine 648 at the N-terminus and the peptide backbone 

of threonine 951 in the C-tail and shown in red. This contact made by Q648 appears 

to be stabilising the C-tail by holding it in position and restricting its movement. As the 

McDonald lab construct does not have this residue and key contact, the C-tail could 

potentially be more mobile and therefore destabilise the protein, impacting its 

propensity to crystallise. Figure 6.35 C shows an alignment of the N-terminal 

sequences of the 4CRS PKN2KD construct, the PKN2 construct used in this study and 

the 4OTI PKN1KD construct [335]. The sequence alignment shows that the PKN1 

crystallised construct also incorporates extra residues N-terminal to the corresponding 

start residue of the McDonald lab construct, these additional residues could also be 

important in stabilising the C-tail of the kinase domain in crystallisation and suggest 

that incorporation of addition N-terminal residues to our crystallography construct 

would be beneficial. Work is underway to clone the new crystallography construct with 

domain boundaries to 644-984, as used in the 4CRS construct.  

 
6.3.11 Modelling of chemical inhibitors binding to PKN2 
 
In the absence of co-crystal structures of inhibitor compounds bound to PKN2KD, 

docking models generated in MOE can be used to compare binding modes. Possible 

binding poses for each of the selected final compounds were generated in MOE and 

are shown in Figure 6.36 alongside the corresponding 2D interaction maps generated 

in LigPlot.  
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Figure 6.36 shows that compounds 146 (Fig 6.36 C), 149 (Fig 6.35 B), 193 in binding 

pose 2 (Fig 6.35 F) and 251 in binding pose 2 (Fig 6.35 H) are all positioned in the 

PKN2KD binding pocket with the head piece towards the PKN2 hinge region. However, 

only compounds 146 and 193 form direct interactions with hinge region residues in 

those positions. In both cases the backbone N-H of hinge region residue Ala 740 forms 

a hydrogen bond with the N of the quinolin-6-yl head piece. In the alternative binding 

poses generated for compounds 193 (Fig 6.36 E) and 251 (Fig 6.36 G) the compounds 

are positioned with the tail piece orientated towards the lower hinge region of PKN2 

and the middle piece positioned alongside the upper hinge region of PKN2, as was 

seen in binding pose 2 proposed for compound 332 (Fig 6.36 A). In these examples 

for compounds 251 and 332, this positioning leads to additional hinge region 

interactions. In both, residue Asp 744 acts as a side chain H-bond acceptor for the 

second amine of the (1S,2S) cyclohexane-1,2-diamine tail piece of 251 (Figure 6.36 

G), and for the second amine of the (S)-4-methylpentane-1,2-diamine tail piece of 332 

(Figure 6.36 A). Asp 744 is part of the hydrophilic ribose pocket [356] but is highlighted 

in yellow here as part of the wider hinge region area for simplicity. 

 

PKN2 P-loop residue Val 671 situated at the top of the binding pocket is involved in all 

MOE generated binding poses for each of the final selected PKN2 inhibitor compounds 

presented in Figure 6.36, along with existing PKN2 inhibitor ‘compound 5’, except for 

193 binding pose 2 (Fig 6.36 F). Comparing these binding poses with those generated 

for original compound 332 (Fig 6.6) and with the co-crystal structure of PKN2KD with 

Figure 6.36 Docking of selected best PKN2 inhibitor compounds generated in this study into 
binding pocket of PKN2KD crystal structure using MOE 
Each compound is shown docked into the binding pocket of PKN2KD generated using the induced fit 

binding mode of MOE docking program (left). A close up of binding pocket is shown with ligand 

surface coloured according to electrostatic charge, red = negatively charged, blue = positively 
charged. Side chains of interacting residues of PKN2 are shown. Where side chain contacts are made 

the interacting regions are highlighted. The hinge region is highlighted in yellow, the P-loop region is 

highlighted in green and the phosphate-binding region is highlighted in red. The corresponding 

regions in the 2D interactions maps generated in LigPlot (left) are highlighted according to the same 

colour scheme.   The 2D interaction maps show important PKN2 binding site residues and ligand-

protein interactions with compound 332, (A) compound 332 binding pose 2 (B) compound 149 (C) 
compound 146 (D) benchmark ‘Compound 5’ (E) compound 193 Pose 1 (F) compound 193 Pose 2 
(G) compound 251 Pose 1 (H) compound 251 Pose 2. 
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AMP-PNP (Fig 6.5 A), Val 671 is also seen to be forming interactions in these cases. 

In all instances Val 671 forms at least one CH/π hydrogen bond with an aromatic 

region of the compound involved. This shows the importance of the hydrophobic 

contact surface in the PKN2-ligand interaction. 

 

The final selected PKN2 inhibitor compounds developed in this study all share the 

same imidazo[1,2-b]pyridazine middle piece and have either head, tail, or both head 

and tail modifications compared to the original 332 compound. The best performing 

PKN2 inhibitor compounds in this study were 251, 332 and 149. Comparing the 

proposed binding modes of compound 251, 149 and 332, the incorporation of a more 

rigid tail piece in compound 251 compared to compounds 149 and 332 may provide 

rationale for the observed higher Tm, and hence implied tighter PKN2 binding. In both 

proposed binding poses for 251 (Fig 6.36 G and H), the second amine group of the 

(1S,2S) cyclohexane-1,2-diamine tail piece is forming a hydrogen bond with PKN2 

binding pocket residues. The naphthalen-2-yl head piece may also either be 

responsible for providing CH/π hydrogen bond interactions with Val 671 as shown in 

the example pose 1 (Fig 6.36 G) or allowing a more compact fit within the PKN2 

binding pocket and contributing to additional Van der Waals interactions, with the 

overall electrostatic fit of the compound in this orientation matching better with the 

surrounding binding pocket. 

