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Abstract  

Affimers are an antibody scaffold first developed in 2014 which are shown to have a 

high degree of specificity, reduced size (compared to antibodies) and good thermal 

stability, as well as being easy to produce. Previous work has generated a variety of 

Affimers which block protein-protein interactions essential to cell signalling. One of 

these pathways is the MAPK pathway which primarily controls cell proliferation. This 

pathway is of particular interest due to the prevalence of its overactivation in tumour 

cells causing constitutive cell division. In this project Affimers were used to inhibit the 

protein-protein interactions of SH2 domain containing proteins to determine if they had 

previously unknown activity within the MAPK pathway. This study was unsuccessful 

in identifying any such proteins. Progress was made towards developing an assay that 

can assess the effect of Affimers on the MAPK pathway. In addition to this crystals 

were obtained of an Affimer-SH2 complex, however when diffracted they did not 

produce high resolution data. Further knowledge of the MAPK pathway, how it is 

activated and how it uses protein-protein interactions to affect the cellular environment 

could lead to better treatments and patient outcomes. 
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Chapter 1     Introduction 

1.1 Antibody Scaffolds 

Antibodies (Abs) are theoretically able to target and interact with any antigen, this 

makes them invaluable to the field of biological sciences, with uses in therapeutics [1], 

diagnostics [2] and research [3]. However, antibodies have significant drawbacks, they 

cannot be produced in typical bacterial expression systems like Escherichia coli 

(E.coli), due to their complex structure and the presence of multiple vital disulphide 

bonds [4]. Instead they are produced in mammalian expression systems through the 

creation of hybridomas, this process is more time consuming and expensive than 

standard expression in E. coli [5]. Antibodies are also large proteins (150 kDa) which 

prevents them from accessing potential epitopes as well as preventing them crossing 

the cellular membrane [4]. Therefore, a wide range of non-antibody scaffolds have 

been developed, these proteins use similar principles to antibodies containing regions 

of variability which allow them to interact with any other protein.   

Most antibody scaffolds have these major advantages compared to antibodies:  

1. Reduced size allows them to reach targets inaccessible to antibodies  
2. Able to be expressed in E.coli and mammalian cell lines 
3. Ability to easily disrupt protein-protein interactions 
4. Better stability making them easier to store and transport  

 

The first non-antibody scaffold was developed by the Royal Institute of Technology in 

Sweden, by randomising the alpha helix of the z domain of a bacterial receptor they 

could bind the protein to different targets. They referred to this scaffold as an 

affibody[6]. Since then many new antibody scaffolds have been developed (a 

summary of the most relevant can be seen in Table 1) with a wide range of 

applications.  
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Table 1 Comparison of Antibody Scaffolds 

Scaffold 
protein Parent protein 

Molecular 
Weight 
(kDa) 

Expression 
System 

Tm 
 (°C) 

Method of 
affinity 

generation 
Location of protein 

interactions 

Monoclonal 
Antibody 

(IgG) 
N/A 150 [4] Hybridomas 

[5] 61-71 [7] 
V(D)J 

Recombination 
[4] 

Two antigen binding 
sites containing 3 

hypervariable loops 
of varying lengths [4] 

Affibody 
Z domain of 

protein A from 
Staphylococcus 

aureus [6] 

6.5 [8] E.coli [9] Unknown Phage display 
[9] 

13 residues in two 
alpha helices typically 

used to bind Fc 
region [8] 

Affimer Phytocystatin 
[10] 10 [10] E.coli [10] 101 [10] Phage display 

[10] 
Two loops of 9 
residues [10] 

Anticalin Lipocalins [11] < 20 [11] E.coli [11] >70 [11] Phage display 
[12] 

Four variable loops 
[11] 

Avimer 
A-domains of 
cell surface 

receptors [13] 
4 [13] E.coli [13] 50 [13] 

Phage display 
combined with 

linking 
domains [13] 

28 non-conserved 
residues [13] 

DARPin Ankyrin repeat 
proteins [14] 17.7 [15] E.coli [14] 60-80 

[16] 

SRP phage 
display [17] or 

Ribosome 
display [14] 

Variable interface 
formed by multiple 
ankyrin repeat units 

[14] 

Knottin Cysteine knot 
motif [18] 3.5 [18] 

E.coli 
(periplasm) 

[19] and 
chemical 

synthesis [20] 

83*  [21] Phage display 
[22] 

Highly variable 
locations within 

knottin loops [23]–
[25] 

Monobody 
Fibronectin 

type III domain 
[26] 

10 [27] E.coli [26] 57-63 
[28] 

Phage display 
[26] 

Three variable loops 
[29] 

FAB Antibody [30] 48 [30] 
E.coli 

(periplasm) 
[30] 

Unknown 

Digestion of 
existing 

monoclonal 
antibody [30] 

Same 3 
hypervariable loops 
on antibodies [30] 

ScFv Antibody [31] 35 [32] E.coli [31] 62-66 
[33] 

Yeast surface 
display [34] 
and phage 

display 

Same 3 
hypervariable loops 
on antibodies [32] 

Table 1 compares the properties of different antibody scaffolds compared to a monoclonal antibody. Tm is an 

estimate and varies based on the exact structure of the scaffold.  

* Based on a naturally occurring knottin 
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1.1.1 DARPins 

Designed ankyrin repeat proteins (DARPins) are antibody scaffolds formed from 

multiple ankyrin repeat domains, these domains form an L shaped structure from two 

α helices and a long loop [35]. Ankyrin repeats are common in eukaryotes, typically 

involved in protein-protein interactions [36]. Compatible repeat modules were first 

designed in 2003 [37] and developed for use in high affinity binding by 2004 [14]. 

Essential to the design of DARPins are the use of capping ankyrin repeats which 

prevent further interaction with other ankyrin repeats, limiting the overall size of the 

polyprotein.  

DARPins have a wide range of applications in research, diagnostics and therapy [38], 

notably they have been developed to act as inhibitors of the mitogen activated protein 

kinase (MAPK) pathway by specifically targeting ERK kinase and blocking its activity 

in cells [39]. DARPins were also specific enough that they could distinguish between 

the phosphorylated and unphosphorylated forms of ERK, which is only differentiated 

by a small conformational change in the activation loop [39].  

 

N C 

Single Ankyrin 

Repeat 

Variable Interface 

Capping 

Unit 

Single Ankyrin 

Repeat 

Capping 

Unit 

Variable Interface 

Figure 1. Schematic representation of a DARPin unit compared with its actual structure (PDB: 

1MJ0). Showing the three ankyrin repeat units (blue) used to form the variable interface (orange) 

involved in protein-protein interactions. As well as the capping units (green) which limit the size of 

the DARPin. The C terminal capping unit is smaller than the N terminal capping unit.  
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1.1.2 Monobodies 

 

 

Monobodies are formed from fibronectin type 

III domains (FN3 domains), a small protein 

which closely mimics the immunoglobulin 

variable domain. Using phage display they 

can be targeted to specific proteins [40]. 

They are one of few protein scaffolds that 

have successfully been used to target 

specific src homology 2 domains (SH2 domains). One study isolated monobodies 

targeting the SH2 domain of Abelson murine leukaemia viral oncogene homolog 1 

kinase (ABL kinase). The monobody termed HA4 (see Figure 2B [41] ) was able to be 

expressed in E.coli and was shown to inhibit Abl SH2 phosphopeptide interactions, 

with a Kd value of 7 nM. Importantly the group was able to demonstrate that HA4 was 

not cross reactive with 15 other SH2 domains, in vivo and in vitro. However it was 

shown to be cross reactive with Abl2 [41]. A more recent paper from 2017 produced 

monobodies which bound to the SH2 domains of Src family kinases (see Figure 2A 

[42]), interactome analysis of the monobodies found that they bound no other SH2 

domain containing proteins. These two examples demonstrate that it is possible using 

non-antibody scaffolds to target specific SH2 domains with significantly reduced cross 

reactivity.  

