
i 

 

 

 

 

 

Inhibition of Ras using Affimer reagents 

 

 

Katarzyna Zaneta Haza 

 

 

 

Submitted in accordance with the requirements for the degree of 

Doctor of Philosophy 

 

The University of Leeds 

Faculty of Biological Sciences 

School of Molecular and Cellular Biology 

 

June 2019 

  



 
 

ii 

 

The candidate confirms that the work submitted is his/her own and that 

appropriate credit has been given where reference has been made to the work 

of others. 

 

This copy has been supplied on the understanding that it is copyright material 

and that no quotation from the thesis may be published without proper 

acknowledgement. 

 

© 2019 The University of Leeds and Katarzyna Zaneta Haza 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iii 

 

Acknowledgements 

I would like to offer my greatest thanks to my supervisor Dr Darren Tomlinson for 

giving me the opportunity to do a PhD and for his guidance, support and 

encouragement offered throughout the project. I am particularly grateful for the 

advice and useful critiques offered by my co-supervisors Dr Thomas Edwards 

and Professor Alexander Breeze. I would like to thank them for their expertise, 

which greatly assisted the research. I wish to thank Dr Christian Tiede, Dr Kevin 

Tipping, Dr Chi Trinh and Dr Heather Martin for their invaluable input into this 

project.  

I would also like to thank all the members of the Tomlinson and McPherson lab 

for their help, support and advice and more importantly for making this journey 

much more enjoyable. The memories of skiing in Alpbach, scootering in San 

Diego and arm wrestling at the Christmas parties will always bring a smile to my 

face.  

Finally, I would like to thank the most supportive family and friends for their belief 

and encouragement and for trying to understand what this project is about. Last 

but not least, a huge thanks to my husband Rafal for his unconditional support 

and for being there for me at times of despair.  

 

 

 

 

 

 

 

 

 

 



 
 

iv 

 

Abstract 

Ras proteins are small GTPases that are mutationally activated in around 30% of 

all human cancers. Oncogenic mutations in Ras trigger uncontrolled cellular 

differentiation and division through uninhibited Ras-GTP signalling. Despite major 

efforts in developing inhibitors, lack of treatments directly targeting Ras in cancer 

led to the current assumption that Ras is undruggable. A new approach, which 

involves use of biologics, have shown great potential for development of Ras 

inhibitors, as demonstrated by recent increase in the number of antibody mimetic 

reagents targeting Ras, including single domain antibodies, monobodies and 

DARPins. Research presented in this thesis has developed modulators of Ras 

activity using novel artificial binding proteins, termed Affimers. Affimer reagents 

are small 91 amino acid scaffold proteins that constrain one or two randomised 

nine amino acid loop regions for molecular recognition. Affimers isolated against 

KRas, the most commonly mutated Ras family member, were shown to be 

effective at inhibiting nucleotide exchange and blocked interaction between Ras 

and its effector Raf. When expressed in mammalian cells, Affimers bound with 

endogenous Ras and inhibited Ras-mediated signalling. Site-directed 

mutagenesis of the Affimer variable regions revealed three residues critical for 

binding and inhibition. X-ray crystal structure of Affimer in complex with KRas 

demonstrated that these residues bind into a hydrophobic pocket on Ras, 

previously described with small molecules. Molecular docking was used to 

generate mimics of the Affimer residues, therefore providing insights into new 

mode of therapeutic development.  These Affimer-derived compounds were 

shown to be effective in biochemical and cell-based assays, with comparable 

properties to previously published small molecule inhibitors of Ras, but without 

any optimisation of the compounds. Therefore, these molecules hold great 

potential for development of even more potent inhibitors through employment of 

medicinal chemistry. The work presented in this thesis established a novel use of 

Affimer reagents as valuable tools for the development of small molecule 

inhibitors. 
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Chapter 1  

Introduction 

 

1.1 Ras history  

Ras research dates back to studies in 1960s, which identified transforming 

retroviruses: Harvey murine sarcoma and Kirsten murine sarcoma viruses. These 

viruses caused rapid formation of sarcomas and potently transformed cells in 

culture (Harvey, 1964, Scolnick, 1982, Scolnick et al., 1979, Tsuchida et al., 1982, 

Cox and Der, 2010). Further studies on these cancer-causing viruses identified 

the genetic elements responsible for the oncogenic transformation, which were 

initially referred to as src oncogenes (Cox and Der, 2010). These are now known 

as Ras oncogenes, due to their ability to cause rat sarcomas, and are 

differentiated according to which retrovirus these originated from, i.e. HRas 

identified from Harvey murine sarcoma virus and KRas from Kirsten murine 

sarcoma virus (Cox and Der, 2010). Later, a third homolog: NRas of the Ras 

oncogenes was identified from neuroblastoma cells (Shimizu et al., 1983). 

Isolation of mutationally activated and potently transforming Ras from human 

cancer cell lines drove intensive research to expand understanding of Ras 

structure and functioning, in order to provide clues for development of Ras 

inhibitors for cancer therapy (Cox and Der, 2010, Baines et al., 2011). This search 

continues to this day, however despite academic and industrial effort, there has 

been limited success so far (Cox et al., 2014). Nevertheless, recent 

developments in understanding Ras function, along with advances in strategies 

and technologies, bring hope for development of novel anti-Ras treatments for 

cancer therapy (Cox et al., 2014). 

1.2 Ras superfamily structure  

The three Ras genes encode four structurally and biochemically highly related 

monomeric proteins (HRas, NRas, KRas4A and KRas4B) of approximately 21 

kDa (Friday and Adjei, 2005, Colicelli, 2004). KRas encodes two proteins, due to 

alternative splicing of fourth exon (Capon et al., 1983, Tsai et al., 2015). These 

four Ras proteins display more than 90% amino acid sequence identity in the G 
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domain (Hobbs et al., 2016a). The G domain is composed of five Ŭ-helices with 

central ɓ-sheet (Wittinghofer, 2014). The G proteins are characterised by 

conserved G box sequence motifs (Wennerberg et al., 2005, Bourne et al., 1991), 

consisting of: G1 (GXXXXGKS/T) responsible for phosphate binding; G2 (T), also 

referred to as switch I region, responsible for effector binding; G3 (DXXGQ/H/T) 

involved in binding a nucleotide-associated Mg2+ ion; G4 (T/NKXD) responsible 

for contact with the guanine ring via hydrogen bonds and G5 box (C/SAK/L/T) 

involved in indirect interaction with guanine nucleotide (Figure 1.1) (Wennerberg 

et al., 2005, Wittinghofer, 2014, Colicelli, 2004). 

 

 

 

Figure 1.1 Schematic representation of functional domains in Ras 

structure.  A) Coloured boxes indicate regions participating in GTP and effector 

binding, as well as switch I and II regions and terminal CAAX sequence for post-

translational modifications. B) The regions indicated in A) highlighted on the KRas 

structure (PDB: 6GOD). GPPNHP is shown in green and magnesium in black. 

Image was generated in PyMOL.  
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Ras GTPases cycle between GDP- and GTP-bound states (Friday and Adjei, 

2005) and comparison of structures of Ras with either GDP or GTP bound, 

identified large conformational changes within all members of the Ras 

superfamily (Figure 1.2). Regions undergoing these conformations are referred 

to as óôswitchôô regions. The switch I region is responsible for effector binding in 

the GTP-bound state. This region also possesses a highly conserved threonine 

residue, which is essential for detecting the GTP Ὓ-phosphate and for contacting 

Mg2+ ion. Similarly, the switch II region, adjacent to G3 motif, also senses the Ὓ-

phosphate and is involved in effector interactions, but it does not contain a 

conserved sequence motif. Moreover, the switch II region is crucial for 

interactions with guanine nucleotide exchange factors (GEFs) responsible for 

nucleotide exchange, and GTPase activating proteins (GAPs) that stimulate GTP 

hydrolysis. In the presence of GTP, the switch I and switch II regions adopt 

positions close to the nucleotide, forming a óclosedô conformation (Wittinghofer, 

2014). Upon Ὓ-phosphate cleavage and release, the switch regions become 

disordered, forming an óopenô GDP-bound state. This form does not have a 

defined conformation, instead the switch regions dynamically fluctuate on a 

nanosecond scale, as evidenced by NMR spectroscopy (Wittinghofer, 2014, 

Kraulis et al., 1994).  
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Figure 1.2 Conformational changes between the active and inactive Ras 

structures.  Crystal structures of A) inactivated Ras-GDP (PDB: 1Q21) and B) 

activated Ras-GTP (PDB: 5P21). The flexible switch I and switch II regions are 

shown in orange, the coordinated magnesium in black and the nucleotides are 

coloured in red (GDP) and green (GTP). Images were generated in PyMOL 

software.   

 

Historically, high sequence similarity coupled with expression in all cell lineages 

and organs, high conservation across different species and activation of the same 

effector proteins led to the assumption that all four Ras proteins are functionally 

similar (Leon et al., 1987b, Furth et al., 1987, Fiorucci and Hall, 1988). 

Consequently, the majority of the early studies on Ras proteins were carried out 

with HRas only, with expectations that biological functions of Ras isoforms are 

interchangeable (Castellano and Santos, 2011). In contrast, the C-terminal hyper 

variable regions (HVR) of Ras isoforms share only 8% sequence identity (Tsai et 

al., 2015). These regions dictate Ras intracellular trafficking and membrane 

interactions, which in turn contribute to distinct biological functions of Ras 

isoforms (Bos, 1989, Lowy and Willumsen, 1993, Colicelli, 2004, Friday and 

Adjei, 2005). The multi-stage lipid modifications of Ras proteins include 

prenylation at the terminal CAAX motif by farnesyltransferase, proteolytic 

cleavage of AAX motif by Rce1 or Afc1 proteases, carboxymethylation and finally 
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palmitoylation of the SH group. Exception is the KRas4B isoform, which omits the 

palmitoylation and associates with the membrane via electrostatic interactions 

(Figure 1.3) (Jackson et al., 1994, Buday and Downward, 2008). 

 

 

 

 

Figure 1.3 Ras plasma membrane targeting via post-translational 

modifications.  All Ras isoforms are firstly farnesylated on the cysteine residue, 

following by cleavage of the terminal AAX tripeptide and methylation of the 

terminal cysteine. Finally, Ras proteins, except KRas-4B are palmitylated at the 

cysteine residue close to the carboxy terminus. KRas-4B isoform associates with 

the membrane via electrostatic interactions mediated by cluster of lysine 

residues.  
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1.3 Ras biochemistry and function  

Proteins from the Ras superfamily are small guanosine triphosphatases 

(GTPases), that function as ômolecular switchesô by transmitting extracellular 

signals to intracellular environment (Friday and Adjei, 2005). Because of their 

function, small GTPases are important modulators of a great range of cellular 

processes, including cell growth, differentiation and survival, as these processes 

occur through linking of extracellular signals to intracellular signalling cascades 

(Friday and Adjei, 2005, Wennerberg et al., 2005).  

Ras signalling is initiated by activation of receptor tyrosine kinase (RTK) by its 

appropriate growth factor, which then results in receptorôs autophosphorylation of 

tyrosine residues. This initiates binding of adaptor proteins, such as Grb2, via 

their SH2 domains, which in turn recruit guanine nucleotide exchange factors 

such as Son of Sevenless 1 (Sos1) or CDC25. These then interact with Ras 

(Friday and Adjei, 2005). GEFs catalyse the release of GDP and GTP loading, 

which is the rate-limiting step in Ras activation (Figure 1.4) (Colicelli, 2004). The 

bound GTP is then hydrolysed to GDP by Ras which is enhanced by GTPase 

activating proteins such as p120-GAP, to prevent prolonged signal transduction. 

Thus, because of the low intrinsic GTPase activity and stimulation by GAPs, the 

Ras signalling is normally transient. However, prolonged Ras signalling due to 

ras mutations, inactivation of GAPs or Ras overexpression is the key element in 

Ras-induced cancers (Friday and Adjei, 2005, Colicelli, 2004).  
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Figure 1.4 Activation/inactivation cycle of Ras. Ras activation is initiated by 

interaction with guanine nucleotide exchange factors (GEFs), which catalyse the 

release of GDP and GTP loading. Once activated, Ras binds to its effector 

protein. Ras signalling is terminated by GTP hydrolysis catalysed by GTPase 

activating proteins (GAPs) to prevent prolonged signal transduction.  

 

Once activated, Ras displays high affinity binding with a wide range of effectors, 

which are involved in number of signalling pathways regulating a variety of 

cellular processes (summarised in Figure 1.5) (Friday and Adjei, 2005). Of these 

effectors, Raf is the most studied, due to its involvement in the classical mitogen-

activated protein kinase (MAPK) signal transduction pathway (Figure 1.6) (Friday 

and Adjei, 2005, Colicelli, 2004). Active Ras promotes recruitment of Raf to the 

membrane and its dimerization and activation. This in turn phosphorylates and 

activates MEK kinase, which then activates ERK kinase by phosphorylation. 

Activated ERK phosphorylates and activates a number of transcription factors 

and kinases, which regulate wide range of fundamental cellular processes, 

including cell cycle progression, differentiation, protein translation, cell survival 

and death (Friday and Adjei, 2005, Samatar and Poulikakos, 2014).  
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Figure 1.5 Ras effectors and signalling pathways.  Activated, GTP-bound Ras 

proteins signal through multiple effector pathways, which are involved in 

processes regulating cell proliferation, differentiation and survival.  
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Figure 1.6 Simplified model of Ras signalling cascade.  Ras signalling is 

initiated by activation of receptor tyrosine kinase (RTK) by its growth factor (GF), 

resulting in receptorôs autophosphorylation. Adaptor proteins, such as Grb2 are 

recruited to the receptor. These adaptor proteins mediate membrane localisation 

of guanine nucleotide exchange factor, such as Sos, which catalyses nucleotide 

exchange to activate Ras. Once active, Ras recruits Raf kinases to the plasma 

membrane, where they become phosphorylated. Active Raf acts as MAP kinase 

kinase kinase (MAPKKK) and catalyses activation of MEK1/MEK2 by 

phosphorylation, which in turn catalyse activation of ERK1/ERK2. Activated 

ERK1 and ERK2 phosphorylate a plethora of cytoplasmic and nuclear substrates 

involved in diverse array of cellular responses.  
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The above signalling pathway applies to all four Ras proteins (KRas4A, KRas4B, 

HRas and NRas). Although, Ras isoforms activate a common set of effectors with 

varying efficiencies, leading to differential signalling outputs (Hancock, 2003). For 

example, signalling through Raf-1 is more potently activated by KRas, while HRas 

is more potent activator of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) 

(Yan et al., 1998, Voice et al., 1999). This differential signalling is mainly 

modulated by different membrane microenvironments of the isoforms, which in 

turn is regulated by the hypervariable region  (Willumsen et al., 1984), described 

above. There is now a vast amount of data providing evidence for additional 

factors contributing to biochemical as well as biological differences between Ras 

isoforms. These include: 1) high sequence conservation in the HVR of the 

different isoform (Tsai et al., 2015, Castellano and Santos, 2011),  2) different 

frequencies, at which Ras proteins are mutated in human cancers (Mitsuuchi and 

Testa, 2002, Grady and Markowitz, 2002, Jaffee et al., 2002, Rodenhuis and 

Slebos, 1992, Hobbs et al., 2016b), 3) different patterns of expression (Leon et 

al., 1987a, Su et al., 2004), 4) differential sensitivities for modulation by GEFs or 

GAPs (Bollag and McCormick, 1991, Jones and Jackson, 1998, Matallanas et 

al., 2003), 5) distinct transforming potential of each isoform (Cheng et al., 2011, 

Maher et al., 1995, Pulciani et al., 1985) and 6) evident phenotypes of knock-out 

animal models for each isoform (O'Hagan and Heyer, 2011, Singh et al., 2010, 

Esteban et al., 2001).  

1.4 Ras proteins and cancer 

Aberrant Ras signalling occurs due to increased upstream signalling, Ras 

overexpression, deregulation of GAPs or activating mutations, resulting in 

deregulated cellular processes and leading to disease (Burns et al., 2014). 

Indeed, aberrant Ras signalling has been identified to play a role in more than 

30% of all human cancers (Baines et al., 2011).  

The highest incidence of aberrant Ras signalling is due to single base missense 

mutations, most frequently occurring in codons 12, 13 and 61. These mutations 

impair GAP-induced GTP hydrolysis, thus prolonging signalling from active Ras 

(Friday and Adjei, 2005). Mutations in Ras are found in 63ï90% of pancreas, 36ï

50% of colon and 19ï30% of lung cancers (Burns et al., 2014). These are 

amongst the deadliest cancers, with mutations in KRas alone accounting for one 
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million deaths per year (Cox et al., 2014, McCormick, 2016). Moreover, activating 

mutations in Ras are related to poor prognosis and chemo-resistance 

(Leshchiner et al., 2015).  

It is now well known that the three Ras genes are not mutated at equal 

frequencies. KRas is the most predominantly mutated isoform, found in 86% of 

Ras-driven cancers, followed by NRas (11%) and HRas (3%) (Papke and Der, 

2017). Mutations at residue G12 are most common in KRas and HRas, while Q61 

mutations are predominantly found in NRas (Cox et al., 2014). In addition to 

isoform specificity, Ras mutations show remarkable tissue-specific preferences. 

For example, in pancreatic ductal adenocarcinoma (PDAC) and colon and rectal 

carcinoma (CRC) G12D is the dominating substitution. Conversely, G12C 

mutation is most common in non-small-cell lung cancer (NSCLC).  

Ras mutations initiate tumour formation, and continuous expression of mutant 

Ras is required for tumour maintenance. This is due to requirement of 

downstream signalling leading to cell proliferation, evasion of cell death, altered 

metabolism, induced angiogenesis, increased invasion and metastasis and 

evasion of immune destruction ï the capabilities that represent hallmarks of 

cancer (Burns et al., 2014, Cox et al., 2014). 

1.5 Ras as therapeutic target 

The critical role that Ras plays in cell transformation (the high incidence of 

aberrant Ras signalling and its effects) illustrates that development of Ras 

inhibitors as anti-cancer therapeutics is of the highest priority in cancer research 

(Colicelli, 2004, Leshchiner et al., 2015). However, since more than 30 years of 

efforts to develop Ras inhibitors have not yielded clinically relevant compounds, 

Ras proteins have been considered as ôundruggableô targets. This is mainly due 

to their simple protein structure with no distinct binding cavities and high affinity 

for GTP (Cromm et al., 2015, Fang, 2016). Nevertheless, advanced 

understanding of Ras function as well as novel technologies for direct targeting 

of small GTPases bring hope for development of anti-Ras therapeutics (Cox et 

al., 2014, Thompson, 2013).  
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1.6 Strategies for targeting Ras 

Detailed understanding of Ras structure and function is essential for development 

of a Ras antagonist. However, it is also crucial to remember that Ras does not 

function in isolation, rather it is involved in a multi-protein signalling cascade (De 

Las Rivas and Fontanillo, 2010). For example, 375 proteins and more than 1000 

protein-protein interactions (PPIs) are involved in the epidermal-growth factor 

receptor (EGFR) signalling pathway, which adds the complexity to design and 

development of novel anti-Ras therapeutics (Saafan et al., 2016). Therefore, 

numerous strategies to target Ras have been employed over the past three 

decades. These include: inhibiting protein expression (Gray et al., 1993, 

Duursma and Agami, 2003, Brummelkamp et al., 2002), inhibiting membrane 

localisation (Sun et al., 1995, End et al., 2001, Zimmermann et al., 2013), direct 

Ras inhibition (Cromm et al., 2015), blocking interaction with GEFs (Leshchiner 

et al., 2015, Maurer et al., 2012, Patgiri et al., 2011, Sun et al., 2012) and 

inhibiting downstream effectors (Friday and Adjei, 2005, Britten, 2013, Cheng and 

Tian, 2017, Cox and Der, 2010, Durrant and Morrison, 2018, Freeman et al., 

2013).  
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Figure 1.7 Approaches for discovery and development of Ras inhibitors. 

Inhibition of protein expression, membrane localisation, Ras effectors and direct 

Ras targeting has been investigated as strategies for development of Ras 

inhibitors.  

 

 

1.6.1 Inhibiting Ras protein expression 

Numerous studies have shown that mutant Ras proteins have potent cancer-

inducing capabilities and that continued expression of Ras mutants is essential 

for tumour maintenance (Cox et al., 2014). This, therefore, initiated research to 

develop inhibitors of Ras expression. The first approach included introduction of 

antisense Ras oligonucleotide into tumour cells, to hinder protein translation. 

Despite reduced Ras protein expression by 90% in Ras-transformed cells and 

anti-tumour effects in mouse models, the success of this approach was restricted 

by inability to safely and effectively introduce antisense oligonucleotides and 

considerable toxicity in clinical evaluation (Duursma and Agami, 2003, Gray et 

al., 1993).  

The second approach to inhibit Ras expression involved gene silencing by short 

interfering RNAs (siRNA) containing complementary sequence to target gene 
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mRNA. Recognition of mRNA complementary to the siRNA results in mRNA 

degradation. Importantly, this strategy allows specific targeting of mutant Ras 

over wild-type Ras, since even a single base mismatch between siRNA and target 

mRNA reduces siRNA-mediated mRNA degradation (Friday and Adjei, 2005). 

Indeed, RNA interference reduced mutant Ras expression in human cancer cell 

lines (Brummelkamp et al., 2002). However, this approach, similarly to antisense 

oligonucleotides approach, is limited by safe and effective delivery (Friday and 

Adjei, 2005).  

1.6.2 Inhibiting membrane localisation 

A strong relationship between membrane localisation and Ras function has been 

extensively described in literature. Therefore, inhibition of steps during the post-

translational lipid modifications of Ras proteins could theoretically inhibit Ras 

activity (Ahearn et al., 2012). Since prenylation, mediated by farnesyltransferase 

enzyme, is the rate-limiting step in Ras lipid modification, extensive effort has 

been put into development of farnesyltransferase inhibitors (FTIs) (Friday and 

Adjei, 2005). As a result, numerous potent FTIs have been tested in preclinical 

mouse studies, which have shown effective growth inhibition of Ras-induced 

cancers (Cox et al., 2014, End et al., 2001, Sun et al., 1995). Two of these FTIs, 

namely lonafarnib and tipifarnib were tested in clinical trials, but with limited 

success due to compensatory activities of geranylgeranyl transferase, and thus 

alternative Ras prenylation and membrane localisation (Cromm et al., 2015, Cox 

et al., 2014). The disappointing outcome of these studies had decreased interest 

in inhibiting membrane localisation as a valid approach to target Ras. Recent 

years, however, have witnessed a growing interest in targeting proteins that 

selectively target farnesylated forms of Ras. Phosphodiesterase 6ŭ (PDE6ŭ) is 

one example of such a protein.  PDE6ŭ recognise KRas4B and other prenylated 

proteins and facilitate their localisation to membrane compartments (Chandra et 

al., 2011). PDE6ŭ small molecule inhibitor Deltarasin and its derivatives were 

shown to impair KRas localisation and oncogenic signalling and reduce the 

growth of tumour cells harbouring KRas mutations (Martin-Gago et al., 2017, 

Zimmermann et al., 2013). Despite promising results, questions regarding the 

degree of KRas dependency on PDE6ŭ will need to be answered, before the 

therapeutic potential of these inhibitors can be evaluated (Cox et al., 2014).  
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1.6.3 Direct Ras inhibition 

One of the obvious strategies to inhibit oncogenic Ras is its direct targeting. 

However, this has proven to be very challenging, mainly due to the lack of distinct 

binding pockets. In addition, Ras signalling is mediated by PPIs, which are often 

intractable to small molecules (Nero et al., 2014). Nevertheless, computational 

approaches along with new crystal structures in previously unidentified 

conformations highlighted novel transient binding pockets that could be targeted 

(Spoerner et al., 2004). Likewise, advancements in technologies expanded the 

available approaches for direct targeting of small GTPases (Cromm et al., 2015). 