 

Interestingly compound 193 which also incorporates a cyclic tail piece modification, 

displayed the lowest Tm with PKN2KD of the final selected compounds developed in 

this study. Both compounds 193 and 146 have a quinolin-6-yl head piece, the 

incorporation of which was anticipated to improve the PKN2 inhibition by providing 

more potential hydrogen bonding opportunities via the additional nitrogen in the 

quinolin-6-yl head piece. However, both 193 and 146 showed the least in vitro 

inhibition of PKN2KD activity of the final selected compounds, displaying micromolar 

IC50 values ~18 fold higher than the IC50 value for 332. This suggests changes in the 

pattern of hydrophobic and Van der Waals interactions between the ligand and binding 

pocket are important determinants of the effectiveness of inhibitor compounds.  

 

With isomers 332 and 149 yielding the lowest IC50 values at 122 and 185 nM 

respectively, these two compounds represent the most effective PKN2 inhibitors 
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tested in this study. Given that these compounds are the only compounds of the final 

selection with the 3-benzo[d][1,3]dioxol-5-yl head piece, this head piece may be a 

major contributing factor to the effectiveness of these compounds. The example 

binding pose 2 for compound 332 (Figure 6.36 A) shows the head piece oriented 

above the phosphate-binding region of PKN2, this orientation may be more favourable 

for these two compounds given the overall spatial and electrostatic fit of the compound 

would match that of the natural ligand ATP in this position.  

 

Whilst the binding poses generated from docking in MOE shown in this chapter offer 

useful examples of binding modes of inhibitor compounds of interest with PKN2, co-

crystal structures are still required as the gold standard for accurate determination of 

compound orientation and interaction, and to gain full understanding of how inhibitor 

compounds designed in this study are really interacting with PKN2. Work is currently 

ongoing to obtain co-crystal structures of inhibitor compounds in complex with 

PKN2KD. 

 
 
6.5 Chapter summary 
 
Here we describe a low-throughput approach to improving an available hit from a 

previous PKN2 screening project. Efforts to enhance its potency revealed the 

challenges involved and the multi-disciplinary resource required. Despite this some 

progress was made towards meeting the demanding requirements of a selective 

chemical probe against PKN2 set out by the SGC. A matched enantiomeric pair of 

compounds 251 and 253 show 37-fold difference in inhibition. This is a positive step 

towards satisfying the need for an appropriate control compound with a 100-fold less 

potency. Through iterative design and characterisation of promising compounds with 

PKN2 inhibitory properties, several new starting points are presented as alternatives 

to compound 332 that whilst requiring further optimisation, they may present fewer 

problems of cellular toxicity. Future directions are laid out to probe these compounds 

in the physiologically relevant full-length PKN2, through cell-based assays and 

selectivity screening. In the absence of structural data for these compounds bound to 

PKN2, computational modelling was used to propose likely binding poses of 

compounds designed in this study. The goal of this activity was to develop a chemical 

probe for PKN2 to explore the molecular function of this enigmatic and complex AGC 
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family  kinase. The results of cell-based assays and specificity screening will also 

determine the viability of these compounds towards identifying a preclinical candidate 

against PKN2. 
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Chapter 7: Discussion 
 
The importance of PKN2 indicated by extensive evidence of its involvement in 

cytoskeleton regulation [129, 166, 167, 184-186, 188] and more recent data on its 

roles in pathologies arising from developmental defects [187, 197], heart disease [181] 

and tumour invasiveness. Despite this, relatively little is known about its molecular 

architecture or about its mechanisms of activation and substrate targeting. The aim of 

this thesis was to address some of these questions using structural biology and 

biochemistry to characterise full-length PKN2. Negative stain EM analysis yielded a 

low-resolution 3D reconstruction of cross-linked dimeric PKN2FL, allowing putative 

modelling of domain arrangements. The enzymatic activity, lipid binding properties 

and potential binding partners of a newly discovered PKN2 patient mutation were 

characterised in vitro. The substrate specificity of PKN2 was investigated and 

phosphorylation of putative PKN2 substrate CLIP170 was explored in vitro and ex 

vivo. Efforts were also made to develop a PKN2 selective chemical probe, to aid 

functional studies of PKN2 and to progress potential candidate compounds for 

therapeutic drug development and to validate PKN2 as a target.  

 

In this chapter questions raised by the data presented throughout the study are 

identified and discussed, exploring conflicting hypothesis supported by different 

studies and providing specific examples of approaches to address the outstanding 

questions in future experiments.  