 

 

Figure 2.  (A) Crystal structures of monobodies 

bound to Src family kinases (labelled) (B) Cartoon 

representation of the Ha4 Sh2 domain interface  

A 

B 
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1.1.3 Affimers 

Affimers (originally called adhirons) are a new scaffold 

developed in 2014, which has the potential to target and 

inhibit SH2 domains [43]. The Affimer scaffold was created 

from a consensus sequence of the phytocystatin gene and 

truncated to 92 amino acids long. It is formed of one α helix 

and four β strands, importantly the two variable regions 

(VR), 9 residues in length, are located on the loops between 

β strands (see Figure 3). The Affimer gene was also codon 

optimised to enhance its expression in E.coli [10]. 

Affimers have been shown to have wide variety of potential 

uses, owing to their ease of production, high thermal 

stability and target specificity. These uses include, inhibition 

of intracellular pathways, modulating ion channels, in vivo 

imaging, single particle tracking, western blotting and live cell imaging [43].  

When Affimers were first developed they were tested by targeting yeast SUMO 

(ySUMO). Twenty-two distinct Affimers were isolated that bound ySUMO, they were 

found to have a thermal stability of between 85-95 °C. This demonstrates that the 

scaffold can maintain stability, even with changes in the variable regions. The binding 

of ySUMO Affimers 15, 20 and 22 was measured via isothermal calorimetry (ITC) and 

found to be 29.6, 33.3 and 47 nM respectively, demonstrating that Affimers can be 

developed with high binding affinity to a target. To show the selectivity and lack of 

cross-reactivity the ySUMO Affimers were tested for their binding to human SUMO 

(hSUMO). Analysis of their affinities showed that the ySUMO Affimers had a Kd 10000 

fold higher when binding to hSUMO  [10].  

Affimers have been shown to be effective in the creation of novel biosensors, in 2018 

a biosensor platform which can detect Her4 (a tumour biomarker) in serum was 

developed. A Her4 affimer was attached to a gold microarray able to detect Her4 with 

a better sensitivity compared to antibodies and with a better dynamic range. The 

sensor also didn’t respond to non-specific serum proteins, so is less likely to produce 

a false positive [44]. Affimers have also shown to have possible uses in the treatment 

of arthritis. Two specific Affimers were developed which inhibited the binding of IgG to 

Figure.3 Cartoon 

representation of Affimer 

structure, the variable 

regions are in red. PDB ID: 
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the FcγRIIIa receptor preventing the release of tumour necrosis factor, reducing the 

inflammatory response. Importantly the Affimers didn’t bind to the similar FcγRIIIb 

receptor one of few monospecific agents developed [45].  

Affimers also have uses in research. Research into ubiquitination has been impeded 

by a lack of linkage-specific antibodies. Affimers were developed which were K6 and 

K33 linkage specific, this lead to the identification of E3 ligases, via Western blotting 

in combination with mass spectrometry, which assembled K6 and K33 linkages [46].  

Affimers have also been utilised in fluorescent imaging, first demonstrated by creating 

GFP fused Affimers specific for F-actin in both fixed and live cells [47]. Affimers smaller 

size also allowed them to image densely packed regions not stained by antibodies 

[48].    

Importantly, Affimers have been developed which specifically target SH2 domains, e.g 

in growth factor receptor bound protein 2 (Grb2). Affimers only bound to Grb2 and not 

Grb7, 14 or 10 and were able to disrupt protein-protein interactions[43]. It is their high 

specificity that makes Affimers an ideal candidate to study signalling pathways 

1.1.4 Methods of library generation and isolation 

The success of any method of affinity generation is reliant on the ability to generate a 

competent DNA library, the original Affimer library was generated using splice overlap 

extension (SOE) [10]. This method has the advantage of not requiring restriction sites 

[49]. 

Central to the use and design of antibody scaffolds is the ability to isolate them after 

selecting for specific binders. The most common technique used to achieve this is 

phage display (see Figure 4). First developed in 1989 by George Smith [50] it allows 

proteins to be displayed on the surface of a phage virus allowing it to bind to 

immobilised targets. Unbound phage can be washed away and bound phage can be 

used to infect E.coli amplifying the gene coding for a binding protein. Washing steps 

are often repeated multiple times to improve binding affinity [51]. This technology 

allows the screening of millions of potential proteins relatively easily and provides an 

easy way of obtaining the gene that codes for them. Phage display is also used in 

negative screens which allow the antibody scaffold to be selected for that does not 

bind a specific target by immobilising the target and collecting scaffolds that do not 

bind. 
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A less commonly used method is ribosome display in which fully folded proteins are 

prevented from leaving the ribosome due to the lack of stop codons, this allows the 

mRNA protein ribosome complex to be isolated by affinity selection. The mRNA can 

then be analysed to determine the sequence of the bound protein [52]. Ribosome 

display is able to take advantage of a larger library (1014) compared to phage display 

(1011) [53]. Despite this advantage phage display remains the most widespread 

method to generate high affinity proteins. 

  

Figure 4. Process diagram of phage display used to create high affinity binding molecules. 

Created using BioRender 
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1.2 The MAPK pathway  

Cells need a way to respond to changes in the extracellular environment, this is 

achieved by using specific cell signalling pathways. The MAPK pathway has a role in 

multiple processes within the body, including cell proliferation, the cardiovascular 

system and the immunological response [54], [55]. MAPK pathways are activated by 

specific extracellular signals and end in the activation of a MAPK protein which 

phosphorylates multiple transcription factors to drive change within the cell. There are 

three main MAPK families: Jun-amino terminal kinases (JNK), extracellular signal 

regulated kinases (ERK) and p38/stress activated protein kinases (SAPK). All MAPKs 

are activated by MAPK kinases (MAPKK) which are themselves activated by MAPK 

kinase kinases (MAPKKK) [56]. 

While there are multiple MAPK pathways this study focuses on the Ras/ERK pathway. 

The Ras/ERK pathway (see Figure 5) was first described in 1980 in Drosophila [57]. 

Since then it has been implicated in a significant number of cancers via constitutive 

activation of the receptors that stimulate the pathway and mutations of key regulatory 

proteins, such as Ras which is mutated in one third all of cancers (90% of which are 

K-Ras) [58]. This is due to the pathways control over cell proliferation, as constitutive 

activation will drive constant cell division. Multiple approved therapies now target the 

Ras/ERK pathway to help treat cancer [59]. For example Tyrosine kinase inhibitors 

Figure 5. Simplified RAS/ERK pathway, EGF binding to the EGFR activates tyrosine kinase activity and Grb2 in 

complex with SOS binds to the phosphorylated tyrosines of EGFR which activates SOS allowing Ras-GDP to exchange 

its GDP for a GTP. RAS-GTP phosphorylates RAF which causes a kinase cascade leading to the phosphorylation of 

ERK via MEK. Phosphorylated ERK localises to the nucleus where it phosphorylates ELK1, ELK1 can then form a 

complex with SRF which acts as a transcription factor. 