1.6.3.1 Interference with nucleotide binding 

Ras-driven tumours arise as a result of prolonged signalling from activated GTP-

bound Ras protein. Thus, initial studies of direct Ras targeting aimed to interfere 

with nucleotide binding (Cromm et al., 2015). ATP-competitive inhibitors, which 

have been successively used as antagonists of protein kinases, have been used 

as a guide for development of GTP-competitive inhibitors. However, ATP exhibits 

low micromolar affinity for kinases, as compared to GTP binding with picomolar 

affinity to Ras, which thus prevented development of potent inhibitors (Cox et al., 

2014).  

1.6.3.2 Irreversible covalent modification 

In order to overcome restrictions of GTP-competitive inhibitors, efforts have been 

made to inhibit small GTPases by irreversible covalent modifications (Cromm et 

al., 2015). Molecular docking studies have been used to design GDP analogue 

SML-8-73-1, which covalently attached to KRasG12C mutant, thus stabilising the 

inactive GDP-bound form of Ras. Further derivative of this analogue has been 

shown to impair phosphorylation of downstream Ras effectors as well as 

proliferation of KRasG12C cell lines. However, these studies were conducted with 

nucleotide-free Ras, and therefore it is unclear if the inhibitor would have the 

ability to compete with cellular nucleotide (Lim et al., 2014). Additionally, a 

tethering approach yielded another set of covalent inhibitors, which were shown 

to specifically target KRasG12C mutant but not wild-type, and bound to KRas at a 

novel binding site, termed S-IIP. These compounds reduced activated KRas-GTP 

levels, abolished Sos-catalysed nucleotide exchange and promoted apoptosis of 
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KRasG12C cell lines (Lim et al., 2014, Janes et al., 2018). Further derivatives were 

shown to be effective across KRas G12C mutant cell lines and in vivo tumour 

models, therefore demonstrating therapeutic potential of KRas G12C covalent 

inhibitors (Janes et al., 2018, Zeng et al., 2017). Success of these studies inspired 

development of MRTX849 small molecule inhibitor of KRas G12C, that has now 

entered phase I/II clinical trials (MiratiTherapeutics, 2018).  

1.6.3.3 Inhibition of GTPase-GEF interaction 

To become active, GTPases have to firstly release GDP to vacate the binding 

site for GTP. Since this release is catalysed by GEFs, interfering with GTPase-

GEF interaction constitutes another strategy for Ras inhibition (Cromm et al., 

2015).  

The Ras-Sos interaction comprises insertion of Sos Ŭ-helix into Ras binding 

pocket between switch I and II regions (Cromm et al., 2015). Thus, the Sos Ŭ-

helix was used as a basis for development of peptide inhibitors of the Ras-Sos 

interaction (Patgiri et al., 2011, Leshchiner et al., 2015). Stabilised Ŭ-helices with 

a hydrogen bond surrogate approach yielded peptide HBS3, which inhibited Sos-

mediated nucleotide exchange with micromolar potency (IC50= 25µM), and was 

shown to impair ERK activation (Patgiri et al., 2011). Interestingly, stabilisation of 

Ŭ-helix with stapling approach yielded SAH-SOS1a peptide, which inhibited both 

wild-type and mutant KRas with low micromolar potency (IC50= 5-15µM) and 

reduced KRas downstream signalling and viability of KRas-dependent cancer cell 

lines (Leshchiner et al., 2015).  

Computational studies and molecular dynamics simulations identified novel 

transient pockets on Ras, which could be capable of binding small molecules 

(Gorfe et al., 2008, Grant et al., 2011). Docking studies identified binding of 

anticancer agent Andrographolide to these transient pockets on Ras, which in 

turn resulted in inhibition of Ras activation. Moreover, derivatives of 

Andrographolide were shown to reduce Ras-GTP levels and impair ERK 

phosphorylation (Hocker et al., 2013). In addition to computational approaches, 

fragment-based ligand discovery identified small molecule DCAI, which bound to 

novel hydrophobic pocket between switch I and II regions and demonstrated Sos-

mediated nucleotide exchange inhibition with moderate potency (IC50= 342µM) 
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(Maurer et al., 2012). This pocket has been also utilised by others to develop 

small molecule inhibitors of Ras (Sun et al., 2012, Quevedo et al., 2018). On the 

other hand, the Ras-GEF interaction has also been blocked by small molecule 

inhibitors targeting the catalytic site of Sos1 (Evelyn et al., 2014). Altogether, 

these compounds provide starting point for development of potent inhibitors of 

Ras-GEF interaction and can be used as a tools to dissect Ras signalling, but 

further optimisations are required before these can progress into the clinic (Sun 

et al., 2012).  

1.6.3.4 Inhibition of GTPase-effector interaction 

The most universal approach for targeting Ras GTPases include interfering with 

GTPase-effector interaction, as the inhibition of signal propagation would be 

irrespective of the cause of constitutively active GTPase (i.e. mutation, 

overexpression or loss of GAP activity). However, development of such inhibitors 

is challenging due to high binding affinity of effectors to GTPases as well as no 

well-defined binding pockets (Cromm et al., 2015). Nonetheless, several 

approaches have yielded GTPase-effector interaction inhibitors, for example: 

small molecules based on the Kobe family scaffold, peptide inhibitors such as 

cyclorasin 9A5, engineered protein R11.1.6 and organometallic complexes acting 

as allosteric inhibitors (Cromm et al., 2015, Kauke et al., 2017). Further studies 

of the above compound classes are required before proceeding into clinical trials, 

due to problems associated with low potency, off-target activity and low binding 

selectivity for some of these agents (Cox et al., 2014). 

1.6.3.5 Stabilisation of GTPase-protein complexes 

An opposite approach to inhibiting GTPase-protein interactions, is stabilisation of 

these PPIs and therefore trapping GTPases in non-functional conformations.  

Advantages of this strategy include targeting potential novel binding sites at the 

interface of GTPase-protein complex and eliminated competition with high affinity 

GTPase binders (Cromm et al., 2015). Example of such stabilisation is seen with 

fungal metabolite Brefeldin A, which binds to and stabilises small GTPase Arf in 

complex with its GEF, resulting in impaired Arf-signalling (Zeeh et al., 2006). This 

has driven further research to develop PPI stabilisers, with AstraZeneca 

successfully developing compounds targeting KRas-GDP-Sos complex, which 



 
 

19 

 

inhibited KRas activation (Winter et al., 2015). However, further developments of 

these compounds are required to achieve higher affinity binding (Cromm et al., 

2015).  

1.6.4 Effector inhibition 

Engagement of the effector proteins that transmit the signal downstream is a key 

requirement for Ras function. In addition, cancer-driving roles of at least six Ras 

effectors have been previously described (Cox and Der, 2010). As a result, the 

majority of efforts to develop therapies for Ras-driven cancers have focused on 

inhibition of effector signalling, as described below (Cox et al., 2014).  

 

 

 

 

Figure 1.8 Inhibitors of Ras effectors under clinical evaluation.  Approved 

inhibitors are highlighted in green. Adapted from (Cox et al., 2014, Ryan and 

Corcoran, 2018).  
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1.6.4.1 Raf-MEK-ERK inhibitors 

The Raf-MEK-ERK pathway is one of the best characterised signalling cascades 

downstream of Ras. Historically, it was perceived as a linear and unidirectional 

pathway, however the complexity of this signalling cascade is now well-

established, with numerous feedback mechanisms and regulators (Roskoski, 

2012). Therefore, initial assumptions that inhibition of either Raf, MEK or ERK 

would have equivalent results on mutant Ras-driven signalling was proven to be 

incorrect (Cox et al., 2014). 

Numerous Raf inhibitors are under clinical investigation (Figure 1.8), with four 

approved by the US Food and Drug Administration (FDA) agency. Although 

impressive responses with these inhibitors were observed in the clinic, drug 

resistance has been detected (Lito et al., 2013). In addition, Raf inhibitors 

triggered paradoxical activation of downstream signalling, by promoting Raf 

dimerization, which resulted in formation of secondary malignancies (Su et al., 

2012, Lacouture et al., 2012). Hence, second-generation inhibitors that do not 

cause Raf dimerization are under evaluation (Freeman et al., 2013, Durrant and 

Morrison, 2018).  

In recent years, there has been an increasing amount of discovery and 

development of MEK inhibitors, with many under clinical evaluation and 

trametinib and cobimetinib approved for treatment of BRAF-mutant melanoma 

(Figure 1.8) (Grimaldi et al., 2017, Cheng and Tian, 2017). However, the main 

obstacles with MEK inhibitors concern their toxicity (Cheng and Tian, 2017). To 

overcome this, dual inhibition of Raf and MEK have been evaluated in the clinic, 

which demonstrated increased efficacy and minimised toxicity. Indeed, this 

combined treatment is now considered best practice for BRAF-mutant melanoma 

patients (Hauschild et al., 2018, Planchard et al., 2017, Simeone et al., 2017). 

Therefore, the dual inhibition of Raf and MEK is believed to be the prospective 

strategy for inhibition of the MAPK pathway (Cheng and Tian, 2017).  

ERK inhibitors have also been investigated, with three compounds under clinical 

evaluation (Figure 1.8) (Morris et al., 2013). However, similarly to MEK inhibitors, 

drug resistance and enhanced MEK activation due to feedback mechanisms 

were observed (Cox et al., 2014). 
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1.6.4.2 PI3K-AKT-mTOR inhibitors 

The second best characterised signalling cascade downstream of Ras is the 

PI3K-AKT-mTOR pathway. Numerous studies, including mouse model analyses 

have described the role that the p110 catalytic subunits (Ŭ-, Ὓ- and ŭ-subunits) of 

PI3Ks play in Ras-dependent cancer growth, however to a lesser extent than the 

components of MAPK pathway (Gupta et al., 2007, Castellano et al., 2013). 

Nonetheless, inhibition of the PI3K pathway holds therapeutic potential (Cox et 

al., 2014).   

A plethora of PI3K-AKT-mTor pathway inhibitors are under clinical evaluation 

(Figure 1.8) (Cox et al., 2014). These inhibitors, when used as a single agent, 

have not shown anti-tumour effects in Ras-mutant cancers. However, because 

resistance to MAPK cascade inhibitors can be mediated by activation of PI3K-

AKT-mTOR pathway, combined inhibition of both pathways has been evaluated 

(Papke and Der, 2017). Disappointingly, results from clinical trials did not reflect 

those observed in mouse models. This was partially due to toxicity in human 

patients not detected in mouse studies (Engelman et al., 2008). As a result, 

ongoing research intends to determine the combinations of inhibitors with 

reduced toxicity (Britten, 2013).  

1.6.5 Inhibition of synthetic lethal interactions 

Another indirect strategy for inhibition of mutant Ras aims to define synthetic 

lethal interaction partners for Ras oncogene. These are genes, whose functioning 

is required in mutant Ras but not wild-type Ras cells (Kaelin, 2005). Several 

synthetic lethal interactors of mutant Ras have been previously identified. These 

included genes associated with cell cycle and mitosis (e.g. survivin), cell survival 

(BCL-XL), transcriptional programmes (GATA2) and parallel growth and survival 

(TBK1) (Luo et al., 2009, Kumar et al., 2012, Barbie et al., 2009, Steckel et al., 

2012). However, the overlap between identified genes from different studies was 

small and subsequent research failed to validate these as potential therapeutic 

targets. The limiting factors contributing to disappointing results of those studies 

include poor RNAi libraries validation, resulting in false-negative results and off-

target activities (Cox et al., 2014). Use of small number of KRAS-mutant cell lines 

in those screens is another limitation, due to heterogeneity in tumours arising 

from different organs, despite bearing similar oncogenic mutations (Garraway 
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and Sellers, 2006). To overcome some of these obstacles, Wang et al. recently 

employed CRISPR-Cas9 methodology, which have less off-target activities 

compared to RNAi screens, and used larger panel of Ras-mutant and wild-type 

cell lines to identify synthetic lethal genes (Wang et al., 2017). Further 

improvements to the synthetic lethal screen could include use of three-

dimensional culture models and in vivo assays (Papke and Der, 2017, Cox et al., 

2014). 

1.6.6 Inhibitors of metabolism 

Cancer cells need to reprogram cell metabolism in order to obtain energy required 

for increased proliferation. These metabolic adaptations constitute one of the 

hallmarks of cancer (Hanahan and Weinberg, 2011). There is an increasing 

number of reports describing the role of mutant Ras in regulation of various 

metabolic processes. For example, it has been shown that mutant Ras drives 

macropinocytosis, a process of internalisation of plasma membrane to acquire 

nutrients (Commisso et al., 2013). Albumin is one example of component 

obtained through macropinocytosis. Hijacking this process with albumin-bound 

chemotherapy drug paclitaxel is considered as standard of care for PDAC 

(Giordano et al., 2017). Ras-mutant cancers were also characterised by 

increased autophagy. Chloroquine, an autophagy inhibitor, was shown to impair 

tumour growth in mice and its derivative is under clinical evaluation for PDAC 

(Yang et al., 2011, Boone et al., 2018). Other metabolic processes directed by 

mutant Ras include elevated glucose metabolism and nucleotide and lipid 

biosynthesis by up-regulation of key enzymes, and increased flux through non-

canonical pathway to produce nicotinamide adenine dinucleotide phosphate 

(NADPH) to maintain redox balance (Ying et al., 2012, Son et al., 2013). In 

summary, understanding the involvement of Ras in metabolic processes 

broadens the therapeutic opportunities for Ras-driven cancers, by defining new 

targets (Papke and Der, 2017).  

1.7 Artificial binding proteins 

Despite promising results of many of the Ras inhibitors outlined above, none of 

them have been approved as anti-cancer therapeutics. Considering the high 

incidence of Ras-mediated oncogenesis as well as poor prognosis for Ras-driven 
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cancers, novel approaches for development of successful Ras inhibitors are 

required. Engineered proteins are becoming increasingly prevalent in 

biotechnology and clinical applications. Not surprisingly, over last two decades 

around 50 different engineered proteins have been developed, with some 

reaching clinical evaluation and several being available commercially (Table 1.1) 

(Wurch et al., 2012).  

Until recently, antibodies have been the most commonly used binding proteins in 

scientific research, diagnostics and therapy. However, as the development of 

novel applications progressed, certain drawbacks became apparent. These 

include large size, expensive manufacturing process and complex patent 

situation (Skerra, 2007). To overcome these limitations, the concept of universal 

binding site has been combined with robust protein framework, also termed 

óscaffoldô, to generate novel artificial binding proteins (ABPs) (Hey et al., 2005). 

An advantage of ABPs includes use of combinatorial mutagenesis of the variable 

binding region to generate diverse libraries of the scaffolds. Currently, a broad 

range of artificial binding site architectures are employed to mimic the binding 

principle of conventional antibodies. These include single or multiple loops 

presented on the scaffold or surface-exposed side chains of secondary structure 

elements (Hey et al., 2005). Screening of those diverse libraries allows selection 

of variants with desired binding to a pre-defined target via phage display or 

related techniques. Importantly, the in vitro selection process allows for fine-

tuning of the biomolecular characteristics to improve target affinity and selectivity, 

thermodynamic and chemical stability, shelf life and solubility as well as protease 

resistance (Skerra, 2007). A further advantage of ABPs is high production yield 

in bacterial systems, thus a cost-effective manufacturing process (Hey et al., 

2005).  

Many of the ABPs target disease-related proteins and display potential for 

development of binding molecules for therapeutic and diagnostic applications 

(Wurch et al., 2012, Hey et al., 2005). Therefore, it is not surprising that some of 

these scaffolds have been used to target Ras.  
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Scaffold Target Drug 
name 

Disease Phase 

Adnectin  
(Hooper and 
Burnett, 2013, 
Mullard, 2012, 
Tolcher et al., 
2011) 

VEGFR2 
PCSK9 
Myostatin 

Angiocept 
BMS- 
962476. 
BMS- 
986089 

Cancer  
Hypercholesterolemia 
Cachexia  

Phase II 
Phase I 
Phase I 

Affibody 
(Lofblom et 
al., 2010a, 
Ahlgren et al., 
2010) 

HER2 
Complement 
protein C5 

ABY-025 
SOBI002 

Cancer  
inflammation 

Phase I/II 
Phase I 

Affilin  
(Ebersbach et 
al., 2007) 

VEGF-A PRS-050 Cancer  Phase I 

Anticalin 
(Richter et al., 
2014) 

Hepcidin  PRS-080 Anaemia Phase I 

Avimer 
(Silverman et 
al., 2005) 

IL-6 AMG220 Crohnôs disease Phase I 

DARPin 
(Stumpp et 
al., 2008, 
Wolf et al., 
2011) 

VEGF-A 
VEGF-A 
VEGF/HGF 
HER2 

MP0112 
Abicipar 
MP0250 
MP0274 

Macular degeneration 
Macular degeneration 
Cancer  
Cancer 

Phase II 
Phase III 
Phase I 
Phase I 

Fynomer 
(Silacci et al., 
2016) 

TNF/IL-17A COVA322 Plaque psoriasis Phase I/II 

Knottin 
(S Smith and 
Deer, 2009, 
Mascarenhas-
Saraiva and 
Mascarenhas-
Saraiva, 
2018) 

N-type calcium  
channels 
 
Guanylate  
cyclase C 
receptor 

Ziconotide  
 
 
Linaclotide 

Neuropathic pain  
 
 
Irritable bowel  
disease  

FDA  
approval 

in 
2004 
FDA 
approval 

in 
2012 

Kunitz  
Domains 
(Dunlevy et 
al., 2012, 
Lehmann, 
2008) 

Plasma 
kallikrein 
 
 
Neutrophil  
elastase 

DX-88 
 
 
DX-890 

Hereditary  
angioedema 
 
Acute respiratory 
distress syndrome 

FDA  
approval 

in  
2012 
Phase II 
 

 

Table 1.1 Scaffold binding proteins currently approved or in clinical trials. 
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1.7.1 Intrabody 

To overcome the limitations of intracellular expression of antibodies, and thus 

targeting of intracellular targets, antibody fragments, such as single chain 

variable fragments (scFv), also termed intrabodies, have been engineered. 

ScFvs comprise heavy and light chain variable domains. The two chains are 

linked with flexible peptide linker, therefore eliminating the requirement for the 

inter-chain disulphide bond. This, coupled with small size makes the scFv form 

suitable for intracellular expression (Tanaka and Rabbitts, 2003). Intracellular 

antibody capture (IAC) technology, which combines in vitro phage selection and 

in vivo antibody-antigen interaction assay, has been developed to isolate 

intrabodies that are functional intracellularly (Tse et al., 2002, Visintin et al., 

2002).  

Since their creation in 1980s, scFvs have been extensively characterised as 

research and imaging tools and in therapeutic applications (Wheeler et al., 2003). 

For example, intracellular expression of intrabody targeting receptor tyrosine 

kinase ErbB-2 was shown to impair downstream signalling, cause specific 

cytotoxicity in ovarian tumour cells and prolonged survival of mice with human 

ovarian carcinoma tumours (Beerli et al., 1994, Deshane et al., 1995, Wheeler et 

al., 2003). Not surprisingly then, an anti-ErbB2 intrabody has reached clinical 

evaluation (Alvarez et al., 2000).  

Intrabodies were the first engineered scaffold proteins used to target Ras. Anti-

Ras scFvs were shown to inhibit oncogenic HRas G12V-mediated transformation 

of NIH 3T3 cells (Tanaka and Rabbitts, 2003). Further studies using intracellular 

single variable domain (iDab) format, isolated iDab6 intrabody, which specifically 

bound to active Ras and impaired Ras-dependent tumorigenesis in a mouse 

model. The X-ray crystal structure (Figure 1.9A) demonstrated that the interaction 

interface between iDab6 and HRas (discussed in more detail in section 5.1) 

overlapped with that of HRas and its effector Raf1, which provided evidence that 

iDab6 functions by impairing Ras-effectors interaction (Tanaka and Rabbitts, 

2010, Tanaka et al., 2007, Tanaka et al., 2003). In addition, an anti-Ras intrabody 

was recently used in a competition assay to screen for small molecules that target 

the same location on Ras (discussed in more detail in section 6.1) (Quevedo et 
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al., 2018). Altogether, these findings demonstrated the use of ABPs as a valid 

approach to develop Ras inhibitors.   

 

 

 

 

Figure 1.9 Co-crystal structures of Ras and Ras-binding scaffold proteins.  

Structures of A) HRas and intrabody iDab6 complex (PDB: 2UZI), B) HRas and 

monobody NS1 complex (PDB: 5E95) and C) KRas and DARPin K27 complex 

(PDB: 5O2S). Ras is shown in blue with switch I and switch II regions in yellow 

and orange, respectively. Images were generated in PyMOL.  

 

1.7.2 Affibody  

Affibodies are examples of non-immunoglobulin based scaffold proteins, derived 

from the Z domain of immunoglobulin-binding protein A from Staphylococcus 

aureus (Lofblom et al., 2010a). The affibody structure is composed of three Ŭ-

helices, with 13 randomised amino acids exposed on surface of two of the Ŭ-

helices (Lofblom et al., 2010b). Phage display techniques have been used to 

screen Affibody libraries to select high affinity and specificity Affibodies against 

variety of targets, including human insulin, CD28, apolipoprotein A-1 and HER2 

(Skerra, 2007). Isolated Affibodies have proven applications in therapy, imaging 
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and biotechnology, with some under clinical evaluation (Table 1.1) (Lofblom et 

al., 2010b).  

Specific Affibodies against HRas and Raf1 were also selected, which displayed 

micro- and nanomolar affinities towards Ras and Raf, respectively. Only the Raf-

specific Affibody was capable of inhibiting Ras:Raf interaction in a dose-

dependent manner, however with little effect on ERK activity. In contrast, the Ras-

specific Affibody, was shown to impair tumour-necrosis factor-Ŭ (TNF-Ŭ)-

stimulated ERK activation, but had no effect at inhibiting the Ras:Raf interaction. 

Further studies are required to determine mode of inhibition of these proteins. 

Nevertheless, use of Affibodies expanded the available approaches to target 

members of the MAPK signalling pathway (Grimm et al., 2010).  

1.7.3 Sso7d scaffold 

The Ras:Raf interaction has also been targeted by another engineered scaffold 

protein, based on the Sso7d DNA-binding protein from hyperthermophilic 

archaeon Sulfolobus solfataricus. Sso7d is a suitable protein for development of 

binding scaffold due to its small size (7kDa), high stability and lack of cysteines 

and glycosylation sites (Gera et al., 2011). Charge-neutralisation of this highly 

positively charged protein eliminated problems with non-specific interactions, 

while maintaining thermostability (Traxlmayr et al., 2016). Yeast display isolated 

binders with low nanomolar affinities towards variety of targets such as mouse 

serum albumin, growth factor receptor, small organic molecule and Notch1 

receptor (Traxlmayr et al., 2016, Gocha et al., 2017).  

The Sso7d library was screened against KRas to isolate R11.1.6 protein. 

Interestingly, R11.1.6 displayed preferential binding towards KRas G12D over 

wild-type KRas. R11.1.6 was also shown to directly block interaction with Raf, 

which in turn resulted in impaired downstream signalling through MAPK pathway. 

Structural studies of R11.1.6 in complex with KRas wild-type or G12D mutant 

provided insights into the basis for specificity. The major defining element in the 

specificity was the different conformation of switch I between the two structures. 

Therefore, this study highlighted the importance of consideration of switch I states 

during development of mutant-specific Ras inhibitors. Additionally, the R11.1.6-

KRas structure revealed an extensive hydrophobic interaction surface, which 
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could be exploited for future development of oncogenic Ras inhibitors (Kauke et 

al., 2017). 

1.7.4 Monobody 

The fibronectin type III domain was used to develop monobody scaffold proteins 

(Koide et al., 1998). These are immunoglobulin-like domains, which adopt a ɓ-

fold with randomised loops for molecular recognition. Properties of monobodies 

include high thermostability, lack of cysteine residues and post-translational 

modifications, high affinity and specificity of binding and minimal potential of 

immunogenicity, due to high concentration of fibronectin in human plasma. 