 
7.1 Activation of full length PKN2 
 
The results presented in Chapter 3, sections 3.3 and 3.4, showed that PKN2FL must 

be co-expressed with both PDK1 and RhoA in Sf21 insect cells in order to become 

fully phosphorylated at conserved priming residues in the activation loop (T816) and 

turn motif (T958) and that co-expression with PDK1 alone was not sufficient to produce 

fully phosphorylated PKN2FL. This led to the hypothesis that the stages of activation 

of PKN2 proceed as such; the binding of RhoA induces a conformational change in 

PKN2 and makes the PDK1 PIF-pocket binding site accessible, promoting 

phosphorylation of PKN2 at the activation loop. This proposed mechanism is in 

keeping with previous observations for PKN2. For example, that in cultured cells the 

interaction of GTP-RhoA with the N-terminal Rho binding domains of PKN promoted 
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the interaction with PDK1 and subsequent activation of PKN1/2 and that the interaction 

of PKN1/2 was dependent on RhoA [141]. This hypothesis is also supported by the 

docking interaction of PKN2 with PDK1 reportedly being mediated in part by the N-

terminal region of PKNs which blocks the interaction with PDK1 [131]. This suggests 

that binding to the N-terminal PKN region by RhoA could induce the release of the N-

terminal domains from the PDK1 docking site. Despite an interaction between PDK1 

and the PIF-pocket of PKN2 previously being described [138, 357], no phosphorylation 

of PKN2 over-expressed only with PDK1 in Sf21 insect cells was observed and nor 

was a stable complex formed following pull-down experiments in this study. This could 

be explained by the fact that one of these previous studies involved only an isolated 

region corresponding to the PIF region of PKN2 [357] and the other study involved co-

transfection of PKN2 with PDK1 in HEK 293 cells [138], in which endogenous RhoA 

would be present and able to induce PKN2 conformational change and interaction with 

PDK1. These data are in agreement with the observation made in this study that 

expression of PKN2FL in Freestyle HEK 293 cells did not require additional 

overexpression with RhoA or PDK1 for full phosphorylation of PKN2FL, likely due to 

the fact that both would be endogenously present in the cells already. A previous 

review suggested that PKNs can be phosphorylated by PDK1 without input from RhoA 

and become activated. It is then suggested that phosphorylated PKNs can 

subsequently form auto-inhibitory dimers that require an input from Rho-GTPases or 

lipids to release such auto-inhibitory contacts of the dimer and produce active PKNs 

again [122]. Whilst this proposed mechanism is partly in agreement with the 

hypothesis presented in this study, in that both suggest that RhoA input may bind and 

release autoinhibitory contacts leading to activation of PKN2, the proposed 

mechanisms differ in that the findings in this study suggest that phosphorylation of 

PKN2 by PDK1 cannot occur until exposure to RhoA has taken place.  

 

As was noted in Chapter 3, section 3.5, there was a difference in the activity displayed 

by active recombinant PKN2FL expressed in Sf21 insect cells compared to that 

expressed in Freestyle HEK 293 cells. The PKN2FL co-expressed with PDK1 and 

RhoAmut in insect cells had a higher kcat than that of PKN2FL expressed in HEK cells. 

This could be due to the proportion of PKN2FL phosphorylated in each of the samples. 

The PKN2FL produced in insect cells with over expression of both PDK1 and RhoAmut 

may yield a higher proportion of phosphorylated PKN2FL, with higher concentrations 
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of RhoAmut and PDK1 available, whereas the proportion of phosphorylated PKN2FL 

produced in HEK cells may be limited by the availability of endogenous RhoA-GTP 

and PDK1. It should also be noted, however, that similar patterns of activity were 

observed in both insect cell and HEK cell produced recombinant PKN2FL, for example 

both displayed similar specificity constants for WT PKN2FL (insect cell kcat/KM = 0.257 

µM-1 min-1 and HEK cell kcat/KM = 0.223 µM-1 min-1) with the same model CLIP170 

substrate peptide and similar reduction in activity and KM of L489P mutant PKN2FL 

observed for both. 
 
7.2 Characterisation of a human disease PKN2 mutation 
 
Following an in vitro activity assay and kinetic analysis, recombinant purified L489P 

PKN2FL was found to have an overall reduced activity compared to recombinant 

purified WT PKN2FL (Chapter 3, section 3.5). Interestingly, although the mutant L489P 

PKN2FL displayed a lower turnover of peptide compared to WT PKN2FL, it also showed 

a much lower KM value, indicating a higher affinity with the peptide substrate. This 

result raised the question as to whether the apparent tighter substrate binding 

displayed by the L489P mutant was specific to the model CLIP170 peptide substrate 

used in the assay or common among other substrates. The altered affinity of the 

mutant binding to certain substrates could be responsible for the misregulation that 

ultimately leads to the observed patient phenotypes. In the scenario that L489P mutant 

PKN2 exhibits tighter binding to a normally low-affinity substrate of WT PKN2, 

misregulation could occur. To explore this idea, future experiments should use the 

PKN2 in vitro activity assay to assess a broader range of peptide substrate surrogates 

for their catalytic constants to identify common trends between WT and mutant PKN2. 

Binding experiments should also be carried out to obtain association and dissociation 

constants for different peptide substrates with both WT and mutant L489P PKN2FL. 

For example, surface plasmon resonance (SPR) or isothermal calorimetry (ITC) could 

be used to test the binding affinity of the WT and L489P PKN2FL with different peptides. 

These data would be valuable for a more complete characterisation of the in vitro 

activity of the WT and mutant protein.  