Abbreviations: Epidermal growth factor (EGF), Epidermal Growth Factor Receptor (EGFR), Growth Factor Receptor 

Bound Protein 2 (GRB2), Son of Sevenless (SOS), Guanosine Triphosphate (GTP), Guanosine Diphosphate (GDP) 

Mitogen activated protein kinase kinase (MEK), Extracellular Receptor Kinase (ERK), ETS like protein 1 (ELK1), Serum 

Response Factor (SRF) 
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(TKI) that target EGFR are used to treat lung cancer, however the cancer is usually 

able to progress due acquired resistance to the TKI [60]. There is a lack of ERK 

inhibitor drugs compared to MEK. ERK inhibitors are becoming of particular interest 

due to their ability to overcome MEK inhibition resistance [61]. This highlights the 

importance of the MAPK pathway in oncology.  

1.3 Protein-protein interactions 

Protein-protein interactions (PPI) are highly specific contact between two or more 

proteins, they can be transient or more permanent, and are essential to biological 

processes. These interactions are often mediated by hydrogen bonds as well as 

hydrophobic and electrostatic effects. In the past they were often considered 

“undruggable” [62]. Since then improvements to characterisation of interaction 

domains, improved screening methods and the development of custom antibody 

scaffolds have made what previously seemed impossible a reality. Drugs such as 

Tirofiban, used in the treatment of myocardial infarction, inhibit the protein interactions 

of glycoprotein IIb/IIIa [63]. Maraviroc, used in the treatment of HIV inhibits the 

interactions of the CCR5 receptor preventing viral entry [64]. These examples and 

many others show that the inhibition of PPIs is now a viable option in the development 

of therapeutics.  

One of the challenges that still exists when investigating PPIs is the frequent ubiquity 

of many protein interaction domains, their ability to interact with multiple proteins 

makes them biologically useful but also makes them hard to target. Often inhibitors 

will prevent the interaction between multiple proteins with the same domain. This 

provides a problem in research as it makes it harder to observe the effect of inhibition 

of a specific pathway and in therapeutics it increases the likelihood of side effects. 

Antibody scaffolds provide a solution to this, Affimers particularly are able to target 

domains in specific proteins with limited cross reactivity [10].  
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1.4 Growth factor receptor bound protein 2  

Growth factor receptor bound protein 2 (Grb2) is 

an important adaptor protein in the MAPK 

pathway. It is 25 KDa and formed of two SH3 

domains with a central SH2 domain, and is found 

in both monomeric and dimeric states[65] (Figure 

6 [66]). Grb2 is the only protein in the RAS/ERK 

pathway that contains an SH2 domain. Grb2 has 

no intrinsic enzymatic activity, instead acting as 

an adaptor protein forming complexes with a 

variety of proteins. In the Ras/ERK pathway Grb2 

is constitutively associated with the Son of 

Sevenless (SOS) protein, via Grb2’s SH3 

domains [67] and a proline rich sequence in SOS 

[68]. SOS is a guanine nucleotide exchange 

factor (GEF) that allows the exchange of GDP for GTP in Ras [69]. When EGFR is 

bound by EGF it undergoes autophosphorylation. Allowing  Grb2 to bind to EGFR via 

Grb2’s SH2 domain, which activates SOS GEF activity continuing the Ras/ERK 

signalling pathway [70].  

Grb2 is unable to function when in its dimeric state but phosphorylation of Tyr160 (on 

Grb2) promotes the monomeric state in which Grb2 is active. This allows Grb2 to 

function as a control point in the Ras/ERK pathway as well as an adaptor protein. 

Control at Grb2 may be due to the background level of RTK phosphorylation in the 

absence of ligand, ensuring that the pathway is only activated when appropriate. This 

behaviour is important in preventing tumour development [71]. 

1.4.1 Grb2’s General Role in Cancer 
 
Grb2 has an obvious role in proliferative growth during cancer development as part of 

the MAPK pathway in controlling cell differentiation [72]. However, it has also been 

implicated in metastasis. Targeting metastasis is especially important as it is 

responsible for the majority of deaths due to cancer and studies using small molecule 

inhibitors of Grb2  have demonstrated reduced cell motility [73]. To achieve metastasis 

the cancer cell must be able to remodel the actin cytoskeleton, Grb2 has been shown 

Figure 6. The crystal structure of the Grb2 

dimer, SH2 domains in white and SH3 

domains in orange 
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to interact with a range of proteins that associate with the actin cytoskeleton [74]. 

Hepatocyte Growth Factor (HGF) is a scatter factor that interacts with the receptor Met 

(a tyrosine kinase) to induce scattering [75]. During scattering cells dissociate from 

each other and the extracellular matrix (ECM) by disrupting E-cadherin mediated cell-

cell adhesion [76]. Grb2 is able to interact with pY1356 in c-Met (sometimes via 

mediator Gab1), this leads to downstream signalling in multiple pathways which 

control both cell division and the regulation of other cytoskeletal associated proteins 

e.g FAK [77]. It is possible that inhibition of Grb2 interactions prevents this and reduces 

the motile abilities of the cell.  

Another important hallmark of cancer is sustained angiogenesis which supplies the 

tumour with a constant source of oxygen and other important factors [78]. Studies have 

shown that inhibition of the SH2 domains in Grb2 reduce morphogenic events needed 

for angiogenesis in tumours [79]. This is because Grb2 is involved in multiple pathways 

which control angiogenesis [74].  

Grb2 has also been a suggested target in breast cancer treatment. In all subtypes of 

breast cancer, the epidermal growth factor receptor (EGFR) is upregulated, this is 

most common in triple negative breast cancer (TNBC) which also lacks the estrogen 

receptor and HER2 [80]. Increased EGFR expression is also associated with lower 

rates of survival [81]. Multiple studies have attempted to develop therapeutically 

effective EGFR inhibitors, however they have only been successful in treating a small 

number of patients [82]. This highlights the need to develop different inhibitors that 

could potentially treat TNBC, such as ones which target Grb2. Grb2 has been shown 

to be upregulated in various breast cancer cell lines (MCF-7, MDA-MB-361 and -

453), which likely increases their sensitivity to growth factors [83]. A variety of studies 

have also developed Grb2 inhibitors using peptidomimetics in which the SH2 domain 

of Grb2 was mimicked and modified, the resulting peptide was shown to inhibit EGF 

stimulation in vitro [84], [85]. However, none of these inhibitors were taken further into 

clinical trials.   

1.5 The SH2 domain 

The Src homology 2 domain (SH2 domain) is a common domain found in around 110 

proteins in the human genome, the largest class of pTyr recognition domains[86]. It 

was previously thought to only exist in eukaryotic cells, however new research has 
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identified 93 SH2 domains In Legionella bacteria, distinct from those observed in 

eukaryotes [87]. SH2 domains are most frequently utilised during phosphotyrosine 

signalling in important processes such as cell growth and differentiation [88]–[90].The 

N-terminal SH2 domain followed by a kinase domain is highly conserved in all 

cytoplasmic tyrosine kinase family members [91]. The SH2 domain is usually found 

with other additional domains, forming N-terminal flanking regions. Most commonly 

this is an SH3 domain, but can also be FERM or F-Bar domains[92], in JAK kinases 

the SH2 domain is followed by two kinase domains [93] 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

SH2 domains are typically 100 amino acids long, comprised of one β sheet with α 

helices on each side (see Figure 7A [94]) [95], [96]. The SH2 domain is used to 

regulate the activity of tyrosine kinases, the mechanism for which has been 

determined by a number of crystallographic and molecular dynamics studies.  