Various display systems, including phage, mRNA, yeast and yeast two-hybrid, 

have been used to isolate binders against variety of targets including growth 

factor receptors, SH2 and SH3 domains and kinases (Bloom and Calabro, 2009).  

A Monobody isolated against Ras, NS1, displayed binding to HRas and KRas 

isoforms irrespective of their nucleotide bound forms. Moreover, NS1 potently 

inhibited growth factor signalling and HRas and KRas-mediated oncogenic 

transformation. Structural studies demonstrated binding to a novel allosteric site, 

Ŭ4-ɓ5-Ŭ6 (Figure 1.9B, discussed in more detail in section 5.1). This region was 

shown to be crucial for Ras dimerization and nanoclustering, which in turn is 

required for CRaf-BRaf heterodimerisation and activation (Spencer-Smith et al., 

2017a). In addition, recent studies demonstrated ability of NS1 to inhibit KRas-

driven tumour growth in vivo (Khan et al., 2018). In summary, these findings 

established the importance of the allosteric regulatory site in Ras-mediated 

signalling and provided an invaluable tool for studying Ras dimerization and 

nanoclustering.  

1.7.5 DARPin 

Designed Ankyrin Repeat Proteins (DARPins) are another example of 

engineered proteins currently under clinical evaluation (Table 1.1). DARPins are 

derived from ankyrin repeat proteins, elementary binding proteins for numerous 

biological processes.  Single ankyrin repeat structure consists of ɓ-turn followed 

by two antiparallel Ŭ-helices. DARPins usually contain four to six repeats, yielding 

a solenoid-shaped structure with hydrophobic core and large interaction surface 

(discussed in more detail in section 5.1) (Pluckthun, 2015). Libraries of DARPins 



 
 

29 

 

are generated by sequence alignments of natural ankyrin repeat motifs along with 

structural analysis (Binz et al., 2003). Using ribosome display, variants with 

picomolar binding affinities were selected against variety of targets, including 

maltose-binding proteins and ERK. Interestingly, ERK-specific DARPins were 

able to distinguish between the inactive and active (doubly phosphorylated, p-

ERK) forms. Moreover, fusion of p-ERK-specific DARPin with fluorescent dye 

allowed real-time visualisation of active ERK in mouse embryo fibroblasts 

(Kummer et al., 2013). Thus, demonstrating that DARPins could be also used as 

biosensors of protein active states. The potential of using DARPins as therapeutic 

agents is currently evaluated in clinical trials with VEGF-A specific DARPin for 

treatment of advanced solid tumours, age-related macular degeneration and 

diabetic macular edema (Pluckthun, 2015, Rodon et al., 2015).  

DARPins have been also used to target Ras. Interestingly, DARPin K27 isolated 

against KRas (Figure 1.9C), was shown to target the inactive Ras-GDP form and 

inhibited nucleotide exchange of Ras. This translated into inhibition of 

downstream activation of ERK and AKT and impairment of Ras-mediated 

transformation. Structural studies demonstrated that K27 interaction interface on 

Ras overlaps with that of Sos, however without the conformational change in 

switch I required for nucleotide release. Therefore, K27 trapped KRas in inactive 

conformation. These findings established inhibition of nucleotide exchange as a 

promising new approach to block Ras-mediated signalling, and provided novel 

tools for better understanding of this mechanism of inhibition (Guillard et al., 

2017).  

In contrast, DARPin K55 inhibited Ras:Raf interaction, by binding to a region 

where Raf binds, therefore directly competing with Raf binding to Ras. Similarly 

to K27, DARPin K55 was shown to impair Ras-mediated downstream signalling 

and transformation (Guillard et al., 2017). Along with iDab6, R11.1.6 and Ras:Raf 

Affibodies, these findings further highlight the importance of Ras:Raf PPI for 

inhibition of Ras-driven signalling (Martin et al., 2018).  
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1.7.6 Affimer 

Recently, a novel artificial binding protein, termed Affimer, was developed (Tiede 

et al., 2017, Tiede et al., 2014). Two types of the Affimer scaffold are available, 

and these are described below.  

1.7.6.1 Type I Affimer 

The Type I Affimer scaffold is based on the human protease inhibitor Stefin A 

(Stadler et al., 2011). It is a 98 amino acids, single-chain protein, which uses 

exposed peptide loops to bind its target (Figure 1.10A). Site-directed 

mutagenesis abolished binding to Stefin A natural substrates (cathepsins) and 

allowed insertion of randomised peptides into the N-terminal and two hairpin loop 

regions (herein termed variable regions). This scaffold was termed Stefin A 

Quadrupole Mutant-Tracy, and successful expression has been obtained from E. 

coli, yeast and human cells and on the surface of the phage (Stadler et al., 2011).  

Yeast-two hybrid libraries were created, using the scaffold with randomised either 

10 residues in variable region 1 (VR1) or 12 residues in variable region 2 (VR2) 

or with simultaneously randomised 6 residues in VR1 and 12 residues in VR2. 

These libraries, comprising ~ 107 clones each, were screened to identify specific 

binders for the POZ domain of B-cell lymphoma 6 protein (BCL-6) and for the 

peptide derived from the penicillin binding protein PBP2ô (Stadler et al., 2011). 

Since the initial screens, phage display libraries of this scaffold have been created 

and are used for screening.  

1.7.6.2 Type II Affimer 

The Type II Affimer scaffold, originally termed the Adhiron, is related in structure 

to the Type I scaffold (Tiede et al., 2014). It is based on a consensus sequence 

of plant-derived phytocystatin, encoding four-strand ɓ-sheet core with central Ŭ-

helix and two randomised 9 amino acid loop regions for specific molecular 

recognition (Figure 1.10B) (Tiede et al., 2014). Similarly to the Type I, the Type II 

Affimer scaffoldôs properties include small size, high solubility and stability, high-

affinity target binding as well as lack of disulphide bonds and glycosylation sites, 

thus matching the criteria for engineered therapeutic proteins (Carter, 2011). 

Specific Affimers are isolated by employing phage display technique to screen 

the Affimer library. Since the initial proof-of-concept study, which isolated highly 
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specific Affimers against yeast SUMO protein (Tiede et al., 2014), specific 

Affimers displaying nanomolar binding affinities were selected for more than 350 

diverse targets, including modular domains, growth factor receptors, ion channels 

and small organic compounds. The extent to which Affimers can be used in 

applications such as dissection of intracellular pathways, inhibition of extracellular 

receptor function, modulation of ion channel function, in vivo imaging, affinity 

fluorescence, super-resolution microscopy, diagnostics and in drug discovery has 

been evaluated (Tiede et al., 2014, Tiede et al., 2017). For example, Affimer 

targeting glypican-3, a marker for hepatocellular carcinoma, have been used in 

combination with antibody to develop immunological diagnosis kit (Xie et al., 

2017a). In addition, Affimer specifically binding to anti-myc tag antibody was 

integrated into electrochemical biosensor, generating label-free, high sensitivity 

biosensor. This demonstrated that use of Affimers as the capture molecules, 

which offer high stability, specificity and affinity, is a suitable approach for label-

free detection of biomarkers (Raina et al., 2015). Noteworthy, Affimers have also 

been used to gain new insights into the HIF-1Ŭ/p300 proteinïprotein interaction, 

which plays an important role in tumour metabolism. Affimers were shown to 

inhibit this interaction with low micromolar affinity and indicated important binding 

regions on p300 surface, yielding information that could inform novel inhibitor 

design and development (Kyle et al., 2015). Importantly, Affimers have been also 

used to target members of the PI3K signalling cascade. This pathway is parallel 

to MAPK signalling, that can be activated by oncogenic Ras. Affimers against 

p85, a regulatory subunit of PI3K, blocked p85 function and effected downstream 

AKT phosphorylation. These findings therefore, demonstrated Affimers as 

valuable tools to study intracellular signalling (Tiede et al., 2017).  
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Figure 1.10 Structures of the Affimer scaffolds. Crystal structures of A) Affimer 

Type I (PDB: 1NB5) and B) Affimer Type II (PDB: 4N6U) with variable regions 

indicated in red. Images generated in PyMOL. 

 

1.8 Objectives  

The overall aim of this project was to investigate the suitability of Affimer reagents 

as new Ras-targeting molecular biology tools to study Ras function. Affimer 

reagents targeting Ras have previously been isolated, and preliminary 

experiments demonstrated the ability of these to modulate Ras activity. This 

project aimed to characterise selected Affimers, to develop new tools to study 

Ras function. Biochemical and structural characterisation of isolated binders were 

employed to understand the mode of action of these Affimers. Further 

characterisation of selected Affimers involved investigating their ability to block 

oncogenic Ras signalling in mammalian cells. This biochemical, structural and 

cellular understanding of Affimers action on Ras function could be used to inform 

development of new anti-Ras therapeutics. If successful, this strategy may be 

applied to screen for unique binding proteins against other disease-related 

targets, which are currently considered as óundruggableô. 
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Chapter 2  

Materials and Methods 

2.1 Materials 

2.1.1 General materials  

Primers used for sub-cloning (sequences shown in Table 2.2) and site-directed 

mutagenesis (sequences shown in Table 2.3) were obtained from Sigma-Aldrich. 

Primary and secondary antibodies were used as described in Table 2.4. Plasmids 

pFLAG-CMV-hErk1 (#49328) and pBabe-puro (#1764) were purchased from 

Addgene. Affimer-mimicking compounds were supplied by Dr Richard Foster, 

University of Leeds. Compounds 8-10 were purchased from ChemDiv.  

2.1.2 Bacterial strain genotypes 

BL21 StarTM (DE3) E. coli cells were purchased from Invitrogen (Life 

Technologies) and were used for protein production. XL-1 Blue supercompetent 

E. coli cells were purchased from Stratagene (Agilent Technologies) and were 

used for replication of plasmid DNA. The genotypes of each strain are shown in 

Table 2.1.  

 

  

Table 2.1 Genotypes of competent bacterial strains used in this project.  
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2.1.3 Primers used for sub-cloning 

Primers were used in the amplification of Ras or Affimer DNA from parent vectors 

by polymerase chain reaction (PCR), for sub-cloning into destination vectors. 

 

Table 2.2 List and sequences of primers used for sub-cloning. 
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Table 2.3 Sequences of primers used for site-directed mutagenesis of 

Affimer K6. 
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Table 2.4 Primary and secondary antibodies.  Details of antibodies species, 

concentration, dilution factor and source. IB: immunoblot, IF: 

immunofluorescence, ELISA: enzyme-linked immunosorbent assay.   

 

2.1.4 Cell lines 

Cell lines HEK293, Phoenix A, U2-OS, were maintained in Dulbecco's Modified 

Eagle Medium (DMEM), high glucose, GlutaMAX medium (Thermo Fisher, cat.  

no. 10569010) + 10% fetal bovine serum (FBS, Thermo Fisher, cat. No. 10270). 

Cell line Panc 10.05 was maintained in Roswell Park Memorial Institute (RPMI) 

1640 Medium, GlutaMAX (Thermo Fisher, cat. No. 61870044) +15% FBS, 10U 

insulin. Cell lines DLD-1 and SW620 were maintained in RPMI +10% FBS. Panc 

10.05 cell line was purchased from ATCC (CRL-2547). HEK293, Phoenix A and 

U2-OS cells were obtained from Dr Heather Martin, Leeds.  DLD-1 and SW620 

cells were obtained from prof. Mark Hull, St. Jamesôs University Hospital, Leeds. 

All cell lines used were mycoplasma-free.  
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2.2 Methods 

2.2.1 DNA protocols and molecular sub-cloning 

2.2.1.1 Polymerase Chain Reaction (PCR) 

The DNA sequences used during sub-cloning into various expression vectors 

were amplified by the polymerase chain reaction (PCR). The primers used in 

each reaction were dependent upon the parent and recipient vectors, and are 

detailed in the relevant method sections describing protein production and 

mammalian cell line production. The reactions were performed in 200 ɛl PCR 

tubes, using a G-StormTM GS2 thermal cycler. Reactions were carried out with 

Phusion® High-Fidelity DNA polymerase (New England Biolabs; NEB) using the 

components supplied with the polymerase. Reaction components and 

thermocycling conditions are detailed in Table 2.5 and Table 2.6. Following 

thermocycling, the template methylated DNA was digested by 10 U Dpn I (NEB) 

for 1 h at 37 °C. The PCR product was then purified using a NucleoSpin® Gel 

and PCR Clean-up kit (Macherey-Nagel), according to the manufacturerôs 

instructions. DNA was eluted using 50 ɛl nuclease-free water. 

 

 

Table 2.5 Composition of thermal cycling reaction. 
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Table 2.6 Cycling conditions for Phusion PCR method. 

 

2.2.1.2 Agarose gel electrophoresis 

Nine microliters of the PCR amplified and Dpn I digested DNA were mixed with 1 

ɛl of the 10x DNA loading dye (30 % glycerol; 0.2 % Orange G; H2O; final 

concentration 1x) and 5 ɛl of samples were loaded onto a 2 % (w/v) agarose gel 

in Tris-acetate-EDTA (TAE) buffer (40 mM Tris; 20 mM acetic acid, 1 mM EDTA, 

pH 8.0), containing 1X SYBR® Safe DNA Gel Stain. Quick-Load® Purple 2-log 

DNA Ladder (NEB) was loaded into a separate well. Electrophoresis was carried 

out in Mini-Sub® Cell GT apparatus (Bio-Rad) in TAE buffer at 100 V. DNA bands 

were visualised under UV light and imaged using an AmershamTM Imager 600 

(GE Healthcare).  

DNA purification from agarose gel was performed for the recipient vector DNA. 

After the electrophoresis, bands were excised from the gel using a scalpel. 

Extraction of the DNA was performed using a NucleoSpin® Gel and PCR Clean-

up kit (Macherey-Nagel), according to the manufacturerôs instructions. DNA was 

eluted using 50 ɛl nuclease-free water. 

2.2.1.3 Restriction digestion 

The restriction enzymes (purchased from NEB) used were dependent on the 

recipient vectors, and are detailed in the relevant method sections describing 

protein production and mammalian cell line production. The restriction digestion 

reactions were carried out in a total reaction volume of 50 ɛl containing 10 U 

restriction enzyme(s), 1 ï 5 ɛg DNA and 1X CutSmartÈ Buffer (NEB) in nuclease-

free water. The resulting fragments were purified using a NucleoSpin® Gel and 
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PCR Clean-up kit (Macherey-Nagel), according to the manufacturerôs 

instructions. DNA was eluted using 50 ɛl nuclease-free water. 

The recipient vector DNA was dephosphorylated to remove 5ô phosphate and 

prevent self-ligation. Dephosphorylation was carried out using Antarctic 

Phosphatase in a total reaction volume of 60 ɛl, containing 5 U Antarctic 

Phosphatase (NEB), 5 ɛg vector DNA and 1X Antarctic Phosphatase Reaction 

Buffer (NEB) in nuclease-free water. After incubation for 15 min at 37 °C, 

Antarctic Phosphatase was heat inactivated by incubation at 65 °C for 5 mins.  

2.2.1.4 DNA ligation 

Ligation reactions were performed in a total volume of 20 ɛl, containing 25 ng 

vector DNA, 75 ng insert DNA, 1 U T4 DNA Ligase (Roche) and 1X T4 DNA 

Ligase Buffer (Roche), in nuclease-free water. Ligation reactions were incubated 

at 4 °C overnight, followed by transformation of XL-1 Blue supercompetent E. coli 

cells.  

2.2.1.5 Transformation of E. coli bacterial strains with DNA 

The appropriate competent cells for each construct were thawed on ice. 1 ɛl of 

DNA was aliquoted to microcentrifuge tube and pre-chilled on ice, following by 

addition of 10 ɛl of cells (per transformation). The cell/DNA mixture was mixed 

and incubated on ice for 30 minutes, followed by heat shock in a 42 хC water bath 

for 45 seconds. Samples were then incubated for further 2 min on ice, before 

addition of 190 ɛl of SOC media (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose). 

Mixture was incubated at 37°C for 1 hour with shaking at 230 rpm. 100 ɛl of the 

transformation mixture was plated onto Lennox L agar plate (Invitrogen® Life 

Technologies, 10 g/L SELECT peptone 140; 5 g/L SELECT yeast extract; 5 g/L 

sodium chloride; 12 g/L SELECT agar) containing 100 ɛg/ml carbenicillin (LB-

carb plate) and incubated overnight at 37°C.  

2.2.1.6 Purification of plasmid DNA 

The sub-cloned plasmid DNA was purified by QIAprep® Spin Miniprep Kit for use 

of the plasmid in bacterial production or HiSpeed® Plasmid Maxi Kit (Qiagen) for 

use in production of mammalian cell lines. A single bacterial colony from LB-carb 
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plate was inoculated into 5 ml of Lennox L Broth Base (LB media, InvitrogenÊ, 

cat.  no. 12780-052) containing 100 ɛg/mL carbenicillin (LB-carb media) and 

incubated overnight at 37°C and 230 rpm. For minipreps, the overnight cultures 

were centrifuged at 4816 xg for 10 min at 4 °C and the plasmid DNA purified 

using the QIAprep Spin Miniprep kit, according to the manufacturerôs instructions. 

For maxipreps, the overnight cultures were used to inoculate 150 ml LB-carb 

media and incubated overnight at 37 °C, 230 rpm. Cells were pelleted at 4816 xg 

for 20 min at 4 °C and plasmid DNA purified using the HiSpeed® Plasmid Maxi 

Kit, according to the manufacturerôs instructions. DNA was eluted in nuclease-

free water.  

2.2.1.7 Determination of DNA concentration 

The concentration of purified DNA was measured by a NanoDropTM
 Lite 

spectrophotometer. The instrument was blanked with nuclease-free water, before 

taking measurements of the DNA samples. The absorbance at 260 nm has been 

used to calculate the DNA concentration using the Beer-Lambert Law (A260 = 

Ůcl, where Ů is the extinction coefficient, c is the DNA concentration in ng/ɛl and l 

is the path length in cm).  

2.2.1.8 DNA sequencing 

Sub-cloning was confirmed by DNA sequencing. The purified plasmid DNA was 

diluted to 100 ng/ɛl and sequencing was performed by Genewiz, using the 

primers detailed in Table 2.7.  

 

 

Table 2.7 Primers used for DNA sequencing of plasmids.  
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2.2.1.9 Construction of K6æVR2 mutant 

To generate Affimer K6æVR2 mutant, residues of the K6 variable region 2 were 

replaced with these from the Alanine Affimer (AAE). Affimer K6 variable region 1 

was amplified by Phusion PCR (as detailed in 2.2.1.1), using 1 ɛl of Affimer K6 

DNA, Affimer-VR1 forward and reverse primers (Table 2.2) and reaction 

components outlined in Table 2.5. Thermal cycling was performed using 

parameters outlined in Table 2.6. The same approach was used to amplify 

Alanine Affimer variable region 2 DNA sequence, but using Alanine Affimer DNA 

and Affimer-VR2 forward and reverse primers (Table 2.2) instead. PCR products 

were purified by PCR clean-up kit and subjected to splice overlap extension 

(SOE) PCR (as detailed in 2.2.1.1 but without any primers used) to anneal the 

two fragments together, followed by normal Phusion PCR with Affimer-His 

forward and reverse primers (Table 2.2). The spliced product was digested with 

Nhe I and Not I overnight at 37хC. The digestion products were purified using 

Qiagen Gel and PCR Clean up kit and according to the manufacturerôs 

instructions and sub-cloned into the pET11a vector double digested with Nhe I 

and Not I. Ligated DNA was transformed into XL-1 Blue super-competent cells 

for culturing and DNA extracted by mini-preparation. Resulting DNA was sent for 

sequencing to confirm successful ligation. On return of sequencing data, correctly 

sub-cloned DNA was transformed into BL21 StarTM DE3 cells for protein 

expression. 

2.2.1.10 Alanine scanning by site directed mutagenesis 

Mutagenic primers were designed using QuikChange primer design online tool 

(https://www.chem.agilent.com/store/primerDesignProgram.jsp) to substitute 

variable regionsô residues to alanine (shown in Table 2.3). The reactions 

containing 1x KOD Polymerase reaction buffer, 0.2 mM dNTP 2 mM MgSO4, 0.3 

ɛM of forward and reverse primers, 10 ng DNA template and 1 U KOD 

polymerase in a total of 50 ɛl were subjected to thermal cycling using parameters 

shown in Table 2.8. Following thermal cycling, samples were digested with Dpn I 

for 1 h at 37хC. XL1-Blue supercompetent cells were transformed with Dpn I 

treated samples, as outlined in section 2.2.1.5. Sub-cloned plasmid DNA was 

extracted using QIAprep Spin Miniprep Kit. Mutagenesis was confirmed by 

sequencing (Genewiz).  

https://www.chem.agilent.com/store/primerDesignProgram.jsp


 
 

43 

 

 

Table 2.8 Cycling conditions for site-directed mutagenesis protocol. 

 

2.2.2 Protein analysis 

2.2.2.1 Protein concentration determination 

The concentration of purified proteins was measured using a NanoDropTM Lite 

spectrophotometer. The instrument was blanked with the appropriate sample 

buffer before sample reading. Concentration was determined from the 

absorbance at 280 nm (A280) using the Beer-Lambert law (A280 = Ůcl, where Ů 

is the extinction coefficient, c is the protein concentration in mg/ml and l is the 

path length in cm). Extinction coefficients for each protein were calculated using 

ExPASy ProtParam software. 

Total protein concentration of cell lysates was determined by the bicinchoninic 

acid (BCA) assay. A PierceÊ BCA Protein Assay Kit was used, according to the 

manufacturerôs instructions for 5 ɛl samples in a microplate format. 

2.2.2.2 SDS-PAGE 

Purified proteins or whole cell lysates were re-suspended in 4x SDS sample 

buffer (200mM Tris-HCl, 8% SDS, 20% glycerol, 20% mercaptoethanol, 0.1% 

(w/v) bromophenol blue) and incubated at 95хC for 5 minutes. Samples were 

loaded onto 12.5% or 15% (w/v) SDS-polyacrylamide resolving gel (1.5 M Tris-

HCl, 0.4 % (w/v) SDS, pH 8.9) with 7.5% (w/v) SDS-polyacrylamide stacking gel 

(0.4M Tris-HCl, 0.4 % (w/v) SDS, pH 6.7) and run at 150 V for 60 minutes in SDS-

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). PageRulerTM
 Prestained 

Protein Ladder (10ï180 kDa) was used as molecular weight marker. Gels were 

stained for 45 min in Coomassie Blue (45% methanol; 7% acetic acid; 0.25% 

Coomassie Brilliant Blue R-250 (Sigma-Aldrich)) and de-stained overnight in 25% 
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methanol and 7.5% acetic acid. Coomassie-stained gels were imaged using an 

AmershamTM Imager 600 (GE Healthcare). 

2.2.2.3 Immunoblotting 

Proteins subjected to SDS-PAGE were transferred onto nitrocellulose membrane 

in transfer buffer (100mM Tris, 191mM glycine, 20% (v/v) methanol) using the 

Turbo transblot. Membranes were incubated in 5 % (w/v) skimmed milk (in TBS-

T (10mM Tris.HCl, 15mM NaCl, 0.1% Tween- 20 at pH7.5)) for 1 h on a rocker at 

room temperature. Membranes were then incubated with primary antibodies 

(Table 2.4) overnight at 4хC and washed 3 times for 5 min in TBS-T prior to 

incubation with HRP-conjugated secondary antibodies (Table 2.4) in 5 % (w/v) 

skimmed milk in TBS-T for 1 h at room temperature. Membranes were then 

washed 3 times for 5 min in TBS-T followed by detection using the Immunoblot 

forte Western HRP substrate (Millipore), according to the manufacturerôs 

instructions. Images were taken using an AmershamTM Imager 600 (GE 

Healthcare). Quantification of proteins was performed using densitometry on 

ImageQuant TL 8.1 analysis software (GE Healthcare) and quantities were 

corrected against loading controls. 