 

Preliminary results showed that after incubation with chemical cross-linker BS3 and 

SDS-PAGE analysis, an additional protein band migrating just above 260 kDa was 
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observed for mutant L489P PKN2FL compared to a non-cross-linked L489P sample 

(data not shown). These results were comparable to SDS-PAGE analysis of cross-

linked WT PKN2FL samples, indicating that the L489P mutant PKN2FL retains the ability 

to form dimers. In future experiments it would be interesting to quantify this observation 

by performing size exclusion chromatography (SEC) after batch-cross-linking the 

L489P PKN2FL sample, as was done for the WT PKN2FL sample (Chapter 4, section 

4.3). In doing this, the ratio of monomeric  and dimeric L489P PKN2FL present in the 

sample could be quantified and compared to that of WT PKN2FL. A higher proportion 

of dimeric mutant L4899 PKN2FL could account for the reduced activity displayed by 

the mutant, if the dimeric form was indeed auto-inhibited and inactive as has previously 

been proposed [131].  

 

To fully understand the impact of the L489P mutation on the function of PKN2, a 

structural comparison of the WT and mutant protein would be required. Given the 

challenges faced throughout the cryo-EM analysis of WT PKN2FL, the L489P mutant 

sample was not analysed in parallel. Ultimately high-resolution features were not 

identified in the WT PKN2FL sample due to inherent sample instability and flexibility. In 

the absence of high-resolution structural information, detailing the exact positioning of 

Leu 489 and any important contacts it makes within WT PKN2FL, it is difficult to analyse 

the detailed structural implications of the change of a single residue. It would however 

still be of interest to prepare negative stain EM grids of the mutant L489P PKN2FL 

sample for analysis, making use of the low-resolution WT dimeric PKN2FL negative 

stain EM generated 3D map for comparison of any gross conformational changes. At 

the resolution permitted by negative stain EM, it would be possible to determine 

whether a large conformational change was induced by the L489P mutation. Hydrogen 

deuterium exchange coupled with mass spectrometry analysis (HDX-MS) could be 

carried out in parallel with the negative stain EM analysis in order to obtain 

comparative information on the solvent accessibility of each protein sample and thus 

potential differences in the 3D structure of each protein [358]. During HDX, the 

hydrogens of amides within a protein backbone can be replaced by a deuterium atom, 

when exposed to a deuterium source [358]. Only the protons at the solvent accessible 

surface of a protein will readily exchange with deuterium, whereas protons involved in 

hydrogen bonds or protons buried within the core of the protein will exchange slowly, 

if at all. Identification of deuterium at certain locations within the protein indicates that 
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those locations are solvent accessible [358]. Comparison of where deuterium has 

been exchanged within the WT and L489P PKN2FL samples would indicate whether 

different areas were solvent accessible in each sample and hence whether there were 

conformational differences between the two [358-360]. The deuterium atom is heavier 

than a hydrogen atom, therefore the presence of deuterium can be identified by mass 

spectrometry analysis. Performing proteolysis on the samples prior to mass 

spectrometry analysis enables mapping of deuterium enriched peptides to specific 

regions of the protein based on the peptide sequence [359].   
 
7.3 Putative binding partners of WT and mutant PKN2 identified by mass 

spectrometry 
 
A number of interesting potential binding partners of PKN2 were identified in the 

experiment presented in Chapter 3, section 3.6, involving the co-immunoprecipitation 

of tagged PKN2 followed by mass spectrometry analysis. Namely, kinectin, KIF2A and 

katanin p60. The PKN2-kinectin interaction could shed some light on PKN2’s reported 

roles in cell motility [137], PKN2 may bind and phosphorylate kinectin, regulating its 

interaction with kinesin and therefore impacting MT mediated transport or cytoskeleton 

dynamics. Kinectin is also an effector protein of Rho GTPases [142, 248, 361]. 

Kinectin reportedly mediates two opposed pathways: one via RhoGTP and MTs 

causing peripheral morphogenic activity, and the other via RhoA and local MT 

depolymerisation causing an increase in actin stress fibre formation [248]. PKN2 has 

also been linked to actin stress fibre formation, with results showing expression of a 

kinase dead mutant PKN2 disrupting actin stress fibre formation in [184]. Fittingly 

KIF2A is a member of the kinesin-13 family of unconventional kinesins or ‘M-kinases’, 

whose motor domains are located in the middle of the protein and are known to 

regulate cytoskeleton through depolymerisation of MTs [250]. KIF2A has also been 

associated with actin stress fibre formation [362]. The implication of PKN2, kinectin 

and KIF2A within the same biological process of actin stress fibre formation, could 

place the three proteins in physiologically relevant complex. The requirement of a 

depolymerising MT environment for the kinectin induced actin stress fibre formation 

[248] and the MT depolymerisation activity of KIF2A [250] may not be coincidental, 

adding further evidence for a physiological complex. 
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Severing MTs can be important in maintaining the correct physiological ratio of long 

and short MTs, in removing incorrectly aligned or branched MTs from MT arrays and 

in generating short MTs which can be efficiently transported to different cellular 

locations where they can maintain structural organisation [253]. Dramatic 

reorganisation of MTs occurs during the cell cycle entry into mitosis when the MT array 

associated with interphase disassembles and reorganises into the mitotic spindle 

[363]. Katanin p60 has been reported to facilitate cytokinesis in rat cells as inhibition 

of katanin p60 lead to incomplete cytokinesis and the appearance of binucleated cells 

[364]. Katanin p60 was also found to localise around the midzone and midbody during 

cell division [364]. Similarly PKN2 depletion from HeLa S3 cells using siRNA causes 

the formation of binucleated cells due to incomplete cytokinesis and PKN2 is 

reportedly located around the midbody during cytokinesis [185].  