In c-Src, phosphorylation of Tyr527 (located on the C-terminal tail) causes it to bind to 

the SH2 domain forming a compact inhibited state[97] (see Figure 7B [98]) this 

conformation is also stabilised by interaction with SH3 domains [99], [100]. In this state 

the SH2 and SH3 domains stabilise a loop helix which removes a key residue from the 

active site[95]. Dephosphorylation of Tyr527 converts the kinase into an active state 

and allows the subsequent phosphorylation of Tyr416 and the helix to adopt a 

disordered but catalytically active conformation[98], [101].  

Figure 7. (A)The solution NMR structure of the SH2 domain of Grb2 at 1.09 Å.  β sheets are in yellow, α 

helices in red. (B) Ribbon diagram of c-src in the inactive state in which pTyr 527 has bound to the SH2 

domain and the A-loop helix has formed. SH2 and SH3 domains are in green and yellow respectively, the 

kinase domain is blue, and the phosphorylated tail section is in purple 

A B 
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1.5.1 SH2 domains in protein-protein interactions 

SH2 domains have long been known to control signal transduction in cell signalling 

pathways through the recognition of phosphotyrosine residues [102]. The majority of 

SH2 domains contain a conserved arginine residue (R175 in v-Src) which is essential 

for recognition of phosphotyrosine [103]. The ubiquity of SH2 domains in cell signalling 

poses an important question, how do SH2 domains recognise specific proteins in a 

pathway without interacting with other pY residues? A recent study used 

phosphotyrosine oligopeptides (with pY in the middle) to screen for the specificity of 

70 SH2 domains in 70 different proteins. They identified 17 different classes of SH2 

domain which preferentially bound to a specific pY containing sequence on the target 

protein [104]. The Grb2 SH2 domain was found to bind to sequences with an 

asparagine residue 2 residues from pY. On EGFR the Grb2 SH2 domain can bind to 

pY1173 [105] which has an asparagine residue only 3 residues from pY. Other studies 

have also identified secondary contacts which play a role in SH2 complex formation, 

in phospholipase-Cγ and FGFR1 secondary contacts are estimated to account for 

20% of total binding affinity [106]. These studies demonstrate that the target sequence 

on an SH2 domain’s ligand is vital in determining its specificity.  

1.5.2 The SH2 Domain in Grb2 
 
The SH2 domain of Grb2 associates with EGFR after the receptor is phosphorylated, 

triggered by EGF binding. EGFR has multiple possible phosphorylation sites. Using 

deletion mutations it has been determined that Grb2 binds preferentially to pY1068 

and pY1173 [107] with Y1068 more commonly phosphorylated in vivo [108]. It has 

also been demonstrated that Grb2 has a higher affinity for EGFR compared to other 

SH2 containing binding proteins [109]. In addition there is little difference in the binding 

kinetics of Grb2 and the isolated Grb2 SH2 domain, which suggests it is heavily reliant 

on the interaction between phosphotyrosine and the SH2 domain, not influenced by 

other residues [110].  

In vivo fluorescent imaging has revealed that Grb2 takes around 5 minutes to reach 

50% EGFR binding on the membrane and 10 minutes to reach equilibrium. This is in 

contrast to far western blotting which shows that SH2 binding sites become available 

much faster in around 1 minute [109]. One suggestion as to what causes this 

behaviour is that clustering of the EGFR increases membrane dwell time and therefore 
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the time taken for EGFR to cluster upon EGF activation increases how long it takes 

for Grb2 to reach equilibrium on the membrane [109], [110].  

1.5.3 SH2 Domains in Disease 
 
Due to their use in a wide range of signalling pathways, mutations in SH2 domains are 

associated with multiple diseases [111]. One well studied example is x-linked 

agammaglobulinemia (XLA) first described in 1952 [112], it is an x chromosome linked 

disorder that causes an increased likelihood of bacterial infection, 

hypergammaglobulinemia and reduced circulating B cells [113]. Most XLA patients die 

from bronchiectasis or chronic lung disease due to repeat infections [114]. XLA is 

caused by mutations in Bruton’s tyrosine kinase (BTK), many of which are located in 

the SH2 domain, either affecting its stability or function [111], [115], [116]. Due to the 

lack of BTK signalling B cells fail to mature within the bone marrow and do not enter 

circulation [117]. Currently the only treatment for XLA is immunoglobulin (IG) therapy 

in which intravenous (IV) injections of IG are given to the patient every few weeks 

[118]. This therapy has multiple issues including the lack of IgA and IgM in serum 

injections, as it is possible to develop anti-IgA antibodies [119], this leaves mucosal 

surfaces (such as those in the lung) vulnerable to infection [120]. Therapy also lasts 

for life, significantly reducing quality of life for the patient and does not replace other B 

cell functions (only the production of antibodies) [118]. It is possible that with a further 

understanding of SH2 domains a more effective treatment could be developed.  

1.6 Project aims 

This project aimed to characterise the structural interaction between the SH2 domain 

of Grb2 and Affimers that inhibit its activity, using X-ray crystallography. Another 

objective was to use Affimers to target SH2 domains within specific proteins to 

determine if they have previously unknown activity within the MAPK pathway. Grb2 

was used to develop an assay in which an Affimer disrupts the protein-protein 

interactions of the SH2 domain and the effect on the MAPK pathway is observed. This 

assay was then applied to Affimers which inhibit protein interactions of other SH2 

domain containing proteins. The further characterisation of the MAPK pathway could 

lead to potential identification of novel targets in cancer therapy. An ideal outcome 

would be to identify a protein that has increased activity within the MAPK pathway in 

cancer cell lines compared to healthy cells 
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Chapter 2     Results  

2.1 Crystallisation of the Grb2-SH2 Affimer complex 

Prior work in the Tomlinson lab produced a range of Affimers which interacted with the 

SH2 domains of various proteins, including the Grb2 SH2 domain. A co-crystal 

structure between the Grb2 SH2 domain and an Affimer would provide insights as to 

how Affimers interact with and block the activity of Grb2 SH2 domains. Previous 

attempts in the Tomlinson lab had been made to crystallise the full Grb2 protein with 

an Affimer, which were unsuccessful likely due to the low concentration of Grb2 

produced. An alternate approach was to express only the Grb2 SH2 domain and 

attempt to crystallise in complex with an Affimer.  

2.1.1 Expression of the Grb2 SH2 domain 
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Figure.8  Showing 15% SDS PAGE gels of E.coli induced with IPTG to express SH2 domain. E.coli 
was grown in 50 mL cultures and samples were diluted 1 in 10 with SDS PAGE buffer before being 
run on the gel. The control had the SH2 domain containing plasimd but was not induced with IPTG. 
Expression was estimated by observing the size of the bands at around 10 kDa. Total fractions are 
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taken from samples of the whole cell lysate, soluble samples are taken from the soluble fraction of 
the cell lysate. Expression for each condition was repeated 3 times indicated by the number of the 
sample  

 

To crystallise the SH2 Affimer complex high concentrations of both were required. 

Affimers already have a well-defined protocol and can easily be produced at high 

concentration in E.coli. To find the optimum conditions to produce the SH2 domain, 

expression trials were carried out in BL21 DE3 E.coli at three different temperatures 

18, 20 and 22 °C. Expression was analysed by running the total and soluble lysates 

on an SDS PAGE gel, it was not possible to obtain an exact concentration of the SH2 

domain as it was unlabelled. 

Figure.8 shows that the 20 °C condition produced the largest bands at around 10 kDa 

(the mass of the SH2 domain) whereas 22 °C produced the thinnest bands suggesting 

it had the least expression of any of the conditions. The level of expression in all the 

conditions was consistent both in the total and soluble fractions as well as across the 

repeats. 20 °C was chosen as the temperature to express SH2 domain. 