2.2.3 Protein production 

2.2.3.1 Affimers 

His-tagged Affimers were produced in E. coli BL21 StarTM DE3 Star cells. Briefly, 

a single bacterial colony from transformed cells was used to inoculate a 5 ml LB 

media (Invitrogen) with 100 ɛg/mL carbenicillin (LB-carb media). Then 500 ml LB-

carb media was inoculated with 5 ml of overnight culture and grown at 37°C and 

230 rpm to an OD600 between 0.6ï0.8, before addition of 0.5 mM isopropyl-ɓ-D-

thio-galactopyranoisde (IPTG) and further grown overnight at 25°C at 150 rpm. 

The cells were harvested by centrifugation at 4816 x g for 15 minutes. Cells were 

lysed in 50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidazole and 10% Glycerol pH 

7.4 supplemented with 0.1 mg/ml lysozyme, 1x Halt protease inhibitor cocktail 

and 10 U/ml Benzonase for 20 minutes at room temperature before heat 

denaturation at 50 °C for 20 minutes. The lysate was cleared by centrifugation at 

4,816 x g for 20 minutes then 12,000 x g for a further 20 minutes, then incubated 

with 500 ɛl Ni-NTA resin at room temperature for 1h. Unbound proteins were 
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removed by centrifugation followed by extensive washing with 50 mM NaH2PO4, 

500 mM NaCl and 20 mM Imidazole pH 7.4. His-tagged Affimers were eluted with 

50 mM NaH2PO4, 500 mM NaCl, 500 mM imidazole and 10% glycerol pH 7.5. 

A280 was measured for the purified proteins, from which the protein 

concentration was calculated using the Beer-Lambert law. Protein purity was 

analysed by Coomassie staining on 15% SDS-PAGE.  

2.2.3.2 KRas and HRas 

Plasmids encoding N-terminally His-tagged and C-terminally biotin acceptor 

protein (BAP)-tagged KRas and HRas proteins were synthesised by GenScript.  

(Piscataway, USA). Plasmid encoding the wild-type (wt) KRas was used in a 

QuikChangeTM mutagenesis to generate oncogenic KRas mutants: G12D, G12V 

and Q61H. These recombinant proteins were produced in E. coli BL21StarTM DE3 

Star cells. A single bacterial colony from LB-carb plate was used to inoculate a 5 

ml overnight culture in LB media (Invitrogen) with 100 ɛg/mL carbenicillin. Then 

500 ml LB-carb media was inoculated with 5 ml of overnight culture and grown at 

37°C and 230 rpm to an OD600 between 0.6ï0.8, before addition of 0.5 mM IPTG 

and further grown overnight at 20 °C at 150 rpm. The cells were harvested by 

centrifugation at 4816 x g for 15 minutes. Cells were lysed in 50 mM Tris-HCl, 

500 mM NaCl, 10 mM Imidazole, 5 mM MgCl2, 5% Glycerol, pH 7.5 supplemented 

with 0.1 mg/ml lysozyme, 1x Halt protease inhibitor cocktail and 10 U/ml 

Benzonase for 20 minutes at 4 хC. The lysates were cleared by centrifugation at 

4,816 x g for 20 minutes then 12,000 x g for a further 20 minutes, then incubated 

with 500 ɛl Ni-NTA resin at 4 хC for 1-2 h. Unbound proteins were removed by 

centrifugation followed by washing with 50 mM Tris-HCl, 500 mM NaCl, 20 mM 

Imidazole, 5 mM MgCl2, 5% Glycerol, pH 7.5. His-tagged Ras proteins were 

eluted with 50 mM Tris-HCl, 500 mM NaCl, 300 mM Imidazole, 5 mM MgCl2, 5% 

Glycerol, pH 7.5. OD280 was measured for the purified proteins, from which the 

protein concentration was calculated using the Beer-Lambert law. Protein purity 

was analysed by Coomassie staining on 15% SDS-PAGE.  

2.2.3.3 GST-KRas 

The KRas wt DNA sequence from expression vector pET11a was amplified by 

PCR (as detailed in 2.2.1.1) with GST-KRas forward and reverse primers 
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(Table 2.2). The PCR products were digested with Bam HI and Eco RI restriction 

enzymes at 37ęC overnight (as described in 2.2.1.3). The digested products were 

purified using Qiagen Gel and PCR Clean up kit (Qiagen) according to the 

manufacturerôs instructions and ligated with pGEX-6P-2 vector also digested with 

Bam HI and Eco RI restriction enzymes (as detailed in 2.2.1.4). Ligated DNA was 

transformed into XL-1 Blue super-competent cells (see 2.2.1.5) for culturing and 

DNA extracted by mini-preparation. Resulting DNA was sent for sequencing to 

confirm successful ligation. On return of sequencing data, correctly sub-cloned 

DNA was transformed into BL21 StarTM DE3 Star cells for protein production. 

Briefly, a single bacterial colony from LB-carb plate was used to inoculate a 5 ml 

overnight culture in LB media with 100 ɛg/mL carbenicillin. Then 500 ml LB-carb 

media was inoculated with 5 ml of overnight culture and grown at 37°C and 230 

rpm to an OD600 between 0.6ï0.8, before addition of 0.5 mM IPTG and further 

grown overnight at 20°C at 150 rpm. The cells were harvested by centrifugation 

at 4816 xg for 15 minutes. Cells were lysed in 50 mM Tris-HCl, 150 mM NaCl, 1 

mM DTT, 5 mM MgCl2, 1% Triton X-100, pH 7.5 supplemented with 1mg/ml 

lysozyme, 1x Halt protease inhibitor cocktail and 3U/ml Benzonase for 30-60 

minutes at 4хC. The lysates were cleared by centrifugation at 4,816xg for 20 

minutes then 12,000 xg for a further 20 minutes, then incubated with 1 ml 

SuperGlu Agarose Affinity Resin (Generon, cat.  no. SuperGlu 25A) at 4хC for 1-

2h. Unbound proteins were removed by centrifugation followed by washing of the 

resin with 50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 5 mM MgCl2, pH 7.5. GST-

KRas was eluted with 50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 5 mM MgCl2, 

50 mM reduced glutathione, pH 7.5. Purified protein was dialysed into 50 mM 

Tris-HCl, 100 mM NaCl, 1 mM DTT, 5 mM MgCl2, 5% glycerol, pH 7.5 using 

Slide-A-LyzerTM 10K MWCO dialysis cassette (Thermo Fisher). Protein 

concentration was measured using a BCA assay, as detailed in 2.2.2.1. Protein 

purity was analysed by Coomassie staining on 12.5% SDS-PAGE as described 

in 2.2.2.2. 

2.2.3.4 Affimer-KRas complex 

The KRas wt DNA sequence (without His- and BAP-tag) from expression vector 

pET11a was amplified by PCR (as detailed in 2.2.1.1) with KRas-forward and 

KRas-reverse primers (Table 2.2). The PCR products were digested with Nhe I 
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and Not I restriction enzymes at 37ęC overnight (as described in 2.2.1.3). The 

digested products were purified using Qiagen Gel and PCR Clean up kit (Qiagen) 

according to the manufacturerôs instructions and ligated with pET11a vector also 

digested with Nhe I and Not I restriction enzymes (as detailed in 2.2.1.4). Ligated 

DNA was transformed into XL-1 Blue super-competent cells (see 2.2.1.5) for 

culturing and DNA extracted by mini-preparation. Resulting DNA was sent for 

sequencing to confirm successful ligation. On return of sequencing data, correctly 

sub-cloned DNA was transformed into BL21 StarTM DE3 Star cells for protein 

production, as described in 2.2.3.2.  

Affimer was produced and purified as outlined in 2.2.3.1. Purified Affimer was 

dialysed into phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 8 mM 

Na2HPO4, and 2 mM KH2PO4) buffer using Slide-A-LyzerTM 5K MWCO dialysis 

cassette (Thermo Fisher). A280 of the dialysed Affimer was measured, from 

which the protein concentration was calculated using the Beer-Lambert law. Ten 

milligrams of purified Affimer was mixed with KRas lysate and incubated on a 

roller overnight at 4 хC. Two hundred microliters of pre-washed Ni-NTA resin was 

added to Affimer-KRas lysate mixture and incubated on a roller for 1-2 h at 4 хC. 

Unbound proteins were removed by centrifugation followed by washing in 50 mM 

Tris, 150mM NaCl, 5mM MgCl2, 1mM DTT, 20 mM Imidazole, 5% glycerol, pH 

7.5. Complex was eluted with 50 mM Tris, 150mM NaCl, 5mM MgCl2, 1mM DTT, 

300 mM Imidazole, 5% glycerol, pH 7.5. Eluted proteins were analysed by 

Coomassie staining on 15 % SDS-PAGE. Affimer-KRas complex was further 

purified into 10mM Tris, 50 mM NaCl, 0.5mM TCEP, pH 8 by size exclusion 

chromatography, using HiPrep 16/60 Sephacryl S-100 column (GE Healthcare). 

Eluted proteins were analysed by Coomassie staining on 15 % SDS-PAGE. 

Purified complex was concentrated using Vivaspin 6 5K MWCO centrifugal 

concentrator (Sartorius) to 12 mg/ml as determined by the BCA protein assay.  

2.2.3.5 Raf-RBD-GST expression 

The GST-tagged Ras binding domain (RBD) of Raf1 in pGEX vector (Addgene) 

was used to transform BL21 StarTM DE3 cells for protein production. A single 

bacterial colony from LB-carb plate was used to inoculate a 5 ml overnight culture 

in LB media with 100 ɛg/mL carbenicillin. Then 500 ml LB-carb media was 

inoculated with 5 ml of overnight culture and grown at 37°C and 230 rpm to an 
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OD600 between 0.6ï0.8, before addition of 0.5 mM IPTG and further grown 

overnight at 20°C at 150 rpm. The cells were harvested by centrifugation at 4816 

xg for 15 minutes. Cells were lysed in 50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 

1% Triton X-100, pH 7.5 supplemented with 1mg/ml lysozyme, 1x HaltTM protease 

inhibitor cocktail and 3U/ml Benzonase for 30-60 minutes at 4хC. The lysates 

were cleared by centrifugation at 4,816xg for 20 minutes then 12,000 xg for a 

further 20 minutes and the cleared cell lysates were used for subsequent assays.  

2.2.4 Ras nucleotide loading 

Prior to nucleotide loading, 50 ɛM Ras protein was desalted into nucleotide 

loading buffer (25mM Tris-HCL, 50mM NaCl, 0.5mM MgCl2 pH 7.5) using a 

ZebaTM spin desalting column (Thermo Fisher) equilibrated with buffer according 

to the manufactures instructions. MANT-GDP or GTP was added in a 20 fold 

excess over Ras as well as 1mM DTT and 5mM EDTA in a final volume of 130 

ɛl and incubated at 4 °C for 1h. After incubation MgCl2 was added in a 2 fold 

excess over EDTA and incubated for a further 30 minutes at 4 °C. Ras-mGDP or 

Ras-GTP was then desalted using a Zeba spin column into nucleotide exchange 

(NE) buffer (20mM HEPES pH 7.5, 150mM NaCl, 10mM MgCl2). Nucleotide 

loading was confirmed by native mass-spectrometry by Dr Kevin Tipping.   

 

2.2.5 Guanine nucleotide exchange assay 

Nucleotide exchange buffer was supplemented with 0.4 mM GTP and 0.5 ɛM 

Sos-cat (produced by Dr Kevin Tipping) for experiments involving wt Ras or 2ɛM 

Sos-cat for experiments involving mutant Ras proteins. The Affimers were diluted 

with this buffer to make 20 ɛM stock solutions, which were then used to make 

serial dilutions of the Affimers by diluting each new concentration of Affimer 2-

fold with nucleotide exchange buffer supplemented with Sos-cat and GTP. A 1ɛM 

stock of the WT or mutant Ras-mGDP protein was made by diluting the stock Ras 

in nucleotide exchange buffer supplemented with 2 mM DTT. Solutions were 

incubated at 30°C for 10 min prior to the assay. The reaction was initiated by 

addition of Affimer/Sos-cat/GTP solution to Ras/DTT containing solution. 

Changes in fluorescence were measured by a fluorescence spectrometer (Tecan 

Spark) in a Corning black, flat-bottomed, non-binding 384 well plate at 440 nm 
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every minute for 90 minutes. The data was then normalised to Ras-only control 

and fit to a single exponential decay using OriginPro software. The derived rates 

were normalised to these of Ras-Sos and Ras-only samples and fit to Hill 

equation (y = START + (END ï START) (xn / kn + xn) from which the IC50 values 

were calculated. 

2.2.6 Ras-Raf interaction assay 

Glutathione magnetic agarose beads (Thermo Scientific, Cat. No. 78601) were 

blocked with 2x blocking buffer (Sigma, Cat. No. B6429) overnight at 4х C. Beads 

were then washed with Binding/Wash (B/W) buffer (125mM Tris, 150mM NaCl, 

5mM MgCl2, 1mM DTT, 0.01% Tween-20, pH 8.0) and incubated with Raf-RBD-

GST soluble cell lysate for 1h at room temperature on a roller. At the same time, 

1 ɛg of KRas-GTP (in B/W buffer) was incubated with 10 ɛg of Affimers (in PBS) 

or PBS (no Affimer control) for 1 h at room temperature on a roller. Beads were 

washed 3x with B/W buffer and mixed with KRas-Affimer solutions. The pulldown 

was performed on KingFisher, programmed to incubate Raf-RBD-GST bound 

beads with KRas-Affimers for 1 h at room temperature, followed by 4x washes 

with B/W buffer, 15 sec each and elution of pulled down proteins into SDS-PAGE 

sample buffer (200mM Tris-HCl, 8% SDS, 20% glycerol, 20% mercaptoethanol, 

0.1% (w/v) bromophenol blue, pH 7). Proteins were then analysed by western 

blot with anti-GST and anti-Ras antibodies (Table 2.4).    

2.2.7 ELISA 

Maxisorp Nunc-Immuno strips (Sigma, Cat. No. Z755273-60EA) were coated 

with 100 ɛl of 1 ɛM GST-KRas and incubated overnight at 4 хC on a shaker. 

Strips were then washed 3 times with PBST (137 mM NaCl, 8 mM Na2HPO4, 2 

mM KH2PO4, 2.7 mM KCl, 0.1 % Tween-20, pH 7.4) on a plate washer (TECAN 

HydroSpeed), following by blocking with 10x Blocking Buffer (Sigma, Cat. No. 

B6429) for 3 h at 37х C. Strips were washed 3 x with PBST and incubated with 

dilutions of Affimers (in PBS) for 1 h at room temperature on a shaker. Wells were 

washed 3x with PBST, following incubation with anti-Hisx6-HRP antibody 

(Table 2.4) for 1 h at room temperature on a shaker. Antibody was washed off 3x 

with PBST and signal was developed with TMB substrate (Cat. No. S-001-TMB) 
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for 10 min at room temperature. Reaction was stopped by addition of H2SO4. 

Absorbance was measured at 450nm using plate reader.  

2.2.8 Protein crystallisation 

2.2.8.1 Initial screening 

Crystallisation experiments were initiated with commercial crystal screens, JCSG 

Core I-IV (Qiagen). Using the NT8 drop setter robot (Formulatrix), the Affimer-

KRas complex in 10mM Tris, 50 mM NaCl, 0.5mM TCEP, pH 8 at protein 

concentration of 12 mg/ml was mixed in 1:1 ratio with mother liquor, utilising the 

sitting-drop vapour diffusion technique. The plates were sealed and stored at 

room temperature. Crystal formation was monitored with the Rock Imager 

(Formulatrix) using visible light. In addition, the absorption of aromatic residues 

at 280nm (UV) has been employed in order to differentiate protein crystals from 

salt crystals and second-harmonic generation (SHG) microscopy has been used 

to detect crystal form.  

2.2.8.2 Optimisation of crystallisation 

Alterations of crystallisation conditions were made by changing the precipitant 

concentrations by 5% and the pH of the buffer by 0.5 unit. Hanging drops 

comprising 1 ɛl of Affimer-KRas protein complex with 1 ɛl of customized buffer 

were set up on cover slides, which were placed on top of the silliconised wells 

(Hampton Research) facing the buffer. Plates were incubated at room 

temperature and crystal formation was observed with a light microscope. Crystals 

were obtained in 0.1M Na acetate pH 5, 25% w/v PEG 4K, 0.2M (NH4)2SO4, 5% 

MPD. Crystals were frozen in 30% w/v PEG 4K, 0.1M Na acetate, pH 5, 0.2M 

(NH4)2SO4, 20mM MgCl2, 5% PEG 400, 5% MPD, 5% ethylene glycol and 5% 

glycerol.   

2.2.8.3 Crystal diffraction and structure determination  

X-ray diffraction data was collected at the Diamond Light Source. The structure 

of KRas-K6 complex was solved by molecular replacement using Protein Data 

Bank (PDB) codes 4OBE for the KRas and 4N6U for the Affimer with the program 

Phaser (McCoy et al., 2007). Structures were refined using REFMAC5 

(Murshudov et al., 1997), followed by iterative cycles of manual model building 
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using COOT (Emsley and Cowtan, 2004). Data collection and refinement 

statistics are summarized in Table 2.9. Data collection, processing and structure 

determination were carried out Dr Chi Trinh.  
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Table 2.9 X-ray crystallographic data collection, processing and refinement 

statistics for Affimer K6-KRas complex. Values given in parentheses 

correspond to those in the outermost shell of the resolution range. 
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2.2.9 Thawing cell lines 

Cells were thawed at 37 хC in water bath and transferred to 25 cm2 flask 

containing 5 ml of pre-warmed growth medium. Cells were incubated at 37 °C for 

1ï2 days to allow attachment to the flask and passaged once reached 70-80% 

confluency.  

2.2.10 Passaging cells 

Cells were washed twice with Dulbeccoôs Phosphate-Buffered Saline (DPBS) 

(Corning) and incubated with 2 ml trypsin-EDTA (GibcoTM) at 37 °C for 5 min to 

detach cells. Trypsin was neutralised by addition of 10 ml growth medium, and 

cells were pelleted by centrifugation at 1500 rpm for 5 min. Pelleted cells were 

re-suspended in growth medium and cell solution was distributed to new flasks 

and incubated at 37 °C, 5% CO2. 

2.2.11 Transient transfection of HEK293 cells 

For transient transfection optimisation trials and immunofluorescence studies 

Affimer-tGFP constructs were used. Affimer DNA was amplified from the pET11a 

vector using the Affimer-GFP forward and reverse primers (Table 2.2) in PCR 

with an exception that annealing temperature of 60 хC was used. The products 

were digested with Asi SI and Mlu I. The digested DNA fragments were ligated 

into Asi SI and Mlu I digested pCMV6-AC-GFP vector (Origene). The ligated 

plasmids were transformed into XL1-Blue cells and DNA extracted by mini-

preparation. Resulting DNA was sent for sequencing to confirm successful sub-

cloning. On return of sequencing data, DNA was transformed into XL-1 Blue cells 

for culturing and DNA was maxi-prepared (2.2.1.6) for transfection of HEK293 

cells.  

In addition, constructs encoding His-tagged Affimers were also generated and 

subsequently used in transient transfections of HEK293 cells. Affimer DNA was 

amplified from the pET11a vector using the Affimer-His forward and reverse 

primers (Table 2.2) in PCR with an exception that annealing temperature of 60хC 

was used. The products were digested with Bam HI and Not I. The digested DNA 

fragments were ligated into Bam HI and Not I digested pcDNA5/FRT/TO vector 

(Thermo Fisher). The ligated plasmids were transformed into XL1-Blue cells and 
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DNA extracted by mini-preparation. Resulting DNA was sent for sequencing to 

confirm successful sub-cloning. On return of sequencing data, DNA was 

transformed into XL-1 Blue cells for culturing and DNA was maxi-prepared 

(2.2.1.6) for transfection of HEK293 cells.  

400 000 HEK293 cells were seeded per well of 6-well plate and incubated for 24 

h at 37х C, 5 % CO2. 150 ɛl of Opti-MEM media (Thermo Fisher, cat. No. 

31985070) was mixed with 6 ɛl of Lipofectamine 2000 (Thermo Fisher, 

11668027), and incubated at room temperature for 5 min. 3 ɛg of plasmid was 

mixed with 150 ɛl of Opti-MEM media and mixed with 150 ɛl of 

media/Lipofectamine mix and incubated on a shaker at room temperature for 20 

min. Media from cells was aspirated and replaced with 2 ml of Opti-MEM media. 

250 ɛl of media/Lipofectamine/plasmid mix was added dropwise to cells and 

plates were incubated for either 24 h at 37х C, 5 % CO2.  

2.2.12 Ras immunoprecipitation 

400 000 HEK293 cells in 1 ml of DMEM +10% FBS were seeded per well in a 12 

well plate (Sarstedt). Following culturing for 24 h at 37х C, 5 % CO2, cells were 

transiently transfected with plasmids encoding Affimer-His constructs using the 

Lipofectamine 2000 reagent as outlined in 2.2.11. Twenty-four hours post 

transfection, media was aspirated, cells were washed with ice cold Dulbecco's 

Phosphate-Buffered Saline (DPBS, Corning, cat. No. 21-031-cvr) and cells were 

lysed in 50 mM Tris, 150 mM NaCl, 1% NP-40 (v/v), 1x HaltTM protease inhibitor 

cocktail (Thermo Fisher), 1x Phosphatase inhibitor cocktail (Sigma Aldrich), pH 

7.5. Cell lysates were centrifuged at 13 000 rpm for 10 min at 4° C to remove cell 

debris and the supernatant was incubated overnight at 4°C with Ni-NTA resin. 

After washing 5x with 500 ɛl of lysis buffer, pulled down proteins were eluted in 

40 ɛl SDS sample buffer (200mM Tris-HCl, 8% SDS, 20% glycerol, 20% 

mercaptoethanol, 0.1% (w/v) bromophenol blue, pH 7) and detected in a western 

blot with an anti-KRAS+HRAS+NRAS antibody or with anti-6X His tag antibody 

(HRP) (Table 2.4).  
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2.2.13 ERK immunoprecipitation 

400 000 HEK293 cells, maintained in DMEM +10% FBS were seeded per well of 

12 well plate. Following culturing for 24 h at 37хC, 5% CO2, cells were transiently 

co-transfected with plasmids encoding FLAG-ERK and Affimer-His constructs 

using the Lipofectamine 2000 reagent as outlined in 2.2.11. Twenty-four hours 

post transfection, cells were serum starved for 1 h and then signalling was 

stimulated with 25 ng/ɛl EGF (BD Biosciences, 354010) for 5 minutes. Media was 

aspirated, cells were washes with ice cold DPBS and lysed in 50 mM Tris, 150 

mM NaCl, 1% NP-40 (v/v), 1x HaltTM protease inhibitor cocktail, 1x Phosphatase 

inhibitor cocktail, pH 7.5. Cell lysates were centrifuged at 13 000 rpm for 10 min 

at 4° C to remove cell debris and the supernatants were incubated overnight at 

4° C with anti-FLAG M2 magnetic beads (Sigma Aldrich, M8823-1ML). After 

washing the beads 5x with 500 ɛl of TBS (50 mM Tris HCl,150 mM NaCl, pH 7.4), 

pulled down proteins were eluted in 40 ɛl SDS sample buffer (200mM Tris-HCl, 

8% SDS, 20% glycerol, 20% mercaptoethanol, 0.1% (w/v) bromophenol blue, pH 

7) and detected in a western blot with an anti-phosphoERK and anti-ERK 

antibody (Table 2.4). 