 

Given that both PKN2 and katanin p60 can be placed in the same cellular location 

during the cell cycle and are both important for the successful completion of 

cytokinesis, it is possible that these proteins form a physiologically relevant complex. 

Regulation of katanin by post translational modifications are necessary for the 

regulation of katanins destabilising effect on MTs [253]. PKN2 could plausibly be 

responsible for phosphorylating and regulating katanin activity which in turn is 

responsible for the severing of MTs during the cell cycle. The presence of tubulin beta 

2B in the same samples as katanin p60 along with the fact that katanin p60 preferably 

binds beta tubulin [253] could suggest a larger complex in which katanin p60 is 

interacting with both PKN2 and tubulin beta 2B. The lack of katanin p60 observed in 

any mutant L489P PKN2 samples implies that the L489P mutation abolishes the 

interaction with katanin p60. If L489P mutant PKN2 is unable to bind and regulate 

katanin p60 then MT severing may not take place when required at key stages of the 

cell cycle or in important cellular processes. The lack of MT severing in these situations 

could lead to cellular defects which cause the pathologies associated with the L489P 

PKN2 mutation.  

 
7.4 A working model for full length dimeric PKN2  
 
Prior to this thesis there was no structural characterisation of dimeric PKN2FL. 

However a biochemical characterisation of dimeric PKN2FL was reported by Bauer et 



 310 

al., detailing the inhibitory nature of the dimer and potential activation mechanism 

which incorporated this inactive PKN2FL dimer. The main findings were (1) that the 

inhibition of PKN2FL through its N-terminal region was intermolecular and (2) that the 

formation of a PKN2FL dimer required residues 464-500 (encompassing the PKL-tide 

region) in addition the N-terminal domains of PKN2 [131]. This study proposed that 

the PKL-region of one PKN2 molecule bound to the PKL-binding site of the other, 

located at the substrate binding cleft of the kinase domain. This inhibitory PKL-binding 

was suggested to allosterically mediate the accessibility of the PIF (PDK1 interacting 

fragment) within the C-tail extension [131]. Whilst the PKL-region was bound in an 

inactive dimer, the PIF was inaccessible to PDK1 [131]. A schematic diagram outlining 

the proposed inactive, intermolecular, N-terminal domain mediated PKN2FL dimer 

molecular arrangement is shown in Figure 7.1. 

 
Chapter 4 of this thesis describes a low-resolution 3D reconstruction of cross-linked 

dimeric PKN2FL obtained using negative stain EM. Perhaps the most striking 

observation from this low-resolution reconstruction was that the volume was 

asymmetric. This raised the question whether this dimeric conformation of PKN2FL 

represented the same inactive dimer described by Bauer et al, or whether it 

represented an alternative and distinct activation state of PKN2FL. It had been 

expected that the inactive dimer described by Bauer et al. would adopt a symmetric 

conformation, with each PKN2 molecule making the same inhibitory contacts to the 

other to achieve full inhibition as illustrated in Figure 7.1 (Conformation 1). One 

possible explanation for the asymmetric dimer is that it represents a partially active 

PKN2FL dimer, that has been exposed to both RhoA and PDK1 and is an intermediate 

activation state of the protein, awaiting further activating inputs. Alternatively it could 

represent something similar to the reported allosteric activation mechanism of the 

EGFR asymmetric dimer, in which one kinase (the activator kinase) activates a second 

protomer (the receiver kinase) [71-73]. In the scenario of an auto-inhibited dimer, the 

activation of the second molecule would likely lead to dissociation of the dimer yielding 

two fully active monomers. It cannot be completely ruled out that the asymmetric dimer 

captured here represents the inactive dimer previously described [131]. Figure 7.1 

summarises a potential scenario for PKN2FL activation, incorporating an asymmetric 

PKN2FL dimer as was presented in this study (Conformation 2 in Figure 7.1) and 
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highlighting additional possible activation inputs such as lipids from the cell membrane 

that are yet to be confirmed experimentally. A key for Figure 7.1 is shown below. 
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  Figure 7.1 Working model for PKN2 activation. Schematic representation of PKN2FL activation 

mechanism involving conformational change from a symmetric, inactive dimer to the release of two 

active monomers 
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As mentioned previously in Chapter 4, section 4.3, cross-linking mass spectrometry 

data would be of use to confirm the proposed domain arrangement within the low-

resolution negative stain volume generated for dimeric PKN2FL. An alternative 

approach would be to generate nanobodies or DARPins against PKN2 to visualise 

and label discrete epitopes within the negative stain volume. A similar approach has 

worked in the laboratory for a receptor tyrosine kinase. To address the question of 

which active state of PKN2FL the asymmetric dimer represents, the enzymatic activity 

of the separated monomeric PKN2FL and dimeric PKN2FL species should be assessed. 