Figure.9 demonstrates that the SH2 domain could be produced at both 400 mL and 

1.5 L culture volumes, simplifying large scale production.  

 

 

 

 

 

 

 

 

 

 

 

Figure.9 15% SDS PAGE gels of E.coli induced with IPTG and left overnight at 20 °C 

to express SH2 domain. E.coli was grown in 400 mL and 1.5 L cultures and gel 

samples were diluted to the same concentration  
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2.1.2 Modifying Affimers with an HRV 3C site 

An HRV 3C site added into Affimers between the Affimer sequence and His tag would 

allow them to be cleaved from a Ni-NTA column using a HRV protease, this could 

potentially aid crystallisation. The Affimers D6 and F1 were chosen to be modified as 

they both showed good inhibition of the MAPK pathway in HEK293 cells (see Chapter 

2.2), suggesting that they had a high binding affinity for Grb2 which would aid complex 

formation.  

The Affimers were modified by PCR using custom primers (See methods 3.1.3) and 

addition of the site was confirmed by sequencing. Expression of the modified Affimers 

(referred to as D6H and F1H) was compared to expression of Affimers without the 

HRV 3C site by expressing the Affimers in E.coli and comparing on an SDS PAGE 

gel. 

 

 

 

 

 

 

 

 

Figure.10 shows that there is no difference between the expression of the Affimers 

with and without the HRV 3C site. The concentration of the purified samples was also 

measured using a Nanodrop and found to be 4-5 mg/ mL in all conditions. 

  

Figure.10 15%SDS PAGE comparing expression of Affimers with and without an HRV 3C site. All 

proteins were expressed and purified under the same conditions, samples were taken from 

purified fractions diluted the same and loaded onto gel. D6 was accidentally loaded twice. 
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2.1.3 Affimer:SH2 complex formation 

Pull-down assays were performed using magnetic Ni-NTA beads to ensure that the 

Affimers could form a stable complex with the SH2 domain. Trials were then performed 

to determine the optimal ratio of Affimer to SH2 domain for complex formation.  

Figure.11 shows that the pulldown was successful as all conditions produced both 

Affimer and SH2 domain. There was no notable difference between the Affimers with  

 

 

 

 

 

 

 

and without the HRV 3C site as they pulled down the same amount of SH2 domain. 

The SH2 only condition also did not show a large band of SH2 domain, meaning it is 

not sticking to the beads on its own and the Affimer was able to form a stable complex 

with the SH2 domain. The F1 Affimer was then used in assays to determine the correct 

ratio of Affimer and SH2 lysate, the best ratio would have very little SH2 domain in the 

unbound fraction indicating that it has saturated the Affimer bound to beads.     
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Figure.11 15% SDS PAGE gel showing results of pulldown on magnetic NI-NTA beads of 

Affimer in complex with SH2 domain. Samples were eluted from beads using a 100mM 

imidazole elution buffer and diluted before being run on a gel. SH2 only condition  was run on 

beads but did not have any Affimer added. D6H and F1H Affimers have the added HRV 3C 

site.  



27 
 

It was found that the best binding was achieved with 1:5 or 1:10 F1 to SH2 domain 

lysate (see figure.12). Bound fractions are those eluted from the Ni-NTA beads using 

buffers with high concentrations of imidazole. Unbound fractions are taken from a 

sample of the Affimer/SH2 lysate after being mixed with the beads, representing the 

protein that was unable to bind to the beads. The unbound fractions of these two ratios 

both show a similar amount of F1 and SH2 domain. The bound fractions showed a 

significant increase in the amount of SH2 pulled down at the 1:10 and 1:5 ratios while 

the amount of Affimer did not change this suggests that the Affimer had become 

saturated by SH2 domain. Ratios lower than 1:5 or with more Affimer than SH2 were 

ineffective at forming the F1-SH2 complex. It was decided that the 1:10 ratio would be 

used in crystal trials moving forward as it was not hard to get large amounts of SH2 

domain lysate and it ensured that the maximum amount of complex could form.    

 

 

 

 

 

 

 

 

 

 

 

Figure.12 15% SDS PAGE gel showing  bound and unbound fractions at different ratios of F1:SH2 

domain lysate after being mixed with Ni-NTA beads. Bound fractions were eluted using a buffer with 

high concentration of imidazole to outcompete the His tagged Affimer. Unbound fractions are samples 

taken from the washing step (see 3.1.7) 
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2.1.4 Size exclusion chromatography  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A pure sample of complex is needed for crystallisation to occur and to reduce the 

probability of something other than the desired complex crystallising. Size exclusion 

chromatography ensures that the sample is not contaminated. A ratio of 1:10 Affimer 

SH2 lysate was purified using Ni-NTA beads then run on a size exclusion column.  
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Figure.13 (A) 15% SDS PAGE gel of F1:SH2 complex after elution from a Ni-NTA column (B) 

fractions ran on a 15% SDS PAGE gel after being separated by size exclusion chromatography, 

fractions 3-6 are taken from the largest peak in the graph. The F1:SH2 complex is a sample of the 

complex before size exclusion (C) graph of size exclusion chromatography of the F1:SH2 complex. 
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The results showed that before size exclusion (figure.13A) there was some non-

specific binding that was also eluted along with the F1:SH2 complex. After size 

exclusion (figure.13B) there is no longer any visible non-specific proteins on the gel, 

so the complex has been purified successfully. The size exclusion graph (figure.13C) 

showed one distinct peak which was the complex (as shown on the SDS PAGE of the 

fractions).    
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2.1.5 Crystal Trials  

For the final trials 6 1.5L cultures of SH2 domain and 4 400 mL cultures of F1 were 

used to produce soluble lysate. In total 18.3 mL of F1 lysate was mixed with 183 mL 

of SH2 domain lysate and purified on a Ni-NTA column before being purified by size 

Figure.14 (A) Graph of size exclusion chromatography showing three main peaks (B) 15% SDS PAGE gel of size 

exclusion peaks, all peaks had F1:SH2 complex.  

B 

A 
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exclusion. Figure14A shows that there were three main peaks eluted from the size 

exclusion column, when ran on a gel (figure.14B) it was found that all three peaks 

contained the F1:SH2 complex. The first peak contained the least complex with peaks 

2 and 3 having the most. It is not clear why the complex formed three peaks instead 

of the one previously seen, peaks 1 and 2 do have more contaminants in them which 

may be the reason they came off of the column first. Peak 3 is largely clean with no 

non-specific proteins. Peaks 2 and 3 were concentrated and used in the crystal trials. 

Concentration of the complex was not measured due to lab shutdowns. 

After purifying the complex crystal trials were set up using JSCG I, II, III, IV and 

Morpheus buffer blocks, also varying the protein to buffer ratio in each condition (either 

1:1, 2:1, 1:2). The complex was then left in a crystal hotel to crystallise, while being 

monitored remotely. The complex was left for 130 days in total.    

Table 2 Crystal producing conditions 

Conditions Protein to 
Buffer Ratio Image 

0.05 M 
MgCl2 (Salt) 
0.1 M TRIS 

8.5 pH 
(Buffer) 
40 %v/v 
EtOH 

(Precipitant) 

1:1 

 

0.2 M NaCl 
(Salt) 

0.1 M Na 
Acetate 4.5 
pH (Buffer) 

40 %v/v PEG 
300 

(Precipitant) 

1:1 
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2:1 

 

1:2 

 

0.2 M LiSO4 
(Salt) 

0.1 M CAPS 
10.5 pH 
(Buffer) 

2 M 
(NH4)2SO4 
(Precipitant) 

1:2 

 
 

 

These first crystal trials were successful in producing multiple conditions with crystals 

(see Table 2), there does not appear to be a pattern in the conditions that produced 

the crystals. Crystals were observed after 130 days as shutdowns made the lab 

inaccessible. All three of these conditions were taken forward into optimisation trials 

to try and obtain as much crystal material as possible.  