2.2.14 Generation of stable cell lines 

Affimer DNA was amplified from the pET11a vector using the DD-Affimer forward 

and reverse primers (Table 2.2) in PCR and the products were digested with Nco 

I and Bgl II. The digested DNA fragments were ligated into Nco I and Bgl II 

digested puromycin-resistant retroviral vector pRetroX-PTuner (ClonTech, cat. 

no. 632171). The ligated plasmids were transformed into XL1-Blue cells and DNA 

extracted by mini-preparation. Resulting DNA was sent for sequencing to confirm 

successful sub-cloning. On return of sequencing data, DNA was transformed into 

XL-1 Blue cells for culturing and DNA was maxi-prepared (2.2.1.6) for transfection 

of Phoenix cells.  

Phoenix A packaging cells were plated in T25 flask at 2x106 cells/ml. Six hours 

later the cells were transfected in serum-free media with 2 ɛg of pRetroX-PTuner 

plasmids using 8 µl TransIT-293 (Mirus, MIR 2704) in serum-free DMEM. Media 

was replaced with DMEM +10% FBS every 24h post-transfection. Virus 

supernatant was harvested at 72 h and 96 h post-transfection, filtered through 
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0.45ɛm filter and stored at 4хC until retroviral transduction. U2-OS cells were 

plated in T25 flask to 50% confluency and transduced with 2 ml viral supernatant 

with 2 ml serum-free media and 8 ɛg/ml polybrene (Sigma Aldrich) or 4 ml serum-

free media only (control transduction). The following morning, the media was 

replaced with DMEM +10% FBS and cells were incubated for 48 h at 37х C, 5 % 

CO2, before selection with 2 ɛg/ml puromycin (Sigma Aldrich). When cells 

reached confluency, cells were passaged. To examine expression of DD-

Affimers, cells were lysed in 50 mM Tris, 150 mM NaCl, 1% NP-40 (v/v), 1x HaltTM 

protease inhibitor cocktail, 1x Phosphatase inhibitor cocktail, pH 7.5. Cell lysates 

were centrifuged at 13 000 rpm for 10 min at 4° C to remove cell debris and the 

supernatants were subjected to SDS-PAGE and western blotting analysis with 

anti-DD antibody (Table 2.4).  

2.2.15 Treatment of cells with small molecules 

300 000 HEK293 cells or 800 000 Panc 10.05 cells were seeded per well of 12-

well plates and incubated for 24 h at 37х C, 5 % CO2. Cells were incubated with 

serum-free media supplemented with indicated concentration of compounds or 

0.6% DMSO for 3 h. Signalling was stimulated with 25 ng/ɛl EGF (BD 

Biosciences, cat. No. 354010) for 5 minutes. Media was aspirated, cells were 

washed with ice cold DPBS and lysed in 50 mM Tris, 150 mM NaCl, 1% NP-40 

(v/v), 1x Halt protease inhibitor cocktail, 1x Phosphatase inhibitor cocktail, pH 7.5. 

Cell lysates were centrifuged at 12,000 xg for 10 minutes at 4 хC to pellet cell 

debris. Supernatants were then mixed with SDS sample buffer and samples were 

analysed by western blot with an anti-phosphoERK and anti-tubulin antibodies 

(Table 2.4).  

2.2.16 Viability test 

20 000 cells were seeded per well of opaque walled 96-well plate and incubated 

overnight at 37х C, 5 % CO2. Cell were treated with indicated concentration of 

compounds in complete growth media for 72 h. Plates were equilibrated at room 

temperature for 30 min before mixing with 90 ɛl of the CellTitre-Glo® reagent 

(Promega, cat. No. G7571) and incubated on a shaker for 5 min. Plates were 

incubated at room temperature for 10 min and luminescence was measured using 

Tecan Spark plate reader. Background luminescence (from media only samples) 
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was subtracted from all samples and the luminescence was normalised to that of 

DMSO samples.  

2.2.17 Statistical analysis 

Statistical analysis was performed using one-way analysis of variance (ANOVA) 

and Tukeyôs post-test analysis for multiple comparisons using OriginPro software. 

Significant differences between control and test groups were evaluated with p 

values less than 0.05 (*), 0.005 (**), 0.001 (***) and 0.0001 (****) indicated on the 

graphs. Error bars in graphs denote ± standard error of the mean (SEM) from 

results of at least three independent experiments. 
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Chapter 3  

Biochemical characterisation of KRas-binding Affimers 

 

3.1 Introduction  

The initial production of monoclonal antibodies (mAbs) using hybridoma 

technology was reported over four decades ago (Kohler and Milstein, 1975). 

Since then antibodies have been the most commonly used binding proteins in 

scientific research. Advances in antibody engineering have enabled a striking 

transformation from scientific tools to human therapeutics, with over 30 

therapeutic antibodies reaching the market (Buss et al., 2012). However, as the 

development of novel applications progressed, certain drawbacks became 

apparent. These include large size, expensive manufacturing process and 

complex patent situation (Skerra, 2007). Moreover, there have been concerns 

regarding lack of validation and renewability of antibodies (Bradbury and 

Pluckthun, 2015, Bordeaux et al., 2010). Notably, one study demonstrated that 

more than 50% of 6000 commercially available antibodies failed to recognise their 

target (Berglund et al., 2008). Not surprisingly, there is a growing need to develop 

innovative strategies to overcome these limitations. As a result, engineered 

binding proteins, which combine the concept of universal binding site with robust 

protein framework, are becoming increasingly prevalent in biotechnology and 

clinical applications (Hey et al., 2005). The properties of these engineered 

proteins include small size, high thermostability, lack of cysteine residues and 

post-translational modifications, high affinity and specificity of binding and high 

production yield in bacterial system, thus a cost-effective manufacturing process 

(Hey et al., 2005, Skerra, 2007).  

Many of the engineered protein scaffolds target disease-related proteins and 

display potential for development of binding molecules for therapeutic and 

diagnostic applications (Wurch et al., 2012, Hey et al., 2005). This approach is 

especially promising in cases, where other strategies to develop therapeutics 

have failed to deliver. An example of such case is targeting of the Ras protein, 

which led to isolation of Ras-binding single domain intrabody. iDab6 intrabody 
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specifically bound to the active Ras and impaired Ras-dependent tumorigenesis 

in a mouse model (Tanaka and Rabbitts, 2003, Tanaka et al., 2007, Tanaka and 

Rabbitts, 2010). Since then, a number of other scaffolds have been used to target 

Ras, with some being evaluated in vivo (discussed in chapter 1.7) (Grimm et al., 

2010, Kauke et al., 2017, Spencer-Smith et al., 2017a, Khan et al., 2018, Guillard 

et al., 2017). These findings, therefore further supported the use of engineered 

binding proteins as a valid approach to target Ras. However, despite displaying 

potent inhibition of Ras, these proteins cannot be used as biotherapeutics yet, 

due to limited intracellular delivery. Moreover, it is unlikely that these will be 

converted into small molecules, due to large interaction surfaces. In contrast, 

novel non-immunoglobulin scaffold protein, called Affimer, exploits a smaller 

binding interface (Kyle et al., 2015). This inspired the work presented in this thesis 

to test the use of Affimers to target and modulate Ras activity, and to investigate 

whether the smaller binding interface of Affimers can be used to inform 

development of novel Ras inhibitors.  

Affimers are small (12 kDa) synthetic proteins comprising of a scaffold based on 

a consensus sequence of plant-derived phytocystatin and one or two variable 

regions for specific molecular recognition. To date, specific Affimers displaying 

nanomolar binding affinities were selected for more than 350 targets, and the 

extent to which Affimers can be used as research reagents, diagnostics and in 

drug discovery has been evaluated (discussed in chapter 1.7.6) (Tiede et al., 

2017, Kyle et al., 2015, Rawlings et al., 2015, Xie et al., 2017b, Sharma et al., 

2016, Koutsoumpeli et al., 2017).  

3.1.1 Preliminary results 

The Affimer phage library (Tiede et al., 2014) has been screened against wild-

type KRas-GDP to identify KRas binding reagents. Ninety-six randomly selected 

colonies, each representing one Affimer clone, were tested for their ability to bind 

to the immobilised KRas, loaded with either GDP or GTP, by phage ELISA 

(Figure 3.1). The majority of isolated Affimers displayed little or no binding to 

control. Interestingly, similar to the anti-Ras monobody NS1 (Spencer-Smith et 

al., 2017b), Affimers displayed binding to KRas, irrespective of the nucleotide 

bound form. This therefore, demonstrated that Affimers can bind to KRas in both 



 
 

61 

 

the active and inactive conformations. The screening work was carried out by Dr 

Christian Tiede. 

 

 

 

Figure 3.1 Phage ELISA for 96 Affimer clones isolated against KRas wild-type.  

Biotinylated wild-type KRas was immobilised on streptavidin-coated plates and 

incubated with phage, each expressing one Affimer clone. Following washing, bound 

phage was detected with HRP-conjugated anti-phage antibody and measured by 

absorbance to select positive clones. Binding selectivity was tested against GDP- and 

GTP loaded KRas. Streptavidin-only wells were used as negative control. 

 

 

Sequencing analysis of these clones identified seven unique Affimers, with the 

amino acid sequences of variable regions and the number of appearances 

indicated in Table 3.1. Affimer K3 was the most abundant Affimer clone in a pool 

of 96 binders sequenced. The remaining Affimers appeared less frequently in 

sequencing data.  
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Table 3.1 Variable regions amino acid sequences and number of appearances of 

seven unique Affimers against KRas wild-type. 

 

 

Further analysis of variable regions amino acid sequences revealed specific 

sequence patterns, diagrammed in Figure 3.2. In variable region one, a 

hydrophobic motif with tryptophan at residues 1, 5 and 6 was observed. In 

contrast, in variable region two, a charged and polar amino acids were the most 

frequent at residues 1, 3 and 9, respectively. To investigate the contribution of 

these particular residues to binding and inhibition and whether these motifs can 

be exploited for the development of novel anti-Ras inhibitors, further biochemical 

and structural characterisation of Affimers has been done (discussed in chapter 

5).  
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Figure 3.2 Analysis of motifs in variable region sequences of isolated Affimers.  

Web-based Seq2Logo representation of amino acids frequency at A) variable region 1 

and B) variable region 2. The x-axis represents the position in the variable regions, while 

the y-axis represent the frequency at which the amino acid is observed at that position. 

Large letters represent frequently observed amino acids, big stacks of letters represents 

conserved positions and small stacks represents variable positions. 

 

 

 

To identify inhibitors of Ras from the pool of isolated Affimers, their ability to inhibit 

nucleotide exchange reaction ï a primary process in Ras activation, was assayed 

using nucleotide exchange assay (Figure 3.3). KRas, loaded with fluorescent N-

methylanthraniloyl derivative of guanosine diphosphate nucleotide (mGDP) was 

incubated with GEF Sos, excess of unlabelled GTP and each Affimer. Sos-

catalysed nucleotide exchange was monitored by decrease in fluorescence 

intensity of mGDP observed upon nucleotide release from KRas. The reaction 

was monitored over course of 90 minutes and data was normalised to Ras-only 

control and fit to a single exponential decay model (Figure 3.4). This work was 

carried out by Dr Kevin Tipping.  
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Figure 3.3 Diagram of the nucleotide exchange assay.  KRas, loaded with fluorescent 

N-methylanthraniloyl derivative of guanosine diphosphate nucleotide (mGDP) was 

incubated with GEF Sos and excess of unlabelled GTP. Sos-catalysed nucleotide 

exchange was monitored by decrease in fluorescence intensity of mGDP observed upon 

nucleotide release from KRas. 

 

The observed results demonstrated differential ability of selected Affimers to 

inhibit Sos-cat-mediated nucleotide exchange reaction in a time-dependent 

fashion (Figure 3.4). Affimers K3, K6 and K37 displayed the most potent inhibition 

of this reaction, while Affimers K19 and K68 shown modest effect and Affimers 

K69 and K91 demonstrated the weakest inhibition. Interestingly, Affimer K3 also 

displayed inhibition of KRas intrinsic nucleotide release (Figure 3.4). This could 

indicate that K3 functions by allosterically inhibiting KRas, rather than directly 

competing with Sos-cat. Although, further characterisation is required to validate 

this hypothesis. Altogether, these findings have established the ability of Affimers 

to modulate Ras activation by inhibiting nucleotide exchange.  
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Figure 3.4 KRas-binding Affimers inhibited Sos-cat-catalysed nucleotide 

exchange reaction on KRas.  Wild-type KRas protein, loaded with fluorescent 

nucleotide mGDP was incubated with either buffer only (black squares), Sos-cat (red 

circles) or Sos-cat and Affimers (coloured shapes) and the fluorescence was measured 

every 60 seconds for 90 minutes. Each Affimer inhibited the nucleotide exchange 

reaction with different potency. Results are representative of two biological replicates. 

 

 

Work presented in this chapter examines the potencies of the three anti-Ras 

Affimers K3, K6 and K37 by nucleotide exchange with wild-type and clinically 

relevant KRas mutants as well as on HRas isoform. In addition, as number of 

previously reported Ras inhibitors were shown to affect interaction with Raf 

(Tanaka and Rabbitts, 2010, Kauke et al., 2017, Guillard et al., 2017), the 

capabilities of Affimers to impair the Ras-Raf binding were investigated.  
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3.2 Results  

3.2.1 Expression and purification of Affimers and Ras proteins 

The isolated Ras-binding Affimers and a control Affimer 10 (YS10) raised against 

yeast Sumo protein (Tiede et al., 2014), were previously sub-cloned into the 

pET11a expression vector. Affimer proteins with a C-terminal 6x Histidine (His) 

tag were produced in BL21 StarTM (DE3) competent cells, as described in section 

2.2.3.1. SDS-PAGE and Coomassie blue staining indicated sufficient production 

of Affimers, as compared to the non-transformed cells control (Figure 3.5A). The 

recombinant proteins were purified from bacterial cell lysates using nickel ion 

affinity chromatography, as described in section 2.2.3.1. Eluted fractions were 

analysed by SDS-PAGE and Coomassie staining, which indicated purification of 

proteins with the expected molecular weight (MW) of 12 kDa. Additionally, 

Coomassie analysis showed that 95% or more purity of the samples was 

obtained, which was sufficient for further assays (Figure 3.5B). Absorbance at 

280 nm (A280) was measured of each elution, and these values were used to 

calculate protein concentrations by using the Beer-Lambert law (molar extinction 

coefficients were determined using ExPASy ProtParam software). The maximal 

capacity of the amount of resin used was 25 mg and the typical yields of purified 

Affimers ranged from 10-25 mg of protein per 500 ml culture.  
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Figure 3.5 Production and purification of Affimers.  A) Following IPTG-induced 

expression in BL21 StarTM DE3 cells, whole cell lysates were analysed by Coomassie 

staining, which demonstrated efficient production of Affimers, as compared to the whole 

cell lysate of non-transfected cells. B) Affimers were purified by His-tag affinity 

chromatography, and eluted proteins were analysed by Coomassie staining, which 

indicated 95% or more purity of the samples. 

 

 

 

 

 

 

 



 
 

68 

 

Plasmids encoding KRas and HRas proteins with and N-terminal His-tag and C-

terminal biotin acceptor peptide (BAP)-tag were synthesised by GenScript 

(Piscataway, USA). These were sub-cloned in pET11a expression vector and 

produced in BL21 StarTM (DE3) competent cells, as described in section 2.2.3.2. 

SDS-PAGE and Coomassie blue staining indicated sufficient production of Ras 

proteins, as compared to the non-transformed cells control (Figure 3.6A). The 

recombinant proteins were purified from bacterial cell lysates using nickel ion 

affinity chromatography, as described in section 2.2.3.2. Eluted fractions were 

analysed by SDS-PAGE and Coomassie staining, which indicated purification of 

proteins with the expected molecular weight (MW) of 21 kDa. Additionally, 

Coomassie analysis showed sufficient purity for downstream assays 

(Figure 3.6B). A280 was measured of each elution, and these values were used 

to calculate protein concentrations by using the Beer-Lambert law (molar 

extinction coefficients were determined using ExPASy ProtParam software). 

Typical yields ranged from 1-5 mg of protein per 1L culture. 

QuikChangeTM mutagenesis was used to generate oncogenic KRas mutants, 

G12D, G12V and Q61H from the WT sequence. These variants were produced 

and purified as described above. The mutagenesis, production and purification of 

KRas mutants was carried out by Dr Kevin Tipping.  
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Figure 3.6 Production and purification of Ras.  A) Following IPTG-induced expression 

in BL21 StarTM DE3 cells, whole cell lysates were analysed by Coomassie staining, which 

demonstrated efficient overexpression of KRas and HRas isoforms, as compared to 

whole cell lysate of non-transfected cells. Ras proteins were purified by His-tag affinity 

chromatography, and eluted B) KRas and C) HRas proteins were analysed by 

Coomassie staining, which indicated efficient purity for downstream assays.   

 

 

3.2.2 Inhibition of nucleotide exchange of wild-type KRas and HRas 

proteins  

To calculate the IC50ôs of Affimers K3, K6 and K37 on nucleotide exchange of wt 

KRas, selected Affimers were titrated into the assay from 5 nM to 10 ɛM. Dose-

dependent inhibition of this reaction was observed, with highest Affimer 

concentrations displaying highest level of inhibition (Figure 3.7). To achieve an 

understanding of the effectiveness of the Affimers as inhibitors of nucleotide 

exchange, the initial reaction rates (V0), were plotted against Affimer 

concentration. From obtained dose-response curves (Figure 3.8), the 

concentrations of Affimers required for 50% inhibition of the reaction were 

calculated and are shown in Table 3.2. Affimers K6 and K37 displayed moderate 

potency of inhibition, with IC50 values of 594 ± 271 and 697 ± 158 nM for wt KRas, 

respectively. In contrast, out of the three Affimers tested, K3 displayed the most 

potent inhibition of wt KRas, with IC50 of 144 ± 94 nM.  



 
 

70 

 

Ras isoforms are closely related with high amino acid sequence identity 

(Castellano and Santos, 2011), suggesting that KRas-binding Affimers may also 

have an effect on other Ras isoforms. To investigate this, wt HRas was tested 

with KRas-binding Affimers in nucleotide exchange assay. As expected, Affimers 

K3, K6 and K37 were also capable of inhibiting nucleotide exchange of HRas 

(Figure 3.8). Affimers K6 and K37 displayed similar inhibitory potencies towards 

wt HRas as towards wt KRas (Table 3.2) (p-value for K6 = 0.342, and for K37 = 

0.752). This therefore, demonstrated that K6 and K37 do not show isoform 

specificity. Interestingly, significantly lower inhibition of HRas (IC50 of 2585 ± 335 

nM, p-value = 0.006) in comparison to KRas has been observed with K3. From 

these findings, two conclusions were drawn. Firstly, K3 displayed potent inhibition 

of Ras activation in an isoform-specific manner. Secondly, because this isoform 

specificity has not been observed with K6 and K37, it is likely that these two 

Affimers have different mode of action than K3. However, structural 

characterisation of Affimer-Ras complexes would be required to provide definite 

answers.   
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Figure 3.7 Affimers dose-responsively inhibited Sos-mediated nucleotide 

exchange reaction.  Affimers were tested in nucleotide exchange at a range of 

concentrations between 5nM-10ɛM. Changes in the fluorescence intensity over time of 

Affimer K3 at different concentrations are shown. Similar results were obtained for 

Affimers K6 and K37 (data not shown). Results are representative of three biological 

replicates (n=3). 
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Figure 3.8 Affimers inhibited nucleotide exchange reaction on wild-type KRas and 

HRas.  Dose-response curves for Affimers A) K3, B) K6 and C) K37 demonstrating 

inhibition of Sos-mediated nucleotide exchange of wild-type KRas (black) and wild-type 

HRas (green). The initial nucleotide exchange reaction rates were plotted against Affimer 

concentrations of 5 nM - 10 ɛM and fit to Hill model, which was used to calculate the IC50 

values. Results are representative of three biological replicates (n=3). Error bars are ± 

SEM.   
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Table 3.2 Calculated IC50 values for wt KRas and HRas.  Values were calculated from 

the Hill equation, to which the data was fitted, and represent the averages from three 

biological repeats (n=3). Error bars are ± SEM. 

 

 

3.2.3 Inhibition of nucleotide exchange of KRas mutants 

To evaluate the effects of Affimers on mutant forms of KRas, nucleotide exchange 

assays with recombinant G12D, G12V and Q61H KRas mutant proteins were 

performed. Firstly, however, because Sos-cat is fivefold less effective at releasing 

the nucleotide from mutant KRas compared to wt KRas (Maurer et al., 2012), 

titration experiments with Sos-cat and KRas G12D were carried out (Figure 3.9). 

This was to determine the Sos-cat concentration to provide the optimal assay 

window for reactions with mutant KRas. Indeed, slower kinetics of the reaction 

were observed with the same Sos-cat concentration, which was used in assay 

with wt KRas. As a result, 4-fold increase in Sos-cat concentration was required 

(0.25 ɛM and 1 ɛM Sos-cat for assays with wild-type and mutant KRas, 

respectively).  

Similarly to results obtained with wild-type KRas, co-incubation of mutant KRas-

mGDP with Sos-cat and KRas-binding Affimers, dose-responsively inhibited 

nucleotide exchange, with IC50 values shown in Table 3.3. Affimer K3 displayed 

similar potencies towards wt KRas and G12D and G12V mutants, while it was 

significantly less effective at inhibiting nucleotide exchange on Q61H mutant 

(Figure 3.10, p-value = 0.029). This therefore, indicated that K3 displayed not 

only isoform-specificity, but was also capable of discriminating between KRas 

mutants. Interestingly, Affimer K6 demonstrated marginally better inhibition of 

nucleotide exchange of the G12D mutant in comparison to other Ras mutants 
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and isoforms (Table 3.3). Likewise, K37 displayed lower IC50 value against G12D 

mutant, but it was less effective at blocking nucleotide exchange on Q61H KRas 

(Figure 3.10; Table 3.3).  

Altogether, these findings conclude that Affimers isolated against wt KRas are 

also effective inhibitors of oncogenic mutants. Interestingly, mutant-selectivity 

was observed, which could be further explored for the isolation of mutant-specific 

inhibitors. Furthermore, differences in the IC50 values between those three 

Affimers, further supported the hypothesis that these binders could display 

different modes of inhibition.  

Noteworthy, some of the dose-response curves did not reach plateau at the 

highest Affimer concentrations, which could have affected accurate determination 

of the IC50 values (Sebaugh, 2011). Therefore, further tests with broader Affimer 

concentration ranges would be required to determine the accuracy of obtained 

IC50s. However, these assays aimed to determine whether isolated Affimers are 

effective against the clinically relevant KRas mutants, which was sufficiently 

demonstrated with the data presented.   
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Figure 3.9 Titration of Sos-cat into the nucleotide exchange assay with KRas G12D 

mutant.  Sos-cat was titrated into the assay from 125 nM to 1ɛM to determine the 

concentration for optimal assay window. As a result, 4-fold increase in Sos-cat 

concentration was required (final Sos-cat concentration of 1µM) to obtain similar kinetics 

as with the assay with wild-type KRas protein.  
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Figure 3.10 Affimers inhibited nucleotide exchange reaction of oncogenic mutant 

KRas proteins.  Dose-response curves for A) Affimer K3, B) Affimer K6 and C) Affimer 

K37 demonstrating inhibition of nucleotide exchange of KRas G12D (red), KRas G12V 

(blue) and KRas Q61H (pink). Results are representative of three biological replicates 

(n=3). Error bars are ±SEM. 
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Table 3.3 Calculated IC50 values for oncogenic KRas mutants.  Values were 

calculated from the Hill equation, to which the data was fitted, and represent the 

averages from three biological repeats (n=3). Error bars are ± SEM. 