This would determine whether the asymmetric dimer retained any catalytic activity in 

comparison to the monomeric PKN2FL, which is assumed to represent a fully active 

state of PKN2FL. The major reason that this was not carried out in this study was due 

to the fact that the dimeric species of PKN2FL analysed for negative stain EM could 

only be separated with the use of chemical cross-linker BS3. The main concern being 

that covalently cross-linked protein, trapped in a static conformation, would not be able 

to undergo the usual dynamic processes of substrate binding and phosphorylation. 

The interpretation of results would then be difficult given the non-native conditions. 

 

An alternative way to assess the activation state of the separated monomeric and 

dimeric PKN2FL species would be to analyse and compare the phosphorylation state 

of the two using western blot and mass spectrometry techniques. If the dimeric species 

were to display a different phosphorylation state to the monomeric species, for 

example no activation loop T816 or turn motif T958 phosphorylation, it would suggest 

that the dimeric species represented inactive PKN2FL. On the other hand, if 

phosphorylated T816 and T958 were detected in the isolated dimeric sample, this 

would indicate that the dimeric species were at least partially active.  It would also be 

of interest to analyse the formation of dimeric PKN2FL using the protein construct that 

was only co-expressed with PDK1, and not RhoAmut, in Sf21 insect cells. This protein 

construct showed a much reduced activity and activation loop T816 phosphorylation 

compared to the PKN2FL co-expressed with both PDK1 and RhoAmut (Chapter 3, 

section 3.4). A comparison of the ratio of dimer formation between these two forms of 

PKN2FL, which represent different activation states of PKN2FL, would reveal whether 

the predominant species of the reduced activity PKN2FL construct co-expressed with 

only PDK1 was monomeric or dimeric. A predominant dimeric species would be 

contrasting to the observation with PKN2FL co-expressed with PDK1 and RhoAmut, in 
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which the dominant species was monomeric. This would support the hypothesis that 

without exposure to RhoA, the kinase remained inactive and that the inactive form of 

PKN2FL was dimeric, also accounting for the reduced activity observed for the PKN2FL 

construct co-expressed only with PDK1. In the event that a dimeric species of PKN2FL 

co-expressed only with PDK1 could be isolated, a comparative negative stain EM 

analysis would determine whether the dimer adopted a symmetric or asymmetric 

conformation. A symmetric dimer in this case would indicate that the asymmetric dimer 

captured and presented in this thesis did indeed represent an alternative activation 

state of PKN2FL, whereas an asymmetric dimer would indicate that the dimer captured 

here was the same activation state of PKN2FL and likely inactive.  
 
7.5 PKN2FL complex formation and new PKN2 complex Cryo-EM samples 
 
As was summarised in Chapter 4, section 4.5, a PKN2FL-PDK1-RhoA complex was 

not stably reconstituted in vitro during this study. Given the RhoA construct used for 

over-expression was C-terminally truncated, removing its CAAX box sequence 

required for membrane interaction, and that purification strategies following PKN2 

exposure to endogenous RhoA in Freestyle 293 HEK cells used only the soluble 

cytosolic extracts, it was concluded that the lack of complex formation here was most 

likely due to the absence of a RhoA-membrane interaction. This reasoning is 

consistent with a study carried out by Flynn et al., 2000. Whilst they showed evidence 

for a ternary PKN1-PDK1-RhoB complex in vivo with PDK1 and RhoB co-localising in 

NIH 3T3 cells in a PKN1 dependent manner, there was no evidence for a ternary 

complex in vitro [141]. This study also revealed that RhoA membrane localisation was 

required for PKN2-PDK1 complex formation. This was demonstrated by the blocking 

of Rho isoprenylation, required for membrane anchoring, with the inhibitor mevastatin 

which was shown to suppress the Rho dependent PKN2-PDK1 complex formation 

[141]. Similar results were seen when a CAAX box sequence mutation was introduced 

to Rho, meaning it could not be isoprenylated. Such a CAAX mutant Rho was unable 

to support the PKN2-PDK1 complex formation [141]. Taking these observations into 

account, future studies targeting the PKN2-PDK1-RhoA complex for structural studies 

should incorporate the membrane binding portion of RhoA and aim to capture the 

complex in association with a plasma membrane. Liposomes could be used to provide 

a membrane environment. Liposomes are phospholipid vesicles consisting of a self-
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closed phospholipid bilayer, into which the purified membrane associated proteins can 

be incorporated [365, 366]. This is usually done in a detergent dependent manner. 

The liposome with the incorporated membrane associated protein complex can then 

be visualized using cryo-EM [367, 368].  

 

Whilst significant progress was made preparing new samples for cryo-EM analysis of 

PKN2FL in complex with the additional partner protein YopM (Chapter 4, section 4.5), 

concerns remained over the effectiveness of the GraFix procedure in separating out a 

pure binary complex, and whether the size of the complex was sufficiently large for 

cryo-EM analysis. To address these issues, different methods of complex formation 

are currently being trialled, including batch cross-linking followed by SEC, as was 

described for dimeric PKN2FL in Chapter 4. In the event of the preparation of suitable 

cryo-EM grids with a YopM-PKN2FL complex sample, displaying well dispersed 

particles across uniform ice, additional considerations might be taken into account 

regarding a potential data collection strategy. For example, as the complex molecular 

weight could be as small as 158 kDa in the case of a 1:1 complex, or 270 kDa in the 

case of a 1:2 complex as was suggested by an initial negative stain 3D reconstruction, 

a Volta phase plate could be used. The phase plate can aid in the analysis of lower 

molecular weight protein samples by increasing the contrast of the particles without 

the need to implement large defocus values, permitting clearer visualisation of the 

particles and for maximal high resolution information to be maintained [369]. In 

hindsight it may have been useful to consider the use of a phase plate for the data 

collection of the estimated 224 kDa dimeric PKN2FL, however, given the conclusion 

that the problems encountered in that instance were sample-related, it would have 

been unlikely to have made a difference. 