Table 2 Shows the conditions that were successful in producing potential crystals of the F1-SH2 

complex. All images were taken 130 days after being plated. 
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2.1.6 Optimisation Trials 

A new sample of F1SH2 complex was produced (same procedure as previously 

described) and used in the optimisation trials. Crystal plates were designed according 

to the maps in figure 15, varying the concentration of precipitant along the rows and 

the pH of buffer along the columns. The minimum and maximum (pH and 

concentration) values were chosen by altering the successful conditions positively and 

negatively to put the original conditions in the middle of the plate. The concentration 

of salt was kept constant in all conditions at the concentration used in the original trials.  

 

 

 

 

 

 

 

 

 

Figure.15  Layout of buffer solutions used in crystal 

optimisation trials. pH varied by columns, precipitant 

concentration varied by rows.    

Figure.16  A selection of crystals grown in optimisation trials, images were taken after 21 days. 

Conditions were: 0.2 M NaCl, PEG 300, sodium acetate (varying concentrations) 
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The only condition to produce crystals again was the NaCl/PEG 300/Sodium acetate 

condition (see figure.16). This could be because the crystals have not been left for as 

long as they were originally, so they have not had time to grow. It is also possible that 

the two samples were at different enough concentrations for it to affect its ability to 

crystallise under certain conditions. The concentrations of the complex used in each 

trial was not obtained due to time constraints so this cannot be known for sure. The 

crystals that have grown appear to be of a good size and shape increasing the chance 

that they will be able to provide useful structural data. All of these crystals were sent 

to be diffracted. 

2.1.7 Diffraction of F1-SH2 crystals 

 

 

 

 

 

 

 

 

 

 

In total 32 crystals were sent to Diamond light source to be diffracted (diffraction and 

beam operation carried out by Dr Chi Trinh). Crystals were diffracted at 100% beam 

intensity for 0.1 s at 0°,45° and 90°. Diffraction images of all the crystals showed 

unstructured spots close to the centre, indicating that the crystals were protein but did 

not diffract well enough to produce a structure. The best resolution obtained was 6.5 

Å, not enough to gain meaningful structural data, shown in figure 17. Diffraction 

patterns also varied at different angles indicating that the crystals were not singular. 

Patterns were also not good enough to accurately calculate the unit cell size. 

Figure.17 (A)Diffraction image of SH2-F1 complex crystal 22, this was the highest resolution 

diffraction image obtained, image taken at 0° at 100% beam intensity for 0.1 s (B) Zoomed in view of 

diffraction image showing middle with lattice   
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These results show that while we were able to grow protein crystals, they were not of 

good enough quality to obtain structural data. However, they are a good start and 

further optimisation trials should be carried out to produce better crystals.  

Potentially the reason the crystals did not diffract well is that the His tag on the Affimer 

made the structure too disordered. This could be solved by using the previously 

produced Affimers with an HRV 3C site that allows the His tag to be removed. These 

Affimers have already been trialled to ensure that they do form complex with the Grb2 

domain, but it is not confirmed that they inhibit its activity. As the HRV site does not 

affect the variable domains it is unlikely that the modification affects their behaviour. It 

should also be considered that this method would likely reduce the amount of complex 

purified which could affect crystallisation. This approach was not trialled in this study 

due to time constraints.   
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2.2 Effect of SH2 targeted Affimers on the MAPK pathway 

The only known SH2 domain containing protein to have activity in the MAPK pathway 

is Grb2. This project aimed to determine whether any other SH2 containing proteins 

had previously unknown activity in the MAPK pathway by using Affimers which blocked 

protein-protein interactions. Affimers are particularly well suited to this task due to their 

high level of specificity, only targeting the SH2 domain of one protein. This limited 

amount of cross interactivity allows a specific protein to be identified with a good 

degree of confidence. 

 In total 32 different proteins were targeted by 119 different Affimers (Affimers 

produced by previous work in the lab). If any of these proteins were involved in the 

MAPK pathway then the Affimers should block their interactions and alter the activity 

of the pathway. 

2.2.1 Luciferase assay time trial 

To measure the effect on the MAPK pathway it must be stimulated with epidermal 

growth factor (EGF), therefore a time course was initially performed to determine the 

optimum time to stimulate the pathway. An alanine Affimer was used as a negative 

control, all the residues in the hypervariable regions were alanine which should 

prevent any interactions with other proteins. The Grb2 D6 Affimer acts a positive 

control as Grb2 has known activity in the MAPK pathway and the D6 Affimer is known 

to block Grb2 interactions. A second positive control is the K6 Affimer which interacts 

and blocks the activity of Ras, this provides a comparison as to what reduced activity 

in the MAPK pathway looks like. 

To measure the activity of the MAPK pathway a Luciferase assay was used. HEK293 

cells were transfected with two plasmids, one plasmid contained a constitutively 

expressed Renilla luciferase the other a Firefly luciferase expressed in the presence 

of serum response factor. Each of these luciferase enzymes produces light in the 

presence of different chemicals allowing their signals to be measured independently. 

Constitutively expressed Renilla acts as a transfection/transcription control factor to 

ensure that the level of transfection in a cell is not affecting the results.  

The Firefly luciferase is used to measure the activity of the MAPK pathway which 

(among other effects) produces serum response factor. A ratio of Renilla and Firefly 
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luminescence therefore acts as a measure of the activity of the MAPK pathway. The 

higher the ratio the more active the pathway. 

The Affimers K6 and D6 were used in this time course. K6 is an Affimer that blocks 

the activity of Ras (the upstream of Grb2) and D6 is a Grb2 SH2 domain targeted 

Affimer. As shown in figure 18 in the presence of the alanine Affimer the activity of the 

MAPK pathway increased over time, reaching a peak at 8 hours. It is not clear whether 

this was the limit or whether activity would have continued to increase had the 

stimulation continued for longer. From this we can conclude that the Affimer alone has 

no effect on the MAPK pathway and any changes can only be from specific interactions 

between protein domains. The D6 and K6 Affimers both showed a similar reduction in 

MAPK activity which did not change by a large amount compared to the unstimulated 

condition. From these results it was concluded that 6 hours was the best stimulation 

time as the pathway had reached a significant level of activity in the negative control 

condition 
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Figure.18 Graph showing the relationship between the length of EGF stimulation and the 

ratio of Firefly and Renilla luminescence, in the presence of alanine, D6 and K6 Affimers.  

Ratio values are N=3 averages. The alanine Affimer is a negative control, D6 is a Grb2 

positive control, K6 is a Ras positive control. Error bars show standard deviation. The 

unstimulated condition did not have any EGF added to the cells   
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2.2.2 Trial of robust Z scores statistical test 

A statistical test was needed to ensure that the assay was sensitive enough to 

distinguish between the variation in negative controls and an Affimer actually 

affecting the pathway. Robust Z scores show deviation from the median, any 

Affimers that can be said to inhibit the pathway would therefore show a deviation 

from the median similar to a positive control. The positive control used was K6 which 

has been shown to inhibit the activity of Ras. Two blind tubes were also included in 

the experiment one which had another positive control and another that had a 

negative control. The plate layout used can be seen in figure.19B, it uses a high 

number of negative controls to ensure that the Z scores are accurate. As figure 19A 

shows the assay was sensitive enough to distinguish between the two tubes. Tube 1 

was correctly identified as containing the positive control and tube 2 the negative 

control. This confirms that the assay is sensitive enough to significantly distinguish 

between random variation and Affimers with a definite effect on the pathway.  