 

 

3.2.4 Ras-Raf interaction assays 

One of the strategies to block Ras function involves inhibition of the Ras-effector 

binding, with a number of previously reported Ras inhibitors demonstrating 

impairment of this interaction (Tanaka and Rabbitts, 2010, Kauke et al., 2017, 

Guillard et al., 2017). Therefore, the capabilities of Affimers to inhibit the Ras-Raf 

binding were also investigated. This was done by a pull down assay, as described 

in chapter 2.2.6, with recombinant Ras binding domain (RBD) of Raf1. Notably, 

although in the initial attempt only the three KRas-Affimers, described above, and 

a control YS10 Affimer have been used, in the optimised assay all seven anti-

KRas Affimers were tested. This is because, in the initial phage-ELISA binding 

assay Affimers displayed binding to KRas, irrespective of the nucleotide bound 

form, which indicated the potential of Affimers binding to active, GTP-bound KRas 

and preventing interaction with its effector. Moreover, the fact that some of these 

did not display potent inhibition of nucleotide exchange, did not preclude them 

from blocking the Ras-RBD binding.  

In this assay, a yeast-SUMO binding Affimer (YS10) was used as a negative 

control, along with DynabeadsTM only sample. In contrast, no Affimer sample, 

comprising RBD-GST and KRas-GTP, was used as a positive control for the 

assay. In the initial attempt, a band in the beads only sample was observed 

(Figure 3.11A). This indicated non-specific binding of KRas-GTP to the beads. 
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To resolve this issue, the assay buffer was supplemented with 1mM dithiothreitol 

(DTT) and 0.1% Tween-20. While the reducing agent was used to disrupt non-

specific interactions mediated by disulphide bridges, the Tween-20 detergent was 

added to prevent non-specific hydrophobic interactions (Johnson, 2013). In 

addition, a GST only sample was used as a negative control. This was a better 

negative control for this assay, as it demonstrated that the pulled down KRas was 

due to specific binding with RBD, rather than due to non-specific interactions with 

the GST-tag. As a result of these modifications, the non-specific binding to beads 

was reduced, as no detectable band at molecular weight of 21 kDa, 

corresponding to pulled down KRas, was observed in the GST-only sample 

(Figure 3.11B). In contrast, a strong band was detected in the no Affimer sample, 

signifying the successful binding and pulldown of KRas-GTP with RBD-GST. 

Interestingly, pre-incubation of K3 with KRas, blocked the KRas-RBD interaction 

almost completely, as demonstrated by hardly detectable levels of pulled down 

KRas-GTP in comparison to the amount of KRas-GTP in controls (Figure 3.11B). 

Affimers K19 and K37 also significantly impaired this interaction, although to a 

much lesser extent than K3 (Figure 3.11C). Affimer clones K6, K68, K69 and K91 

along with the control Affimer YS10 had no effect on KRas binding to RBD.  
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Figure 3.11 Effect of Affimers on KRasïGTP binding to Raf-RBD-GST.  GST-

tagged Ras binding domain (RBD) of Raf was added to KRas-GTP, which was pre-

incubated with Affimers. RBD-GST was precipitated on glutathione DynabeadsTM, and 

pulled down proteins were analysed by western blot with anti-Ras and anti-GST 

antibodies. A) Western blot analysis of precipitated protein from the initial attempt, 

demonstrating non-specific binding to beads. B) Western blot analysis of precipitated 

protein from the optimised method. C) Quantification of precipitated KRas-GTP. Relative 

KRas-GTP levels were normalised to levels of precipitated KRas from no Affimer sample. 

Affimers K3, K19 and K37 significantly inhibited the KRas-RBD interaction, as 

demonstrated by reduced pulldown of KRAS-GTP. GST only and Affimer YS10 were 

used as negative controls. Results are representative of three biological replicates. Error 

bars denote ± SEM. p᾽0.05 (*), p᾽0.01 (**), p᾽0.001 (***). 
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3.3 Discussion  

The Affimer library has been previously screened and seven unique KRas-

binding clones have been isolated. In preliminary experiments, these Affimers 

were shown to bind to KRas, irrespective of the nucleotide bound form 

(Figure 3.1). This mode of binding is similar to previously reported anti-Ras 

monobody NS1. However, because of this insensitivity to the nucleotide state of 

Ras, NS1 did not block nucleotide exchange. Structural studies provided 

explanation for this, as NS1 monobody was shown to bind to the allosteric 

regulatory site, away from the switch I and II regions (Spencer-Smith et al., 

2017a). Conversely, KRas binding Affimers were shown to inhibit nucleotide 

exchange (Figure 3.4). This therefore, could indicate that Affimers bind to a 

distant site away from the Ŭ4-ɓ5-Ŭ6 interface. However, structural studies 

(discussed in more details in chapter 5) are required to provide definitive answers.  

One of the strategies to directly modulate Ras function involves reducing the 

amount of active Ras by inhibiting nucleotide exchange. However, the effects of 

blocking nucleotide exchange were initially thought to be restricted by the 

impaired GTPase activity of Ras mutants. This dogma however, was challenged 

by studies, which provided the evidence for cycling of Ras nucleotide states 

(Patricelli et al., 2016). As a result, small molecules and peptides, which block 

nucleotide exchange have been reported. These were shown to inhibit the 

nucleotide exchange in dose-dependent manner with the half maximal inhibitory 

concentration (IC50) ranging from mid- to low micromolar. Albeit those inhibitors 

showed only moderate effects on downstream signalling (Leshchiner et al., 2015, 

Maurer et al., 2012, Patgiri et al., 2011). Irreversible inhibition of nucleotide 

exchange on KRas G12C with a covalent inhibitor ARS-853 resulted in reduced 

levels of the active Ras and triggered apoptosis (Patricelli et al., 2016, Lito et al., 

2016). Recently, Guillard et al. reported potent inhibition of nucleotide exchange 

with DARPin K27 as a valuable approach to affect active Ras levels and Ras 

function. DARPin K27 displayed low nanomolar IC50 and impaired Ras-mediated 

signalling and cell proliferation (Guillard et al., 2017). Altogether, these findings 

re-evaluated the potential of nucleotide exchange inhibition as promising 

approach to develop novel Ras inhibitors.  
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KRas labelled with fluorescently-tagged GDP nucleotide (mGDP) has been used 

to directly measure the effects of Affimers on nucleotide exchange. Properties of 

this fluorescent nucleotide include small fluorophore, therefore not causing major 

perturbation of protein-nucleotide interactions and significantly increased 

fluorescent signal when bound to the protein compared to unbound mGDP, which 

therefore allows for continuous monitoring of release and association of 

nucleotides from GTPases (Kanie and Jackson, 2018). Due to the very high 

affinity of Ras for guanine nucleotides, the slow intrinsic release rate needs to be 

enhanced by Sos, which lowers GTPase nucleotide affinity, allowing for rapid 

nucleotide exchange (Bos et al., 2007). Initial nucleotide exchange assays with 

seven KRas-binding Affimers, identified K3, K6 and K37 as the most potent 

inhibitors, with IC50 values ranging from 144 to 697 nM for wild-type KRas 

(Table 3.2). Notably, Affimers displayed a 1000-fold better inhibitory potency 

(Table 3.2) than small molecule Ras inhibitor DCAI (IC50= 155 ɛM) (Maurer et al., 

2012). Likewise, Affimersô IC50 values were significantly better to those of 

stabilised peptides SAH-SOS1A (IC50 = 5-15 ɛM) (Leshchiner et al., 2015) and 

HBS3 (IC50= 25 ɛM) (Patgiri et al., 2011). However, inhibitory potencies of 

Affimers were two orders of magnitude lower than that of DARPin K27 (IC50 = 2.4 

nM) (Guillard et al., 2017). Noteworthy, when interpreting data obtained from 

nucleotide exchange assays and comparing them to previously published data, 

the type of the assay and reaction conditions need to be considered, as different 

assay conditions could influence calculated IC50 values. Guillard et al. used 

fluorescent resonance energy transfer (FRET) biochemical assay, coupling 

nucleotide exchange with Ras-Raf binding, rather than direct measurement of the 

nucleotide exchange (Guillard et al., 2017). Additionally, the rate of 

heteronucleotide GDP Ą GTP exchange reaction is described to be 5-fold and 

10-fold faster than homonucleotide GTPĄ and GDPĄ exchange reactions, 

respectively. This is due to higher affinity binding and activation of Sos-cat by 

Ras-GTP at the allosteric site and the stronger binding of Ras-GDP at the 

catalytic site (Vo et al., 2016). Nucleotide exchange assay employed in this study 

examined heteronucleotide mGDPĄGTP exchange reaction, thus adequately 

representing Sos-cat-induced nucleotide exchange.  
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Ras isoforms, K-, H- and NRas are ubiquitously expressed and display 85% 

sequence identity. However, they exhibit different biological functions (Omerovic 

et al., 2008, Castellano and Santos, 2011), therefore isoform specificity of Ras 

inhibitors is highly desirable. Since, 86% of Ras-driven cancers carry KRas 

mutations (Downward, 2003), the majority of previously developed Ras inhibitors 

targeted the KRas isoform (Leshchiner et al., 2015, Lim et al., 2014, Maurer et 

al., 2012, Ostrem et al., 2013, Upadhyaya et al., 2015, Guillard et al., 2017), yet, 

their effects on other Ras isoforms have not been explored. Recently, selectivity 

towards KRas and HRas was shown with monobody NS1 due to single amino 

acid difference between Ras isoforms (Spencer-Smith et al., 2017a). 

Interestingly, Affimer K3 also demonstrated isoform-selectivity, as it displayed 

significantly lower inhibitory activity towards HRas (IC50 = 2585 ± 335 nM) in 

comparison to KRas (IC50 = 144 ± 94 nM). Therefore, K3 represents a valuable 

tool to study isoform-specific Ras inhibition. However, further tests including 

determination of binding affinities towards isoforms and structural 

characterisation of Ras-Affimer complexes are required to validate these results. 

Additionally, tests with the third isoform, NRas would be beneficial to further 

investigate isoform specificity. This however, was not performed due to problems 

with production of the soluble NRas protein (data not shown).  

Ras mutations are one of the major driving forces in tumour development and 

progression, therefore identification of mutant specific inhibitors is highly 

desirable (Cox et al., 2014). The possibility of selective targeting of Ras mutants 

has been described with the KRas G12C inhibitors. These covalently attached to 

KRas via the mutant cysteine residue, therefore not affecting the wild-type protein 

(Patricelli et al., 2016, Lito et al., 2016, Ostrem et al., 2013, Janes et al., 2018). 

While other anti-Ras inhibitors, especially those inhibiting nucleotide exchange 

reactions, described above, were proven to be effective against oncogenic KRas 

mutants, the mutant-selectivity so far has not been described for any of them. In 

contrast, Affimer K3 has displayed strikingly better inhibition of KRas G12D and 

G12V (IC50 values of 144 ±40 and 176 ± 115 nM, respectively) in comparison to 

Q61H mutant (IC50 = 3005 ± 865 nM). Likewise, marginally better inhibition of 

KRas G12D was observed with K6 and K37 (Table 3.3). These findings 

demonstrated that Affimers isolated against wild-type KRas were also capable of 



 
 

83 

 

inhibiting clinically relevant mutants. Importantly, it also established those 

Affimers as valuable tools to study mutant-selectivity, which could lead to the 

development of mutant-specific inhibitors.  

Perhaps the most interesting finding, described in this chapter, was that three out 

of the seven KRas-binding Affimers significantly impaired Ras-RBD binding, with 

K3 displaying the most potent inhibition (Figure 3.11). While number of Ras-

targeting scaffold proteins were shown to function by inhibiting the Ras-Raf 

interaction (Tanaka et al., 2007, Kauke et al., 2017, Guillard et al., 2017), the 

ability to simultaneously block nucleotide exchange and Ras-effector binding has 

not been previously reported. This therefore, established a novel mode of Ras 

inhibition, which could be further explored for development of novel anti-Ras 

therapeutics.  

Further characterisation of selected Affimers should involve assessment of the 

binding affinities towards wild-type KRas protein. Determination of the 

dissociation constants would allow to define whether these binders could 

compete with the interactions of Ras with its GEFs and effector proteins, such as 

Sos and Raf, for which the dissociation constants are 1.9 ɛM and 160 nM, 

respectively (Tanaka et al., 2007, Sondermann et al., 2004). Moreover, it would 

allow direct comparison to other anti-Ras scaffolds reported previously. One 

technique for measuring binding affinities is isothermal titration calorimetry (ITC). 

ITC is a well validated method, that has been extensively used to study protein-

ligand, protein-protein, DNA-ligand and RNA-macromolecule interactions (Duff et 

al., 2011). ITC is a label-free technique, therefore eliminating the problems 

associated with molecular labels, such as steric hindrance or change of protein 

structure, which can in turn affect the measured affinity (Peters et al., 2009). 

Additionally, apart from the binding affinities, other useful information such as the 

stoichiometry and enthalpy, can be obtained from ITC experiments (Duff et al., 

2011). Additionally, binding affinities towards GTP-bound KRas, as well as Ras 

isoforms and mutants could be investigated, as it would be interesting to see if 

these correlate with the isoform and mutant-selectivity observed in nucleotide 

exchange assays. Moreover, it could also provide evidence as to whether 

Affimers indeed do not discriminate between the nucleotide-bound forms of Ras, 

as indicated in the initial phage ELISA (Figure 3.1).  
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In conclusion, data presented in this chapter demonstrated anti-KRas Affimers as 

binding reagents displaying potent inhibition of nucleotide exchange on wild-type 

as well as on oncogenic KRas mutants and HRas isoform. Moreover, for the first 

time, dual inhibition of Ras activation and Ras-effector interaction has been 

described.   
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Chapter 4  

Effects of Affimers on Ras-mediated signalling in cells 

 

4.1 Introduction  

During the development of protein inhibitors as potential therapeutics, it is 

important to remember that proteins in their native environment, within the cell, 

do not function in isolation, but are rather involved in multi-protein signalling 

cascades (De Las Rivas and Fontanillo, 2010). Indeed, the human protein-protein 

interactome is believed to contain between 130 000 to 650 000 protein 

interactions (Stumpf et al., 2008, Venkatesan et al., 2009). Most of the PPIs are 

usually intractable to small molecule inhibitors, due to large and flat interfaces 

(Cheng et al., 2007). This, has led to the development of macrodrugs, such as 

peptides (Fosgerau and Hoffmann, 2015) or antibodies (Perez-Martinez et al., 

2010), and these biologics have become the fastest growing class of therapeutics 

(Aggarwal, 2010). However, the majority of these biotherapeutics, especially 

antibodies and their fragments, are only effective against extracellular targets, 

which represent only a small proportion of PPIs in signalling pathways (Tsomaia, 

2015, Martin et al., 2018). In addition, antibodies are dependent on disulphide 

bond formation for stability, which is not possible in the reducing environment of 

the cytoplasm, thus leaving the intracellular targets out of their reach (Helma et 

al., 2015). Although intracellular antibodies, termed intrabodies (described in 

section 1.7.1) were shown to function in the cytoplasm, these usually require 

complex selection strategies to isolate clones that are indeed functional 

intracellularly and they often rely on localisation signals for efficient activity 

(Marschall et al., 2015). For instance, the anti-Ras intrabody iDab6 was shown to 

impair cancer cell proliferation and reverted the phenotype of Ras-transformed 

cancer cells only when the iDab6 expression was targeted to the plasma 

membrane (Tanaka et al., 2007). Therefore, non-immunoglobulin based artificial 

binding proteins offer an advantage to study intracellular targets in their native 

environment, as they lack disulphide bonds, therefore retain their full 

effectiveness in the cellular milieu.    
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A number of scaffold proteins have been examined in cell-based assays as well 

as in mouse models. For example, binders targeting individual SH2 domains 

allowed dissection of intracellular signalling pathways and identified new 

biological functions (Wojcik et al., 2010, Grebien et al., 2011, Sha et al., 2013, 

Tiede et al., 2017). The effects of binding proteins targeting Ras have also been 

evaluated in cellular assays. The Ras-binding monobody NS1 significantly 

reduced EGF-mediated ERK and AKT activation and inhibited transformation of 

NIH 3T3 cells by oncogenic KRas and HRas (Spencer-Smith et al., 2017b). 

Additionally, doxocycline-induced expression of NS1 reduced the growth of Ras 

tumour cells in nude mice (Khan et al., 2018). Likewise, intracellular expression 

of anti-Ras DARPins K27 and K55 reduced ERK and AKT phosphorylation in 

HEK 293 and HCT 116 cells and slowed anchorage-independent cell growth 

(Guillard et al., 2017). These findings therefore, demonstrated that scaffold 

proteins are effective intracellularly and are valuable tools to study signalling 

pathways in cells.   

As mentioned earlier (chapter 1.7.6), the effects of Affimer reagents were also 

studied in cellular assays. Apart from being valuable tools for in vivo imaging, 

Affimer reagents have been also used to study signalling pathways. The isoform- 

and domain-specific Affimers targeting the SH2 domain of PI3K subunit p85, were 

shown to block the intracellular function of p85 in transiently transfected NIH 3T3 

cells, which resulted in increased AKT phosphorylation (Tiede et al., 2017).  

The abilities of isolated anti-KRas Affimers to function in the cytoplasmic 

environment and to modulate downstream signalling events were investigated 

and are described in this chapter. Firstly, the capability of intracellularly 

expressed Affimers to engage with the endogenous Ras has been evaluated, 

followed by examination of effects on Ras-mediated signalling by assaying the 

phosphorylation levels of downstream effectors ERK1 and 2.  
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4.2 Results  

4.2.1 Optimisation of transient transfection of HEK 293 cells 

Plasmids encoding recombinant proteins can be delivered into the cells by 

standard cell biology techniques including transient transfection or viral 

transduction (Deroo et al., 2016). Initially, transient transfection was chosen, 

because it is an easier, more rapid and less laborious method in comparison to 

generation of stable cell lines (Durocher et al., 2002) and high level of protein 

expression can be obtained (Subedi et al., 2015), which may be required for 

effective inhibition of Ras function.  

Firstly, the sequences of Affimers K3, K6, K37 and YS10 were sub-cloned into 

the mammalian expression vectors pcDNA5 and pCMV6, to encode C-terminally 

6xHis- and tGFP-tagged Affimers, respectively, as described in 2.2.11. The DNA 

sequences from bacterial expression vector pET11a were amplified by PCR, 

using primers designed to contain Bam HI and Not I restrictions sites for sub-

cloning into pcDNA5 and Sgf I and Mlu I restrictions sites for sub-cloning into 

pCMV6. Obtained products of approximately 300 bp (Figure 4.1) were cloned into 

the desired vectors. Insertion of the genes was confirmed by sequencing 

(Genewiz).  
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Figure 4.1 Cloning of Affimers into mammalian expression vector.  A) Affimer DNA 

sequences were amplified from pET11a plasmid by PCR and the products were 

analysed by 2% agarose gel. PCR products were digested with Bam HI and Not I and 

ligated into pcDNA5/FRT/TO vector. B) Plasmid map of pcDNA5/FRT/TO with indicated 

position of restriction enzyme cleavage. C) Affimersô DNA sequences were amplified 

from pET11a plasmid by PCR and the products were analysed by 2% agarose gel. PCR 

products were digested with Sgf lI and Mlu I and ligated into pCMV6-AC-GFP vector. D) 

Plasmid map of pCMV6-AC-GFP with indicated position of the restriction enzyme 

cleavage site.  
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Chemical transfection methods are the most commonly used techniques for 

introduction of plasmids into mammalian cells (Kim and Eberwine, 2010). Here, 

the cationic liposome based reagent LipofectamineTM 2000 (LF2000) was used 

as a tool for DNA transfection. The transfection efficiency is largely dependent on 

the DNA/transfection reagent ratio (Kim and Eberwine, 2010). Additionally, high 

transfection reagent concentrations can cause cytotoxicity, due to accumulation 

of liposomes in the cytoplasm (Jäger et al., 2015).  Therefore, transfection trials 

with different amounts of the LF2000 reagent were conducted to determine the 

optimal concentration for the highest transfection efficiency and the lowest 

cytotoxicity. Human embryonic kidney (HEK293) cells were transiently 

transfected with 1 ɛg of pCMV6 plasmid encoding turbo-green fluorescent protein 

(tGFP) tagged Affimer YS10 and with varying amounts of LF2000 reagent, as 

described in section 2.2.11. Turbo-GFP is a variant of the green fluorescent 

protein, displaying brighter green fluorescence, which is visible earlier in 

comparison to fluorescence of other GFPs (Shagin et al., 2004, Evdokimov et al., 

2006). Live cells were imaged at 24 hours post-transfection (Figure 4.2), and the 

amount of viable cells expressing YS10-tGFP was used as a measure of 

transfection efficiency. Mock transfection with the LF2000 reagent only was used 

as a control. Highest transfection efficiency was observed with 2 ɛl of the reagent, 

as indicated by the highest proportion of green-fluorescent cells. Conversely, the 

highest amount of LF2000 used (5ɛl) resulted in the highest cell toxicity, as 

indicated by the largest proportion of rounded cells in the sample (Figure 4.2, 

bottom panels). Since, the amount of DNA was kept constant, the observed 

toxicity can be attributed to the effects of the transfection reagent. Noteworthy, 

expression of the Affimer YS10 did not appear to affect the phenotype of the cells, 

although this was not quantified in this assay. In summary, these findings have 

established the optimal transient transfection conditions, which were used for 

subsequent transfection assays.  

Immunofluorescence on transiently transfected and fixed cells, with their nuclei 

stained could be performed to more quantitatively assay the transfection 

efficiency. Moreover, additional transfection trials using varying amounts of DNA 

and longer incubation time post-transfection could be performed to further 

optimise the protocol. Although, the levels of expressed protein in the transfected 
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cells appeared to be high, as indicated by the signal intensity in imaged cells. 

This was expected, due to expression of the adenovirus 13 S E1a protein in 

HEK293 cells, which increases transcription from the CMV promoter (Gorman et 

al., 1989), under which control was the production of Affimers in the vectors used. 

Therefore, further optimisation of transfection efficiency was not conducted.  
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Figure 4.2 Optimisation of transient transfection conditions.  400 000 HEK293 cells 

were plated in 12 well-plate and incubated for 24h before transfection with 1ɛg of Affimer 

YS10-tGFP plasmid and with indicated amounts of LipofectamineTM 2000 (LF2000) 

reagent. Cells were imaged at 24h post-transfection, and the visible light, GFP and 

merged images are shown. Highest transfection efficiency and lowest cell cytotoxicity 

was observed with 2ɛl LF2000 reagent. Scale bars are 100ɛm.  
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4.2.2 Intracellularly expressed Affimers engage with endogenous 

Ras 

Next, the ability of intracellularly expressed Affimers to capture endogenous Ras 

was examined. Intracellular expression of Affimers was chosen over the use of 

purified proteins, as this would test whether the Affimers retain their ability to bind 

with the target protein in the reducing environment of the cytoplasm. This assay 

was also used to confirm Affimers binding to the native, full length form of Ras, 

as compared to the recombinant protein used in phage display. HEK293 cells 

were transiently transfected with pcDNA5 plasmids encoding His-tagged 

Affimers, as described in section 2.2.11. Twenty-four hours post-transfection cell 

lysates, containing expressed Affimers and endogenous Ras proteins were 

harvested and analysed by western blot to verify expression of Ras. Relatively 

equal levels of Ras proteins were seen in all samples, as indicated by detected 

bands at molecular weight of approximately 21 kDa (Figure 4.3, bottom panel). 