 

In addition, an alternative approach to produce an unambiguous PKN2FL-containing 

complex was sought. Whilst the differentially tagged YopM and PKN2 constructs were 

being prepared, efforts were made to incorporate additional interacting partner RSK1. 

The expectation was that the YopM-PKN2-RSK1 complex would be more easily 

identifiable, more distinguishable from other homo-multimeric complexes that could be 

forming and would ultimately be of a more appropriate size for future cryo-EM studies. 

The inclusion of RSK1 could also address the issue that YopM and PKN2 may not 

naturally interact alone. It was also felt that it would be prudent to prepare multiple 



 316 

complexes for cryo-EM screening in parallel, in the event that any particular sample 

may not prove suitable for cryo-EM analysis, given the previous cryo-EM observations 

with a PKN2FL sample. This work was carried out alongside the optimisation of the 

YopM-PKN2 complex formation and is ongoing. Preliminary results showed the three 

proteins forming a complex following incubation of separately purified PKN2FL and 

RSK1 with GST-tagged YopM and GST affinity resin. A three-way protein complex 

was successfully cleaved from the affinity resin with TEV protease at a TEV cleavage 

site between the GST tag and YopM coding sequence. There were however, many 

contaminant protein bands observed when analysing the complex by SDS PAGE, and 

the complex did not yet appear stoichiometric. Going forward, work will now focus on 

further purification of the complex by either SEC or GraFix and stabilisation of the 

complex with cross-linking as necessary.  
 
7.6 Future direction for using in vitro phosphorylation of CLIP170 to 
understand its regulation and function 
 

Having established that Ser 312 is the first residue of CLIP170 to be phosphorylated 

in vitro (Chapter 5, section 5.6) it would be interesting in future experiments to 

understand the importance of Ser 312 phosphorylation for CLIP170 regulation and 

function. Since Ser 312 is positioned within a serine-rich region known to be important 

for CLIP170 regulation, it would be interesting to determine whether Ser 312 is acting 

as a regulatory switch or ‘gatekeeper residue’ such that any subsequent 

phosphorylation of other serine residues in this regulatory region are dependent upon 

the phosphorylation of Ser 312. Experiments described in this study could be repeated 

with Ser 312 mutations; S312A mutant to mimic a non-phosphorylatable residue and 

an S312E mutant to mimic a phospho-serine residue. If Ser 312 has a role as a 

molecular switch it would be expected that the S312A mutant would block further 

phosphorylation of other surrounding serine residues. In contrast it would be expected 

for the S312E mutant to lead to phosphorylation of other serine residues. To probe 

whether phosphorylation of Ser 312 affects the function of CLIP170, other projects in 

the lab are producing full-length CLIP170 and have established a microtubule-binding 

assay with the full-length protein. This system could be used to test whether the 

phosphorylation state of CLIP170 leads to a conformational change that affects its 
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ability to bind to microtubules. The S312A and S312E mutants in the context of the 

full-length protein would also be useful to validate findings. 

 
7.6 Validation of PKN2 as a CLIP170 kinase 
 

Despite considerable efforts in this study to develop an experiment to show 

phosphorylation of CLIP170 by endogenous PKN2, it was eventually concluded that 

the assay designed was not workable. The main caveat to the experiment described 

in Chapter 5, section 5.7, was the non-linear signal output observed for 

phosphorylated CLIP170. Whilst an alternative ELISA approach could be pursued, 

given the time and costs associated with optimising another ELISA method discussed 

in Chapter 5, an entirely new approach could be considered. To continue efforts to 

validate PKN2 as a CLIP170 kinase in vivo future experiments could make use of the 

endogenous PKN2 preparation from mouse brain lysates but should look for an 

alternative method of detection of CLIP170 phosphorylation detection. For example, a 

kinase assay incubating radiolabelled ATP and CLIP170 peptide with mouse brain 

lysate containing PKN2 followed by autoradiography, phosphor-imaging or liquid 

scintillation counting would allow for more robust quantification of amount of 

phosphorylated substrate. This experiment would also rely on a specific PKN2 inhibitor 

to validate that phosphorylation measured is due to PKN2. For this reason, future 

experiments could also focus on working with collaborators to develop cell-based 

assays to show phosphorylation of endogenous CLIP170 by endogenous PKN2, 

making use of the inducible PKN2 knockout cell lines available. With the antibody 

against phosphorylated CLIP170 successfully developed in this study, the level of 

phosphorylated CLIP170 protein could be measured and compared in cells with PKN2 

present and cells where PKN2 had been removed by inducible knockout. Alternatively, 

short interfering RNA (siRNA) against PKN2 has been successfully used in previous 

experiments studying PKN2 function [185, 189, 200, 370, 371]. siRNA could also be 

coupled with the specific phospho-CLIP170 antibody to measure CLIP170 

phosphorylation by PKN2. These experiments would of course be dependent on the 

presence of CLIP170 in the specific cell lines used, in sufficient abundance to be 

detected by western blot.  
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7.7 Development of a selective PKN2 chemical probe 
 