Figure.19(A) Box and whiskers plot of the robust Z scores of the ratio between Firefly and Renilla 

luminescence in each condition. More variation can be seen in the K6 and Alanine conditions as 

there were multiple repeats. K6 is a positive control. 

A 
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2.2.3 MAPK pathway Affimer screening 

In total 102 different Affimers were screened for their effect on the MAPK pathway 

targeting the SH2 domains of 20 different proteins. The results from figure 20 show 

that the majority of Affimers screened did not reduce the activity of the MAPK pathway. 

Figure.20 Graph of robust Z scores in the presence of various Affimers, the negative control (an 

alanine Affimer) is in blue, the positive control (K6 Affimer) is in red. The positive and negative 

controls plotted represent the robust Z score for each plate screened. Robust Z scores represent 

deviation from the median. All Affimer conditions are averages taken from two repeats. N = 1 

Robust Z scores from various Affimers 

Robust Z scores from various Affimers 

A 

B 
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It also shows that there was a wide range of variation present in the Alanine negative 

control. This suggests that the activity of the MAPK pathway in this assay varies 

enough that it is difficult to determine whether or not an Affimer is having an effect. 

This could be due to issues with the protocol that caused variations in the behaviour 

of the pathway or problems that caused the measuring of the firefly and Renilla 

luciferase to be inaccurate.  

Many of the Affimers screened appear to show an increased activity in the MAPK 

pathway where their robust Z score is higher than the negative control. This could be 

due to a natural variation in the MAPK activity, but this variation was not seen in the 

negative controls. So, it is more likely that the results are simply not reliable enough 

due to the lack of repeats It is unlikely that the Affimers have been able to increase 

activity as they block protein-protein interactions  

Some of the Affimers screened did show a negative effect on the pathway, as 

highlighted in figure 21A. However all but one of these Affimers targeted Grb2 which 

is already known to have activity in the MAPK pathway, although it does at least show 

some consistency. The only other Affimer with a negative effect is Crk1 D1, although 

this is a very small effect and not large enough to say that the Affimer is definitely 

having an effect on the pathway. Shown in figure 21B the variable regions of the 

Affimers do have some similarity as Grb2 D1, D6 and F1 all have a WYxN pattern in 

the same position and a P residue on the end of variable region 1. These Affimers 

produce the strongest negative effect on the MAPK pathway so it is possible that this 

pattern is important in blocking the protein-protein interactions of the SH2 domain 

The role of Crk1 in the MAPK pathway is not well understood, previous studies have 

shown that it plays a role in the p38 MAPK pathway [121] inducing the production of 

Src. Additionally it has been found to activate JNK in HEK293 cells [122], although 

evidence suggests that this was through its SH3 domain [123]. These studies along 

with our results show that further study of the role of Crk1 in the MAPK pathway is 

needed.    

Overall, these results are not significant enough to draw any definite conclusions as 

to the effects of these Affimers on the MAPK pathway. Further study is needed with 

more repeats to ensure reliability and possibly a more sensitive assay able to detect 

smaller changes in MAPK activity. 
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Protein Affimer 
Average Z 

score 
Variable region sequence 

Grb2 

A4 -0.32 HVLWENAGP HTRYEYFVY 

B5 -0.43 NKEQRHWSE FQYVNWPVP 

A6 -0.20 HEYPMHQHN PLFMNVPLP 

D1 -0.49 KWYMNTMFP EPGRFNEML 

D6 -0.60 PWYQNVPYP REERNMNAM 

F1 -0.42 RWYVNVSLP DNMDNMNKI 

F5 -0.22 DWWEAGVFM WNEINYMFD 

D5 -0.36  FSHAYMNVV VGGGGN 

Crk1 D1 -0.27 QSAWTGEQH EVHYPFSFS 

Figure.21 (A) Highlighted robust Z scores in comparison to Alanine negative and K6 positive controls. (B) A 

table of Affimers with negative robust Z scores, the protein they target and their variable region (1 and 2) 

sequences. Hydrophilic residues are in blue and hydrophobic in red, areas of similarity have been highlighted  

B 

A 
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Chapter 3    Materials and Methods 

3.1 Crystallisation of the Grb2-SH2 Affimer complex 

3.1.1 Purification and transformation of Affimer DNA  

Affimer DNA was provided by Greg Billenness of the Tomlinson lab. The Affimer 

sequence was contained in a pET11a plasmid and transformed into XL1-Blue 

supercompetent cells. 10 µL of cells were incubated on ice with 1 µL of Affimer pET11a 

(varying concentrations of Affimer DNA were used, all were above 100 ng/µL) for 30 

minutes, then heat shocked for 45 seconds at 42 °C and further incubated on ice for 

2 minutes. The cells were then incubated with shaking at 37 °C 230 rpm in 200 µL of 

2YT media. 100 µL of the transformation mix was plated onto carbenicillin (100 µg/mL) 

(carb) lysogeny broth (LB) plates and incubated overnight at 37 °C. Plates were 

removed from the incubator the next day and stored at 4 °C. 

The plasmid was then purified using the QiAprep Spin Miniprep Kit (QIAGEN, Cat. No. 

27106). Sequencing was carried out by Genewiz and results were compared to known 

Affimer sequences. 

3.1.2 Agarose gels  

Agarose was dissolved in 20 mL TAE buffer at the desired concentration and 

microwaved until agarose was completely dissolved. Agarose solution was then mixed 

with a DNA dye at a ratio of 1:10000 and cooled in a mould along with a comb to 

produce sample loading wells. 5 µL DNA samples were mixed with loading buffer and 

loaded into wells. The gel was then run at 100 V for 30 min – 1 hr or until the dye had 

reached the end of the gel. UV images were then used to confirm the presence of the 

DNA bands in the gel   

3.1.3 Addition of HRV site to pET11a Affimer 

The pET11a vector was digested with (50 units) Nhe1 and Not1 restriction enzymes 

for 5 hours at 37 °C, 1 µL of Calf-intestinal alkaline phosphatase (CIP) (NEB cat no. 

M0290) was added and left at 37 °C for 30 minutes to prevent re-ligation of the DNA 

fragment. The sample was then cleaned up using the NucleoSpin® Gel and PCR 

Clean-up kit (Macherey-Nagel, Cat. No. 740609.250) and run on a 0.7% agarose gel 
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(see 3.1.2). The digested vector was then extracted using the same clean up kit and 

stored at – 20°C. 

Affimer DNA was PCR amplified using primers which introduced the HRV site (see 

Figure 22) between the Affimer and the His tag. Denaturation was carried out at 98 

°C, annealing at 54 °C and extension at 72 °C for 30 cycles. DpnI digest was then 

carried out for 1 hr at 37 °C using 0.5 µL DpnI and DNA was purified using Fastgene® 

Gel/PCR Extraction Kit (Cat no. P4-0508). The amplified sequence was then digested 

with Nhe1 and Not1 enzymes using the same method.  

5 ng of digested insert and 30 ng of digested vector were combined with 4 µL 10X T4 

DNA ligase and left to incubate overnight at 4 °C. A vector only control with no insert 

was also used. The modified Affimer DNA was then transformed into XL1-Blue 

supercompetent cells and purified using previously described methods (3.1.1). 