Remaining lysates were incubated with Ni-NTA resin. After washing the resin, 

pulled down proteins were eluted and analysed by western blot to detect resin 

bound Affimers and verify pulldown of endogenous Ras. Sufficient intracellular 

expression of Affimers was confirmed by detection of bands at the expected MW 

of 12 kDa with anti-His antibody (Figure 4.3). As visualised by western blotting 

analysis with the anti-Ras antibody, KRas-binding Affimers, but not the control 

YS10 Affimer, pulled down endogenous Ras (Figure 4.3). Additionally, binding to 

the resin only (labelled as HEK293 cells) was not observed, thus demonstrating, 

that Ras was precipitated due to specific interactions with Affimers, rather than to 

non-specific binding to resin. Relatively equal amounts of endogenous Ras were 

precipitated with the three KRas-binding Affimers tested, demonstrating similar 

binding capabilities of these reagents. Noteworthy, the immunoprecipitation 

assay employed here, detected levels of pulled down pan-Ras and did not 

discriminate between the Ras isoforms. Western blotting analysis with isoform-

selective antibodies could be performed to determine if any of the Affimers 

preferentially precipitate specific isoforms. Although, the main purpose of this 

assay was to test Affimers ability to bind to endogenously expressed Ras in the 

intracellular environment, which was sufficiently demonstrated.  
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Figure 4.3 Precipitation of endogenous Ras with intracellularly expressed 

Affimers.  Affimers were transiently expressed in HEK293 cells and precipitated via His-

tag on Ni-NTA resin. Precipitated proteins were analysed by western blot with anti-His 

and anti-Ras antibodies. KRas-binding Affimers pulled down endogenously expressed 

wt Ras, as opposed to control Affimer YS10. Results are representative of three 

biological replicates (n=3). WCL: whole cell lysate.  

 

 

4.2.3 Effects of Affimers on Ras-mediated signalling in transiently 

transfected HEK293 cells 

Inhibition of Ras with Affimers was expected to modulate downstream signalling. 

To investigate this levels of ERK phosphorylation were measured, as an indicator 

of disruption of the Ras-mediated MAPK pathway. Firstly, however, the MAPK 

pathway needed to be initiated by stimulation of the epidermal growth factor 

receptor (EGFR) with the human epidermal growth factor (EGF). As this 

stimulation is known to be transient (Shah et al., 2003), a time-course of EGF-

induced ERK phosphorylation was assayed to determine the optimum time point 

for harvesting the cells. HEK293 cells were firstly serum starved for 1h, to remove 

any effects of growth factors from the serum (Pirkmajer and Chibalin, 2011), 

following by treatment with 25 ng/ml EGF for 0-20 minutes. Cell lysates were 

subjected to western blotting analysis to detect phosphorylated-ERK1/2 (pERK) 

and tubulin as a loading control. EGF stimulation caused rapid ERK1/2 activation, 

reaching a peak in pERK between 2 and 5 minutes, as compared to the non-
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stimulated control (Figure 4.4). Thereafter signal decline towards basal level was 

observed. Therefore, it was decided that 5 minutes stimulation would be used for 

subsequent assays, as any decrease in pERK levels could be readily observed.  

 

 

 

 

Figure 4.4 Time-course of EGF-induced ERK1/2 phosphorylation in HEK293 cells.  

HEK293 cells were starved in media without serum for 1h, then treated with 25 ng/ml 

EGF for the time periods indicated. Cell lysates were analysed by western blotting 

analysis with phospho-ERK specific antibody. Tubulin was used as a loading control. 

Results are representative of three biological replicates (n=3). 

 

HEK293 cells were then transiently transfected with either empty pcDNA5 vector, 

used as a negative control, or plasmids encoding His-tagged Affimers. Twenty-

four hours post transfection, cells were serum-starved, the MAPK pathway was 

stimulated with 25 ng/ml of EGF for 5 min, as described above, and cell lysates 

were subjected to western blotting analysis to detect levels of pERK and tubulin. 

As visualised in Figure 4.5, successful stimulation of cells was achieved, signified 

by the difference in ERK phosphorylation between stimulated and non-stimulated 

controls. However, neither of the KRas-binding Affimers nor the control YS10 

Affimer had significant effect on ERK1/2 phosphorylation, when compared with 

the EGF-stimulated pcDNA5 vector only control. Sufficient Affimers expression 

was detected with anti-His western blot, therefore failure to detect effects on 

pERK cannot be attributed to the low levels of Affimer expression.  
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Figure 4.5 Effect of transiently expressed Affimers on EGF-induced ERK1/2 

phosphorylation in HEK293 cells.  HEK293 cells were transiently transfected with 

either empty pCDNA5 vector or encoding Affimers. Twenty-four hours post transfection, 

cells were starved in media without serum for 1h and signalling was stimulated with 25 

ng/ml EGF for 5 min. Cell lysates were analysed by western blotting with phospho-ERK 

specific antibody. Tubulin was used as loading control. Results are representative of 

three biological replicates (n=3). 

 

 

4.2.4 Transient expression of Affimers decreased ERK 

phosphorylation in co-transfected HEK293 cells 

It was hypothesised that the lack of observed effects on ERK phosphorylation, 

described above, could have been due to lower than expected transfection 

efficiency. As a result, any changes to pERK levels caused by inhibition of Ras-

mediated signalling by Affimers, could have been masked by the signal from non-

transfected cells. Therefore, to assay the levels of ERK phosphorylation in cells 

producing Affimers, HEK293 cells were co-transfected with plasmids encoding 

His-tagged Affimers and FLAG-tagged ERK1. Twenty-four hours post 

transfection, cells were serum starved, followed by 5 min stimulation with 25 

ng/ml EGF and the whole cell lysates were subjected to western blotting analysis 
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to detect endogenous pERK levels. Cells transfected with empty pcDNA5 vector 

and YS10 Affimer were used as controls. Similarly to results described above 

(Figure 4.5), no effect of Affimers on levels of endogenous pERK was observed. 

The remaining lysates were subjected to immunoprecipitation on anti-FLAG 

beads. After washing the beads, bound proteins were subjected to 

immunoblotting to detect levels of the recombinant pERK and total ERK as a 

loading control (Figure 4.6). As visualised by western blotting analysis, cells 

expressing Affimers K6 and K37 showed significantly reduced phosphorylation of 

the recombinant ERK1, as compared to the EGF-stimulated cells transfected with 

empty pcDNA5 vector. As expected, the control Affimer YS10 did not have an 

effect on pERK levels. 

Rather surprising was the result obtained with Affimer K3, which did not reduce 

levels of pERK. As the binding between intracellularly expressed K3 and 

endogenous Ras was confirmed (Figure 4.3), it was expected that K3 would also 

affect Ras-mediated signalling. Since K3 displayed isoform-specific inhibition of 

nucleotide exchange (section 3.2.2), the Ras isoform expression levels in 

HEK293 cells were compared, which indicated over 3 fold higher expression of 

HRas over KRas (Uhlen et al., 2017, Human Protein Atlas). This therefore, 

indicated that effects of inhibition of KRas by K3 in HEK293 cells could have been 

masked by the signalling from uninhibited HRas. Thus providing explanation for 

the results observed here.  

An alternative assay, based on immunofluorescence, was also performed, to 

further study the levels of ERK phosphorylation in cells expressing Affimers. In 

this case, the HEK293 cells were transiently transfected with pCMV6 plasmids 

encoding Affimers tagged with turbo green fluorescent protein (tGFP). Cells 

transfected with the transfection reagent only (cells) or the Affimer YS10 were 

used as controls. Twenty-four hours post-transfection cells were serum starved 

and stimulated with 25 ng/ml EGF for 5 min. Cells were fixed and stained with 

anti-pERK antibody and imaged with an Operetta HTS imaging system. Cells 

expressing Affimers were detected by green fluorescence. The advantage of this 

assay over the co-immunoprecipitation describe above, is that here the 

phosphorylation levels of the endogenous ERK were examined, as opposed to 

the recombinant protein detected above. Similarly to the results from the co-
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immunoprecipitation, cells expressing Affimers K6 and K37 displayed significant 

reduction in pERK levels (Figure 4.7). As expected, the control Affimer YS10 did 

not affect ERK phosphorylation. Interestingly, significant effect of K3 on pERK 

levels was observed, although it was not as great as the effect of K6 or K37. 

Nevertheless, it demonstrated the ability of K3 to impair Ras-mediated signalling 

in HEK293 cells. Likewise, results obtained from this assay further supported the 

idea that the lack of effects observed on the global pERK in western blot analysis 

(section 4.2.3) was due to the lower than expected transfection efficiency. The 

immunofluorescence work was carried out by Dr Heather Martin.  
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Figure 4.6 Immunoprecipitation of FLAG-ERK1 and effect on EGF-induced ERK 

phosphorylation in HEK293 cells.  HEK293 cells were co-transfected with FLAG-

ERK1 plasmid and either empty pcDNA5 or encoding Affimers. Twenty-four hours post 

transfection, cells were starved in media without serum for 1h then treated with 25 ng/ml 

EGF for 5 min. A) FLAG-ERK1 was precipitated from cell lysates using anti-FLAG beads 

and pulled down proteins were analysed by western blot with anti-ERK and anti-

phospho-ERK antibodies. Tubulin was used as loading control. B) Quantification of 

results in A). Levels of phospho-ERK were divided by levels of ERK, and normalised to 

stimulated control (pCDNA5 vector + EGF). Results are representative of three biological 

replicates (n=3). Error bars denote SEM. p᾽0.05 (*), p᾽0.01 (**). IP: immunoprecipitation, 

WCL: whole cell lysate, NS: not significant. 
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Figure 4.7 Ras binding Affimers inhibit EGF-induced phosphorylation of 

endogenous ERK in HEK293 cells.  HEK293 cells were transfected with either empty 

pCMV6 plasmid or encoding Affimer-tGFP proteins. Twenty-four hours post transfection, 

cells were starved in media without serum for 1h then treated with 25 ng/ml EGF for 5 

min. Cells were then fixed in 4% PFA, stained with anti-phospho-ERK antibody and 

imaged with an Operetta HTS imaging system. Images were then analysed with 

Columbus 2.7.1. A) Representative images of effects of Affimers on EGF-stimulated 

upregulation of pERK. Scale bar is 50ɛm. B) Quantification of cellular pERK intensity in 

Affimer positive cells as identified by GFP/well stimulated with EGF. Results are 

representative of three biological replicates (n=3). Error bars denote SEM. ANOVA with 

Dunnettôs post-hoc test **** p < 0.0001. This work was carried out by Dr Heather Martin.  
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4.2.5 Effects of Affimers on Ras-mediated signalling in stably 

transduced U2OS cell lines 

Since the transient transfection efficiency was not high enough to observe a 

significant change in the global pERK levels in western blotting analysis, it was 

decided to test stable transduction of Affimer DNA, as it ensures sustained 

transgene expression in 100% of cell population. The ProteoTunerTM technology 

(ClonTech) was employed. This system consists of a genetic fusion between the 

protein of interest and the destabilisation domain (DD). The DD is a FKBP12 

protein (12 kDa), bearing destabilising mutation L106P, which leads to rapid 

proteasomal degradation of the fusion protein (Banaszynski et al., 2006). The 

stabilisation of DD-tagged protein, and thus accumulation in the cell, occurs in 

the presence of small molecule ligand Shield1TM (Figure 4.8). The amount of 

stabilised fusion protein is proportional to the amount of Shield1TM added, which 

allows tuneable stabilisation/destabilisation of the protein of interest. Use of this 

system, would therefore enable to study the dose-dependent effects of Affimer 

reagents in target cell lines. Besides, as the Affimers affect the MAPK signalling 

pathway that regulates cell growth, continuous expression of Affimers may lead 

to cell death. Therefore, it would be beneficial to óswitch offô Affimer expression 

during the propagation of the cell lines, to ensure healthy growth, and only 

stabilise the DD-Affimer fusion protein when performing signalling assays.  

The Affimer coding sequences were cloned from the bacterial expression pET11a 

vector into the pRetroX-PTuner plasmid, to generate a genetic fusion between 

Affimers and the DD-tag (at the N-terminus). Thus produced plasmids were used 

to retrovirally transduce the human osteosarcoma U2OS cell line, as described 

in section 2.2.14.  The U2OS cells are fast growing and display high transfection 

efficiency. Moreover, involvement of the MAPK pathway in osteosarcoma has 

been previously reported (Chandhanayingyong et al., 2012, Noh et al., 2011). 

Therefore it was decided, that U2OS is a suitable cell line to study the effects of 

Affimers on Ras-mediated signalling.  

Retrovirally transduced U2OS cells were subjected to puromycin selection, to 

isolate only the successfully transduced cells. These cells were then seeded into 

6-well plate and 2 hours later Shield1TM concentrations ranging from 50-500nM 

were added and the cells were incubated overnight. Cells were then starved in 
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media without serum and with Shield1TM for 1h, followed by stimulation with 25 

ng/ml EGF for 5 min. Cell lysates were subjected to western blotting analysis with 

anti-pERK and anti-DD antibodies. Tubulin was used as loading control. As 

visualised by the western blotting analysis, stable expression of Affimers did not 

result in reduced ERK phosphorylation (Figure 4.9). This was also true for the 

control Affimer YS10, as expected. No detectable reduction in pERK cannot be 

attributed to the failure of Affimer expression, as dose-dependent DD-Affimer 

expression was observed for all constructs. However, the levels of fusion protein 

expression varied substantially between the constructs. While sufficient 

expression of DD-Affimer YS10 was detected, very low levels of KRas-binding 

Affimers, especially K6 and K37, were observed even at the highest Shield1TM 

concentration. This could lead to inefficient inhibition of Ras and therefore no 

observed effects on pERK levels.  

Noteworthy, it was hypothesised that the N-terminal DD tag, which is in close 

proximity to the Affimers variable regions, could be obstructing Affimers binding 

to their target protein. Therefore, a helical linker sequence was introduced into 

the plasmid between the DD and the Affimer, to separate the two proteins, 

thereby making the Affimer variable regions more accessible for binding to the 

target protein. This strategy has proven successful in separating domains of 

bifunctional fusion proteins (Arai et al., 2001). However, it had no effect at 

improving the Affimers ability to affect Ras-mediated MAPK signalling, as 

reduction in pERK levels was not observed (data not shown). Since generation 

of stable cell lines is a laborious process, and the effects of Affimers on Ras-

mediated signalling has been sufficiently demonstrated in transiently transfected 

cells, no further efforts were made to optimise the stable expression system.  
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Figure 4.8 Diagram of the ProteoTuner Shield system.  A destabilisation domain (DD) 

is fused to N-terminus of Affimer. In the absence of small molecule ligand Shield1TM (red) 

the fusion protein is destabilised and degraded by proteasomes. Addition of Shield1TM 

results in stabilisation of DD-tagged protein. The amount of stabilised fusion protein is 

proportional to the amount of Shield1TM added, which allows tunable 

stabilisation/destabilisation of the protein of interest. 
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Figure 4.9 Effect of stably expressed Affimers on EGF-induced ERK1/2 

phosphorylation in U2OS cells.  Retrovirally transduced U2OS cells were seeded into 

6-well plate and 2 hours later increasing amounts of Shield1TM were added and the cells 

were incubated o/n. Cells were then starved in media without serum and with Shield1TM 

for 1h, then treated with 25 ng/ml EGF for 5 min. Cell lysates were analysed by western 

blot with anti-phospho-ERK and anti-DD antibodies. Tubulin was used as loading control. 

Results are representative of three biological replicates (n=3). 

 

 

4.3 Discussion  

The work presented in this chapter characterised anti-KRas Affimers in the 

cellular context, to further explore their potential to target Ras within the cell. 

Firstly, binding between anti-KRas Affimers and endogenously expressed Ras in 

HEK293 cells was investigated. Similarly to anti-Ras DARPins K27 and K55 

(Guillard et al., 2017), Affimers successfully engaged with endogenous Ras 

(Figure 4.3). Noteworthy, the abilities of other anti-Ras scaffold proteins, namely 

intrabody iDab6 and monobody NS1, to bind to Ras in cell-based assays have 

been tested; however these assays examined binding to overexpressed 

recombinant Ras proteins (Tanaka et al., 2007, Spencer-Smith et al., 2017b). 

Moreover, the anti-Ras intrabody iDab6 was effective only when the iDab6 

expression was targeted to the plasma membrane (Tanaka et al., 2007). This 

therefore, demonstrated the abilities of transiently expressed Affimers to bind to 

lower levels of endogenously expressed Ras, without the need for subcellular 

localisation. Furthermore, it showed that Affimers are functional in the reducing 

environment of the cells.  
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To test whether the binding of Affimers would result in negative modulation of 

Ras signalling activity, the effects of downstream ERK phosphorylation were 

measured. When used as genetically encoded intracellular reagents, Affimers 

failed to elicit any significant effect on endogenous levels of pERK (Figure 4.5). 

This could have been due to lower than expected transfection efficiency, in 

comparison to the efficiency obtained in the transfection optimisation trials 

(Figure 4.2). As a consequence, any effects of the Affimers would have been 

concealed as western blotting analysis measures pERK levels from the entire cell 

population. The observed low transfection efficiency was rather surprising, 

because the HEK293 cell line, used in these assays, has been extensively 

characterised for its ability of high efficiency transfection (Thomas and Smart, 

2005). Moreover, the transfection protocol has been optimised, and indicated 

sufficient efficiency (Figure 4.2). As mentioned before, further optimisation trials 

with varying amounts of DNA and longer incubation time post-transfection could 

be performed to enhance the transfection efficiency.   

To overcome the limitations of low transfection efficiency and assay the levels of 

ERK phosphorylation in cells producing Affimers, HEK293 cells were transiently 

co-transfected with plasmids encoding His-tagged Affimers and FLAG-tagged 

ERK1. This assay has been successfully used to study the effects of NS1 

monobody, which was shown to potently inhibit EGF-induced ERK activation 

(Spencer-Smith et al., 2017b). Similarly here, cells expressing Affimers K6 and 

K37 showed significantly reduced phosphorylation of the recombinant ERK1, as 

compared to the EGF-stimulated control cells (Figure 4.6). Interestingly, 

expression of K3 had no effect on pERK1 levels. This was thought to be due to 

significantly higher expression of HRas isoform over KRas in HEK293 cell line. 

Since K3 preferentially inhibited KRas in the nucleotide exchange assay, it was 

hypothesised that the effects of inhibition of KRas by K3 could have been masked 

by the signalling from uninhibited HRas. However, further tests would be required 

to provide definitive answers. For example, co-transfection with the ERK1 

plasmid could be coupled with the transfection with individual Ras isoforms, as 

has been done to assay the isoform specificity of the anti-Ras monobody. As a 

result, NS1 has been shown to attenuate ERK phosphorylation by inhibition of 

HRas and KRas but not NRas (Spencer-Smith et al., 2017b).  
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Having demonstrated that intracellularly expressed Affimers affect the 

recombinant ERK activation, it was decided to assay the effects on the 

endogenous pERK levels. An immunofluorescence assay was developed, as this 

allowed to visualise pERK levels in Affimer-producing cells in comparison to non-

transfected cells. All three KRas-binding Affimers, but not the control Affimer 

YS10, significantly reduced ERK activation (Figure 4.7). This assay has proven 

to be superior to the western blot analysis employed earlier, as it demonstrated 

that K3 does have an effect on Ras-mediated signalling and that anti-KRas 

Affimers are indeed capable of reducing the phosphorylation of endogenous 

ERK.  Noteworthy, Affimers did not rely on localisation to the specific cell 

compartment to elicit an effect, as this was the case for the anti-Ras intrabody 

iDab6, which was effective only when targeted to the plasma membrane (Tanaka 

et al., 2007).  

In addition to the immunofluorescence assay described above, the tGFP-tagged 

Affimer constructs could have been sorted by the fluorescent activated cell sorting 

(FACS) using flow cytometry, to isolate successfully transfected cells, and 

perform signalling assay on this population. However, the main limitation of this 

strategy concerns the decreased cell viability after the sorting, as FACS-mediated 

induction of oxidative stress can occur, thereby affecting cell metabolism (Llufrio 

et al., 2018). Nevertheless, FACS sorting has been successfully used to study 

the effects of anti-Ras DARPins, which were shown to abrogate the pERK 

response in comparison to the control DARPin (Guillard et al., 2017).  

Alternatively to cell sorting, stable transfection has been used, as this ensures 

100% transduced population. However, stably expressed Affimers failed to affect 

ERK phosphorylation (Figure 4.9). As mentioned, this could have been due to 

low DD-Affimer fusion protein expression detected. Though, analysis with DD-

tagged protein standard would be required to quantify the Affimers expression 

levels. Furthermore, it was hypothesised that the DD-tag interfered with binding 

to Ras. This has not been directly tested in this study, although it has been 

demonstrated in the lab that the Grb2 SH2 DD-tagged Affimers failed to bind to 

theirs target (data not published). One possible optimisation involved cloning the 

DD-tag at the C-terminus of the Affimer. However, as the ProteoTunerTM system 

has been shown to work more efficiently with the N-terminally DD-tagged fusion 
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proteins (Banaszynski et al., 2006), the sub-cloning was not attempted. 

Conversely, a helical linker peptide sequence was introduced, as this strategy 

has proven successful in separating domains of bifunctional fusion proteins (Arai 

et al., 2001). The linker consisted of 20 amino acids containing three helix-forming 

repeats (EAAAK). However, the introduction of this linker has not resulted in any 

significant changes to ERK phosphorylation in Affimer-expressing cells (data not 

shown).   

In conclusion, work presented in this chapter demonstrated the ability of Affimers 

to function in the cytoplasmic environment and to modulate Ras-mediated ERK 

activation. Since, the effects of other anti-Ras scaffold proteins were not limited 

to inhibition of ERK activation, but have also shown effects on AKT signalling 

(Guillard et al., 2017, Spencer-Smith et al., 2017b), future work should 

concentrate on assaying the Affimers ability to modulate AKT activation. 

Likewise, it would be interesting to test the effects of Affimers on Ras-effector 

interactions in cell-based assays, such as the bioluminescent resonance energy 

transfer (BRET) assay employed to study the Ras-targeting DARPins (Guillard et 

al., 2017). This would establish whether the inhibition of Ras-Raf interaction 

observed in vitro, could be also observed in the cellular environment. As the 

Affimers were also shown to be effective against KRas mutants in vitro, future 

work should also involve testing the effects of Affimers in cancer cells harbouring 

KRas mutations.  In addition, the anti-Ras scaffolds, namely iDab6, NS1 and 

DARPins K27 and K55 were shown to effect Ras-mediated transformation and 

proliferation (Tanaka et al., 2007, Spencer-Smith et al., 2017b, Guillard et al., 

2017). Therefore, it would also be interesting to test how the Affimers would 

perform in these assays.  
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Chapter 5  

Structural characterisation of the Affimer-KRas complex 

 

5.1 Introduction 

Protein function is directly related to its three dimensional structure. Therefore, 

determining the atomic structure of a protein or protein complex provides 

significant insights into how they function (McLachlan, 1972, Popp et al., 2018). 

Moreover, high resolution structures are invaluable for structure-based design of 

inhibitors that manipulate proteins functions, highlighting the powerful therapeutic 

potential of structural biology (Watkins and Arora, 2015).  

Since the determination of the structure of the myoglobin in 1958, the first high 

resolution protein crystal structure (Kendrew et al., 1958), significant advances in 

structural and computational technologies have been made, which have resulted 

in exponential growth of the number of published structures (Popp et al., 2018, 

Campbell, 2002). X-ray crystallography was the first method used for structure 

determination, and it is still one of the most efficient structural technique. 