Chapter 6 of this thesis documented the iterative testing of chemical inhibitor 

compounds against PKN2 in vitro, with the aim to improve upon an existing PKN2 

inhibitor 332. A selection of compounds displaying comparable or improved binding 

and inhibition of PKN2KD, as determined by thermal shift assay and in vitro kinase 

assay respectively, were identified. Progress towards satisfying the SGC chemical 

probe criterion that an appropriate control compound with 100-fold less potency was 

required. Two compounds synthesised and test in this study, 251 and 253, represent 

an enantiomeric pair of compounds and showed 37-fold difference in potency, which 

is a step towards satisfying this SGC criteria. The outstanding questions that need to 

be addressed are whether the selected new compounds are more selective than 

compound 332, and whether any display lower toxicity to cells than compound 332. 

The toxicity of the compounds will be tested by collaborators (Barts Cancer Institute, 

London) and the selectivity of the inhibitors will be tested externally against a panel of 

140 kinases (International Centre for Kinase Profiling). Ultimately these results will 

indicate whether substantial improvement upon compound 332 selectivity and toxicity 

has been made and whether any compounds identified in this study would be suitable 

candidate starting points for drug discovery.  

 

In terms of potential future design of more potent, more selective and less toxic PKN2 

inhibitor compounds, experimentally derived structural information on the binding 

mode of existing compounds would be extremely valuable. Crystallisation trials are 

ongoing following on from those initiated in this study. It is the hope that the new 

PKN2KD construct described in Chapter 6, section 6.3.10, with extended domain 

boundaries will be more stable and potentially provide an anchoring site for the flexible 

C-tail which may in turn help in stabilising the N-lobe of the kinase domain. In the event 

a co-crystal structure of PKN2KD in complex with compound 251 were solved, it would 

be interesting to compare the structurally derived binding mode with the binding poses 

generated using the modelling software MOE. It would also be interesting to compare 

to previously solved structures of PKN1KD in complex with inhibitors tofacitinib, 

Lestaurtinib and a Staurosporin analog (Ro-31-8220) solved by Chamberlain et al., 

2014. Tofacitinib was used as a benchmark compound in this study and was shown 

to have a different binding mode to Lestaurtinib and Ro-31-8220, in that it did not 
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displace the Phe of the conserved AGC kinase NFD motif upon binding, whereas both 

Lestaurtinib and Ro-31-8220 did [335]. It would be interesting to see if compound 251 

adopted a binding mode similar to that of Tofacitinib or more like the Phe-displacing 

Lestaurtinib and Ro-31-8220. The crystal structure of PKN2KD in complex with ATPγS 

(PDB code: 4CRS) described in Chapter 1, section 1.2.3, showed the Phe of the NFD 

motif to be pointing in towards the adenine ring of the ATPγS and could be a specific 

residue to target in future rounds of PKN2 compound design. 

  

7.8 Concluding remarks 
 

In summary, despite the challenges of PKN2 being a truly difficult protein kinase to 

study, insightful progress was made on all fronts - from a negative stain EM 

reconstruction, the first in vitro characterisation of a human patient PKN2 mutation, 

understanding substrate targeting and steps made towards a PKN2 chemical probe. 

Throughout this project, the majority of the time and effort was focussed on obtaining 

a high-resolution structure of full-length PKN2 using cryo-EM. Whilst a high-resolution 

structure was not obtained in this study, the necessary groundwork was carried out to 

inform future experiments. Thorough optimisation of the sample and initial data 

collection experiments presented in this thesis identified the limitations of the sample 

and provide vital information for the progression of the structural analysis of full-length 

PKN2. Building upon the foundation work set out in this thesis, current members of 

the lab are continuing this project and I am excited to see the results. 
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Appendix 
 
Appendix 1: Full-length PKN sequence alignment 
 
 
  Appendix 1. Sequence alignment of full length PKN isoforms 
Alignment of: human PKN1-3, mouse PKN2 , chicken PKN2, xenopus PKN2, drosophila PKN and 

yeast PKC1 full length protein sequences. Conserved features highlighted and secondary structure 
elements labelled. HR1, C2-like, kinase domains and C-tail extension regions are labelled according 

to human PKN2 sequence. 
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Appendix 2: pFL and pcDNA 3.1+ vector maps 
 
 
  
Appendix 2a: Vector map of pFL vector used for baculovirus expression constructs in this 
study 
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Appendix 2b: Vector map of pcDNA3.1(+) vector used for HEK expression constructs in this 
study 
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Appendix 3: PamGene Ser/Thr chip data for PKN2KD with heatmap of hits 
 
 
  Appendix 3: List of peptides from PamGene Ser/Thr kinase microarray chip, list ordered by 
most phosphorylated hits by PKN2KD, heatmap corresponds to level of phosphorylation of 
each peptide on the chip, red = most phosphorylated blue = least phosphorylated. 
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