However, it relies on the production of protein crystals that diffract to high 

(enough) resolution. Nuclear magnetic resonance (NMR) is another technique, 

which can be used to study non-crystalline samples. It is particularly useful for 

investigating dynamics and conformational changes of the molecules, as the 

experiments are performed in solution. The main limitation of NMR however, is 

the protein size, as large molecular weight macromolecules reduce the quality 

and interpretability of spectra (Yu, 1999). In contrast, electron microscopy (EM) 

is often used to study large structures. Improvements of EM to achieve better 

resolution include use of cryogenic temperatures (cryo-EM), higher voltage 

electron sources and single-particle analysis. Data from EM can often be 

combined with high resolution information obtained from other methods, thus 

yielding complementary information about the macromolecule (Murata and Wolf, 

2018, Campbell, 2002).  
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Affimer reagents have been previously shown to inhibit protein function and 

structural studies have highlighted their mode of action (Hughes et al., 2017, 

Robinson et al., 2018). For example, the co-crystal structure of Affimer F4 with 

the Fc gamma receptor IIIa (FcὛRIIIa) revealed an orthosteric mode of inhibition, 

by binding of the Affimer to the immunoglobulin G (IgG) binding site. Interestingly, 

the crystal structure of another FcὛRIIIa-targeting Affimer G3 demonstrated 

binding of the Affimer to the interdomain hinge region of FcὛRIIIa, which did not 

overlap with the IgG-binding site, therefore indicating allosteric mode of action 

(Robinson et al., 2018). In another study, structural analysis of Affimer-SUMO 

complexes also revealed a competitive mode of action, as the Affimer-SUMO 

interactions used mostly the same residues as the binding between SUMO and 

SUMO-interacting motifs (SIMs). In addition, structural characterisation, coupled 

with molecular dynamics simulations allowed definition of the molecular 

mechanisms that underpin the Affimer S2B3 isoform specificity towards SUMO-

2, in contrast to Affimer S1S2D5, which binds both SUMO-1 and SUMO-2 

isoforms (Hughes et al., 2017).   

Artificial binding proteins tend to identify critical residues, termed ôhot spotsô, 

which are amino acids on the target protein that contribute most significantly to 

binding (Bogan and Thorn, 1998). These hot spots are attractive targets for 

development of small molecule inhibitors (Modell et al., 2016, London et al., 

2013). However, the design of small molecule inhibitors is more likely to succeed 

when these hot spots are tightly clustered, rather than distributed over an 

extended interface (Jochim and Arora, 2010). Therefore, scaffold proteins that 

display smaller interaction surface areas with their target proteins, such as the 

anti-Ras monobody NS1 (interaction surface area of 568Å2) (Spencer-Smith et 

al., 2017a) or Affimers binding to small ubiquitin-related modifier (SUMO) proteins 

(interface areas in a range of Ḑ610-720Å2) (Hughes et al., 2017) are more likely 

to aid small molecule inhibitors design, as opposed to the interactions which 

occur over relatively large binding interfaces, for example, the HRas-intrabody 

(interface surface area of 852 Å) or the KRas-DARPins interactions (interface 

surface area of 950 Å) (Tanaka et al., 2007, Guillard et al., 2017).  

This chapter describes the work employed to determine the atomic structures of 

KRas-bound Affimers via X-ray crystallography, in order to determine the mode 
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of modulation and identify the intermolecular interactions. Firstly, the Affimers 

were purified in complex with KRas protein to set up crystallisation trials. 

Diffraction data from obtained crystals were used to build a KRas-Affimer 

structure. Analysis of the structure guided further biophysical assays, including 

loop deletion and alanine scanning, to identify residues essential for function.  

5.2 Results  

5.2.1 Generation of the Affimer-KRas complex 

The affinity tags on KRas structures in the Protein Data Bank (PDB) (Berman et 

al., 2000) were removed prior to crystallisation because fusion tags are known to 

hinder the crystal growth (Smyth et al., 2003). The recombinant KRas protein 

used in the biochemical assays (chapter 3) contained an N-terminal His-tag for 

affinity purification and C-terminal BAP-tag for in vitro biotinylation (Figure 5.1A). 

To remove these tags, the KRas sequence (without His- and BAP-tag, 

Figure 5.1A) was amplified by PCR from the bacterial expression vector (as 

described in chapter 2.2.3.4). Agarose gel analysis of the PCR product indicated 

band of approximately 500 bp, corresponding to the correct size of tagless KRas 

sequence, demonstrating successful amplification (Figure 5.1B). The PCR 

product was then digested with Nhe I and Not I and ligated back into the bacterial 

expression vector. Successful cloning was confirmed by sequencing. The tagless 

KRas was then produced in E. coli BL21 StarTM DE3 cells, as described in chapter 

2.2.3.2.  
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Figure 5.1 Cloning of tagless KRas.  A) Protein sequence of wild-type KRas4B 

residues 1-166, with highlighted His-tag and BAP-tag sequences in red. The black 

sequence represents the KRas sequence used in crystallisation trials. B) KRas sequence 

without His-tag and BAP-tag was amplified by PCR (shown in black in A), and the product 

was analysed on 2% agarose gel. Cloning of tagless KRas was confirmed by 

sequencing. 

 

 

The generation of the Affimer-KRas complex is described in chapter 2.2.3.4. 

Briefly, the purified Affimer was mixed with bacterial cell lysate containing the 

KRas and incubated overnight to allow for the formation of Affimer-KRas 

complex. The Affimer-KRas complex was then captured on Ni-NTA resin for 

purification. After washing the resin, the complex was eluted and samples were 

analysed by SDS-PAGE and Coomassie staining. Two bands of approximate 

molecular weights of 18 and 12 kDa, corresponding to tagless KRas and Affimer, 

respectively, were observed, indicating efficient purification of the Affimer-KRas 

complex (Figure 5.2A). Moreover, the similar intensity of the bands in each elution 

suggested a 1:1 stoichiometry.  
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The eluted complex was further purified by size exclusion chromatography (SEC), 

to separate any Affimer not in complex with KRas. Additionally, SEC allowed 

exchange into buffer more suitable for crystallisation trials. A single peak was 

seen in the A280 elution trace (Figure 5.2B), demonstrating that all of the purified 

proteins were in complex. However, because the molecular weight markers were 

not analysed, the elution volume of the eluted proteins could not be used to 

accurately determine the molecular weight of the eluted complex. Therefore, the 

eluted fractions were analysed by SDS-PAGE and Coomassie staining 

(Figure 5.2C). Once again, two bands of approximate molecular weights of 18 

and 12 kDa, corresponding to tagless KRas and Affimer, respectively, were 

observed, confirming the purification of the Affimer-KRas complex. The eluted 

fractions were pooled together and concentrated to 12 mg/ml total protein (see 

chapter 2.2.3.4), as quantified by BCA protein assay. This protocol has been 

employed to purify the three Affimers K3, K6 and K37 in complex with KRas, but 

only the complex purification data for Affimer K6-KRas complex is shown.  
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Figure 5.2 Purification of Affimer-KRas protein complex.  A) Purified Affimer was 

mixed with cell lysate containing KRas and incubated overnight. The complex was 

purified by Ni-NTA affinity chromatography and eluted fractions were analysed by SDS 

PAGE and Coomassie staining. B) The purified fractions were further purified by size 

exclusion chromatography (SEC) (B) and fractions were analysed by Coomassie 

staining (C). Eluted fractions were pooled together and concentrated to 12 mg/ml total 

protein. 
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5.2.2 Crystallisation of Affimer-KRas complex 

Crystallisation experiments were initiated with commercial crystal screens, JCSG 

Core I-IV (Qiagen), in order to determine the optimal conditions for crystal growth. 

A total of 384 conditions, based on a database of successful crystallisation trials 

(Jancarik and Kim, 1991, Lesley and Wilson, 2005) were used, utilizing the sitting-

drop vapor diffusion technique, as described in chapter 2.2.8.1. Crystal formation 

was monitored with the Rock Imager (Formulatrix) using visible light (vis) 

microscopy. The absorption of aromatic residues at 280nm (UV) has been also 

employed in order to confirm the presence of protein. In addition, second-

harmonic generation (SHG) microscopy has been used to detect crystal 

formation, as SHG can only arise from noncentosymmetric ordered structures 

(Wanapun et al., 2010). Thus visible entities that appear to be crystals that are 

positive for signal from UV and SHG should be proteins crystals rather than salt 

crystals on non-crystalline objects.  

The crystallisation event occurs during transition from the unsaturated phase, 

containing the protein of interest below its solubility limit, to the supersaturated 

phase, which contains the protein in excess of its solubility limit. This drives 

precipitation or nucleation, which is the process by which molecules pass from 

disordered state to an ordered one, thus forming crystals. (McPherson and 

Gavira, 2014). Therefore, optimal protein concentration is essential to obtain the 

supersaturated state. Protein precipitation has been observed in around 45% of 

conditions, indicating sufficient protein concentration to obtain supersaturation to 

drive nucleation (McPherson and Cudney, 2014). Crystals of the Affimer K6-

KRas complex started appearing within 24 hours in 5 different conditions. Crystal 

growth was monitored for 34 days and crystals grew to sizes ranging from 25-75 

ɛm. SHG imaging demonstrated that the observed particles are indeed in crystal 

forms, and the UV imaging confirmed that these were protein crystals (Table 5.1).  

Optimisation of the initial crystallisation conditions was carried out to improve 

crystal diffraction potential (Chayen and Saridakis, 2002). In addition, upscaling 

to a larger drop size has been used to produce larger crystals for better diffraction 

(Chapman et al., 2011). Grid screens, which are one of the most widely used 

crystal optimisation strategy (Cox and Weber, 1988), have been employed to 

refine the chemical conditions. The concentration of salt, the precipitating agents 
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and the pH of the solution in the initial conditions, have been varied in a regular 

fashion, as outlined in Table 5.2, as optimisation of these factors constitutes the 

most effective way to induce crystallisation (McPherson and Cudney, 2014). 

Additionally, some of the optimised screens were supplemented with 

cryoprotectant agents, such as polyethylene glycol (PEG) 400, ethylene glycol or 

methyl pentanediol (MPD). These agents were used to prevent ice crystal  

formation at the cryogenic temperatures used during crystal harvesting and data 

collection which reduces radiation damage (Farley and Juers, 2014). The 

crystallisation optimisation plates were incubated at room temperature and 

crystal formation was observed with a light microscope. Optimisation trials of the 

original conditions from wells JCSG II C2, D6 and G8 have not yielded any protein 

crystals. The best crystals were obtained from optimisation of the initial condition 

from JSCG I well G11, with the final condition of 0.1M Na acetate pH 5, 25% w/v 

PEG 4K, 0.2M (NH4)2SO4, 5% MPD (data not shown). Five crystals from this 

condition were cryoprotected for data collection in solution containing 30% w/v 

PEG 4K, 0.1M Na acetate, pH 5, 0.2M (NH4)2SO4, 20mM MgCl2, 5% PEG 400, 

5% MPD, 5% ethylene glycol and 5% glycerol.  
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Table 5.1 Summary of initial crystallisation conditions for obtained Affimer K6-

KRas complex crystals.  Screen plate names and wells in which the crystals appeared 

are listed, along with visible light, UV and SHG images of the crystals and components 

of the mother liquors. 
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Table 5.2 Summary of crystallisation optimisation conditions.  The original 

conditions in which crystal growth was observed are shown, along with the concentration 

and pH ranges of the varied factors in the optimisation trials. 
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Crystallisation trials of the Affimer K3-KRas and K37-KRas complexes were 

conducted as described above. Needle clusters crystals of K3-KRas appeared in 

one condition (Table 5.3), while a cluster of rod-like crystals of K37-KRas was 

observed in a single condition (Table 5.4). Recently, optimisation of the K3-KRas 

crystal trials have been performed by Ajinkya Rao from the Tomlinson group and 

the K3-KRas X-ray co-crystal structure has been solved to 2 Å. The optimisation 

trials of the K37-KRas condition were also performed, however, these have not 

yielded any protein crystals.  

 

 

 

Table 5.3 Summary of crystallisation conditions for obtained Affimer K3-KRas 

complex crystals.  Screen plat name and the well in which the crystals appeared are 

listed, along with visible light, UV and SHG images of the crystals and components of 

the mother liquors.  

 

 

 

 

 

Table 5.4 Summary of crystallisation conditions for obtained Affimer K37-KRas 

complex crystals.  Screen plat name and the wells in which the crystals appeared are 

listed, along with visible light, UV and SHG images of the crystals and components of 

the mother liquors.  
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5.2.3 Crystal structure of Affimer K6-KRas complex 

X-ray diffraction data of the Affimer K6-KRas crystals was collected at the 

Diamond Light Source and the structure determination was performed as 

described in chapter 2.2.8.3. Data collection, processing and structure 

determination were carried out by Dr Chi Trinh.  

The crystal structure of Affimer K6 bound to wild type KRas-GDP was solved at 

1.9 Å. The co-crystal structure revealed Affimer K6 interacting with KRas switch 

regions (Figure 5.3). Analysis with PISA (EMBL-EBI) (Krissinel and Henrick, 

2007) estimated the total buried surface area of the K6-KRas interaction to be 

Ḑ475 Å2, therefore indicating a very small interaction interface. The conformation 

of the switch regions in the K6-KRas structure most closely resembled that of the 

previously reported non-liganded, GDP-bound Ras (PDB: 4OBE, (Hunter et al., 

2014)), therefore indicating that binding of Affimer did not result in any significant 

alterations to the KRas structure. Noteworthy, an overlay of the K6-KRas 

structure with that of the active, GTP-bound KRas (PDB: 5VQ2, (Xu et al., 2017)) 

did not indicate any steric clashes (Figure 5.4), therefore demonstrating ability of 

the Affimer K6 to bind to both the inactive and active KRas conformations, which 

is in agreement with the biochemical data, described in chapter 3.  

The Affimer K6 binding site overlapped with that of the nucleotide exchange factor 

Sos. This therefore, provided structural evidence that K6 works as a competitive 

inhibitor. However, as mentioned above, binding of K6 did not induce a 

conformational change in the switch I region, as opposed to the large 

conformational change in the Ras-Sos structure, resulting from displacement of 

switch I by Ŭ-helix of Sos (Boriack-Sjodin et al., 1998). 

Interestingly, comparison of the K6-KRas structure with that of Ras-Raf(RBD) 

(PDB: 3KUD, (Filchtinski et al., 2010)), indicated a steric clash between the 

Affimer and RBD (Figure 5.5), suggesting that K6 may block Raf binding to Ras. 

This however, was not observed in the biochemical assay (see chapter 3.2.4).  
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Figure 5.3 The 1.9 Å co-crystal structure of KRas with Affimer K6.  Affimer K6 is 

shown in green and KRas is shown in blue. Magnesium is shown as yellow sphere and 

GDP as green sticks. Arrows indicate KRas switch I and II regions and Affimerôs variable 

regions 1 and 2. Image was generated in PyMOL.  
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Figure 5.4 Comparison of the K6-KRas-GDP structure with the structure of KRas-

GTP.  An overlay of the K6-KRas-GDP with the KRas-GTP structure (PDB: 5VQ2) 

indicating no significant steric clashes between the Affimer and GTP-bound KRas, 

therefore demonstrating that K6 could also bind to the active KRas conformation. Affimer 

K6 is shown in green. KRas-GDP in blue, KRas-GTP in orange. GDP is shown as green 

sticks and magnesium as yellow sphere. Image was generated in PyMOL.  
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Figure 5.5 Superimposition of the Raf(RBD) structure (PDB:3KUD) onto KRas-K6 

complex structure.  Significant steric clash has been observed between K6 and Raf 

binding to KRas. Switch I and II regions are annotated with arrows. Affimer K6 is shown 

in green, KRas-GDP in blue, and the Ras binding domain (RBD) of Raf is shown in pink. 

Magnesium is shown as yellow sphere and GDP as green sticks. Images were generated 

in PyMOL.  
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5.2.4 Affimer K6ȹVR2 mutant and its effects on binding and 

inhibition 

Protein structures are not static, but rather contain regions displaying different 

degrees of flexibility. However, in crystal structures, the data is averaged over the 

time of data collection (Wlodawer et al., 2008). Thus to assay the protein 

structureôs flexibility and dynamics, B-factors can be assessed. A B-factor is a 

parameter that reflects the fluctuations of an atom about its average position in 

the crystal structure (Yuan et al., 2005). Large B-factors indicate high mobility of 

atoms. The B-factors can be shown in a putty tube representation, where the 

diameter of the tube is correlated with the B-factor of that structure. High B-factors 

are indicated by orange to red colours and wider tube, while lower B-factors are 

indicated by blue to green and narrow tube.  

The B-factors of the Affimer K6 from the co-crystal K6-KRas structure, were 

analysed in PyMOL and are shown in Figure 5.6. High B-factors of the variable 

region two (VR2) were observed, in comparison to the rest of the K6 structure. 

This therefore, reflected the flexibility of this region. It was then hypothesised that 

this could be because VR2 was not involved in binding. To test this hypothesis, 

the residues in VR2 have been replaced with three residues (AAE) of the alanine 

(Ala) Affimer scaffold, producing a one loop mutant (hereafter referred to as 

K6ȹVR2). This has been achieved by splice-overlap extension of two PCR 

products, as described in 2.2.1.9. The first PCR product contained the K6 

sequence including the VR1, while the second PCR product contained the 

alanine Affimer VR2 sequence (Figure 5.7A). These PCR products of 

approximately 200 bp (Figure 5.7B), where then subjected to SOE, as described 

in chapter 2.2.1.9, to splice the two fragments together. Agarose gel analysis 

indicated a product of approximately 300 bp in size, confirming successful 

splicing of the two PCR fragments (Figure 5.7C). Moreover, a single band 

indicated that all of the PCR fragments used have been joined together. The 

product encoding K6ȹVR2 was ligated into bacterial expression vector. 

Replacement of the K6 VR2 was confirmed by sequencing.  
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Figure 5.6 B-factor analysis of the Affimer K6 structure.  The B-factors of Affimer K6 

are shown in a putty tube representation, where high B-factors are indicated by orange 

to red colours and wider tube, while lower B-factors are indicated by blue to green and 

narrow tubes. KRas is shown in grey and Affimerôs variable regions are indicated. 

Flexibility of K6 VR2 was observed, as demonstrated by high B-factors. Image was 

generated in PyMOL. 
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Figure 5.7 Cloning strategy to remove Affimer K6 variable region two.  A) Diagram 

outlining primers (shown as red arrows) used to amplify Affimer K6 variable region one 

(VR1) and Alanine (Ala) Affimer variable region two (VR2). B) Agarose gel analysis of 

PCR products, demonstrating two bands of approximately 200 bp size. C) Agarose gel 

analysis of splice overlap extension (SOE) product, indicating successful splicing of the 

two PCR products.  

 

 

The K6ȹVR2 mutant has been produced as described in chapter 2.2.3.1, and its 

ability to bind and inhibit KRas has been evaluated. Firstly, binding of K6ȹVR2 

has been investigated in a pulldown assay. Glutathione S-transferase (GST) 

tagged KRas has been immobilised on glutathione magnetic DynabeadsTM, and 

incubated either with the wild-type Affimer K6, the K6ȹVR2 mutant or the control 

YS10 Affimer. K6 was used as a positive control, while YS10 and beads only 

were used as negative controls. After washing, precipitated proteins were 

analysed by western blotting with anti-His antibody to detect Affimers and anti-
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Ras antibody (Figure 5.8A). Binding to the beads only has not been observed, 

precluding any non-specific binding. Likewise, the control Affimer YS10 has not 

been pulled down, indicating that any pulled down proteins are due to specific 

interactions with KRas-GST. K6 has been pulled down with KRas-GST, as 

demonstrated by the thick band in the anti-His western blotting analysis. In 

contrast, only a faint band in the K6ȹVR2 sample has been observed, therefore 

indicating significantly impaired binding of the K6ȹVR2 to KRas-GST. 

Noteworthy, the band seen in the K6ȹVR2 sample is of lower molecular weight, 

when compared to the molecular weight of the K6, due to presence of three rather 

than nine residues in the VR2.  

Next, the effect of VR2 deletion on the inhibitory activity was tested in the 

nucleotide exchange assay with wild-type KRas-mGDP. The same protocol, 

which was used to test K6 has been employed. Comparison of the dose-response 

curves obtained for K6 and the K6ȹVR2 (Figure 5.8B), showed the inability of 

K6ȹVR2 to inhibit nucleotide exchange on KRas, even at the highest Affimer 

concentrations. Altogether, these finding established that K6 VR2 is essential for 

binding and inhibition of KRas.  
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Figure 5.8 Variable region two of Affimer K6 is required for binding and inhibition.  

A) KRas-GST wild-type was incubated with either Affimer K6, K6æVR2 or YS10, 

precipitated on glutathione beads and the pulled down proteins were analysed by 

western blotting with anti-Ras and anti-His antibodies, which demonstrated significantly 

impaired binding of  K6æVR2 to KRas-GST. B) K6æVR2 has been also tested in 

nucleotide exchange assay. Dose-response curves for Affimer K6 (black) and K6æVR2 

(red) demonstrated that K6æVR2 mutant did not inhibit nucleotide exchange on wild-type 

KRas. Results are representative of three biological replicates (n=3). Error bars denote 

SEM.  
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5.2.5 Affimer K6 alanine scanning mutants and their effects on 

binding and inhibition 

The three dimensional protein structures yield information about the structural 

binding epitopes, however they do not address the functional roles of the 

individual residues within that epitope (Weiss et al., 2000). One strategy for the 

elucidation of the functional epitope and defining the structure-function 

relationship is a site-directed mutagenesis. Alanine scanning mutagenesis is one 

of the most widely used technique for probing functional epitopes (Lefevre et al., 

1997). Substitution to alanine eliminates the side chain beyond the ɓ carbon, but 

without any effects on the conformation of the main chain and without imposing 

any electrostatic or steric effects (Cunningham and Wells, 1989). This therefore 

allows mapping of the contribution of individual residues from the structural 

epitope, to the binding interaction (Weiss et al., 2000).  

QuikChange site-directed mutagenesis was used to replace each of the Affimer 

K6 variable regionsô residues to alanine, to determine their contributions to the 

binding interaction with KRas. The QuikChange method allows efficient site-

directed substitution, deletion or insertion in a one-step procedure (Liu and 

Naismith, 2008). The mutagenesis was performed as described in chapter 

2.2.1.10 and diagrammed in Figure 5.9. Reaction without the template DNA was 

used as a negative control. Following thermal cycling, the mutant plasmids were 

subjected to agarose gel analysis. No products were observed in the negative 

control sample, therefore demonstrating that any amplified products were due to 

the specific annealing of the primers to the template DNA. Products of 

approximate size of 5.6 kb were detected in all samples but the position 2.9 

(Figure 5.10A and B). Although, this did not indicate failure of the position 2.9 

mutant strand synthesis. Inability to detect the product in agarose gel analysis 

could have been due to low DNA concentration, below the detection limit. 

Nevertheless, all samples were Dpn I treated to digest the template DNA and XL-

1 Blue cells were transformed with the mutant plasmids for sub-culturing. 

Mutagenesis was confirmed by sequencing, which demonstrated successful 

substitution of each residue at a time to alanine (Figure 5.10C and D).  
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Figure 5.9 Outline of the QuikChange site-directed mutagenesis method.  First step 

consists of thermal cycling to denature template DNA, anneal mutagenic primers and 

extend primers with DNA polymerase to generate mutated plasmid with staggered nicks. 

The plasmid is then treated with Dpn I endonuclease to digest parental DNA. Finally, XL-

1 Blue supercompetent cells are transformed with nicked mutated plasmid.  
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Figure 5.10 Alanine scanning mutagenesis of Affimer K6 variable regions.  Thermal 

cycling with mutagenic primers was performed to mutate each residue of variable regions 

at a time to alanine and the products for A) variable region 1 mutant plasmids and B) 

variable region 2 mutant plasmids were analysed on 1% agarose gel. XL1-Blue cells 

were transformed with mutant plasmids, and mutagenesis was confirmed by sequencing. 

Variable regionsô protein sequences of C) VR1 and D) VR2 mutants are shown with 

highlighted mutated residues.  

 

 

The Affimer K6 alanine mutants were produced and purified as described in 

chapter 2.2.3.1. Coomassie staining indicated sufficient production and 

purification of Affimer K6 alanine mutants (Figure 5.11). Since the mutagenesis 

was performed in the Affimerôs variable regions, which were previously shown to 

tolerate insertions into the loop regions, without affecting the structure of the 

scaffold (Tiede et al., 2014), the structural integrity of these alanine mutants was 

not assayed.  

The ability of the alanine mutants to bind to the recombinant KRas-GST was 

assessed by ELISA, as described in chapter 2.2.7. Binding of the wild-type 