3.1.4 Production and purification of His-tagged Affimers 

Purification methods were the same for Affimers with and without an HRV 3C site. 

Affimer-pET11a plasmids were transformed into BL21 DE3 E.coli using the previously 

described methods (3.1.1). Single colonies were picked from an LB carb (100 µg/mL) 

plate and grown overnight in LB carb (100 µg/mL) media at 37 °C while shaking at 230 

rpm. Overnight culture was then inoculated into LB carb (100 µg/mL) media (50 or 400 

mL) and grown at 37 °C while shaking until OD600 reached ~0.7. Cultures were then 

induced with IPTG to a final concentration of 0.1 mM and incubated overnight shaking 

at 37 °C. Cells were then harvested by centrifugation at 4500 xg for 15 minutes, if 

needed pellets were stored at -20 °C until ready to be used. 

Pellets were thawed and resuspended in 1/50th of original culture volume lysis cocktail 

(0.1 mg/mL lysozyme, 1% Triton x-100, 10 U/mL Benzonase Nuclease Purity, 1 X Halt 

Protease Inhibitor cocktail and lysis buffer consisting 20 mM Tris and 100 mM NaCl) 

resuspended pellets were incubated at room temperature for 1 hr on a fixed speed 

HRV forward primer: GAA GGA GAT ATA CAT ATG G 

HRV reverse primer:  ATT CGC GGC CGC CGG ACC CTG AAA CAG AAC TTC CAG 

AGC GTC ACC AAC CGG TTT G 

Figure 22. Primers used to introduce HRV site, blue indicates the HRV sequence, red the 

Not1 restriction site  
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rotator. Non-specific proteins were denatured by incubation in a 50 °C water bath for 

20 minutes. Lysis suspension was then centrifuged at 4500 xg for 20 mins pellets from 

culture volumes >400 mL were also spun a second time at 12000 xg).  Ni-NTA resin 

(300 µL slurry for 50 mL pellets or 800 µL slurry for 400 mL pellets) was washed with 

(1 mL for 50 mL pellets or 5 mL for 400 mL pellets) wash buffer (20 mM Tris and 100 

mM NaCl) and then centrifuged to sediment the resin and the wash buffer was 

removed. Supernatant (containing soluble protein) was then incubated with the resin 

on a fixed speed rotator for 1-2 hrs. Resin was then washed several times to remove 

unbound protein until wash buffer run off A280 measured <0.09. Bound Affimer was 

then eluted with elution buffer (20 mM Tris, 100 mM NaCl and 300 mM imidazole) in 

1 mL fractions. Protein was then run on an SDS-PAGE gel to confirm purification and 

expression of the correct protein. When needed Affimers were dialysed using Slide-A-

Lyzer Dialysis Cassettes, 7K MWCO, 0.5/3 mL (Thermo Scientific, Cat. No. 66373) 

into 5 L of suitable buffer by leaving overnight at 4 °C.  

3.1.5 SDS-PAGE gel 

Separating gel was created by combining 2.4 mL of gel buffer (1.5M tris and 0.4% 

SDS) 5.2 mL 30% acrylamide stock, 2.4 mL deionised H2O, 150 µL 10% APS and 6µL 

TEMED. Separating gel mix was then left in gel mould until set. Stacking gel was 

created using 1.2 mL stacking gel buffer (0.4M Tris and 0.4% SDS), 0.8 mL 30% 

acrylamide, 2.8 mL deionised H2O, 100 µL 10% APS and 4 µL TEMED. Stacking gel 

mix was added to the top of the gel mould and teeth were added to create wells. Gel 

was then left until set. Gels were stored in SDS-Buffer at 4 °C overnight for no more 

than 2 days.  

Samples loaded onto gels were mixed with sample buffer and 20% mercaptoethanol 

and boiled at 95 °C for 5 minutes. Gels were run at 140 V for around 45 minutes or 

until sample buffer had run off the gel. Gels were left in Coomassie blue stain for 45 

minutes and then destained overnight in destain solution (25% mercaptoethanol and 

7.5% acetic acid).  

3.1.6 Production of Grb2-SH2 domain 

SH2-pET11a was transformed into BL21 DE3 cells using the previously described 

(3.1.1) method and expressed using IPTG induction as previously described (3.1.4), 

but incubated overnight at 20 °C. The cell pellet was resuspended in previously 
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described lysis cocktail (3.1.4) and incubated at 1-2 hrs at room temperature on a fixed 

speed rotator. Then centrifuged at 4500 xg and the soluble fraction was separated 

from the pellet. The presence of protein was confirmed by SDS-PAGE gel (3.1.5).  

3.1.7 F1-SH2 complex formation  

Purified Affimer protein was mixed with Grb2-SH2 domain at a 1:10 ratio, in trials 

purified Affimer was mixed with soluble fraction Grb2-SH2 domain, however for the 

final crystallisation trial Affimer soluble fraction (instead of purified Affimer) was mixed 

with Grb2-SH2 domain soluble fraction. In complex formation trials magnetic Ni-NTA 

beads were washed 1 mL with wash buffer and incubated with Affimer SH2 mix for 1 

hr on a fixed speed rotator. Beads were then washed with wash buffer until wash buffer 

run off measured A280 < 0.09 and complex was eluted using elution buffer and run on 

an SDS-PAGE gel to confirm that the pull down was successful. During crystallisation 

attempts 8 mL Ni-NTA resin was used instead of magnetic beads.  

3.1.8 Crystallisation of F1-SH2 complex 

6 1.5 L cultures were used to produce the SH2 domain and 4 400 mL cultures were 

used to produce the F1 Affimer. 18.3 mL of F1 Affimer soluble fraction was mixed with 

183 mL of SH2 domain soluble fraction and left overnight at 4 °C shaking. 8.3 mL of 

Ni-NTA resin was used to purify the F1-SH2 complex using previously described 

method (see 3.1.4 and 3.1.7). Resin was then spun at 1000 xg and unbound fraction 

discarded. Resin was washed until run off A280 measured <0.09 and complex was 

eluted with elution buffer in 2 mL fractions. Elutions were then pooled and 

concentrated by centrifugation in a concentrator at 2000 xg in 5 min intervals until the 

volume was around 10 mL, concentrated complex was then run on size exclusion 

column and fractions collected. Size exclusion fractions were then run on an SDS-

PAGE gel and desired fractions were pooled and concentrated to be used in crystal 

trials (final concentration was not obtained due to lab shutdowns) 

Trials were then carried out using JCSG I, II, III, IV and Morpheus buffer kits with 1:1 

2:1 and 1:2 ratios of complex to buffer. Crystal growth was then monitored using 

remotely accessed images.  
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3.1.9 Crystal optimisation trials 

F1 Affimer soluble fraction and SH2 domain soluble fraction were produced using the 

methods previously described and complex was also formed using the previously 

described method (3.1.1-3.1.7). Concentration of the sample was not measured due 

to time constraints. Buffers used in optimisation trials were designed and prepared 

using automated machines. Condition one was produced using 3.5 M ammonium 

sulphate, 1M lithium sulphate and 1 M CAPS, pH 9.5 and 11.5. Condition two was 

produced using 1 M magnesium chloride, 95% ethanol (%v/v) and 1 M Tris pH 7 and 

9. Condition three was produced using 1 M sodium chloride, 100% polyethene glycol 

300 and 1 M sodium acetate pH 4 and 5.5. 

F1 SH2 complex was then left in crystal plates in a crystal hotel at protein to buffer 

ratios of 1;1, 1:2 and 2:1. Buffer layouts can be found in figure 15. Crystal were left for 

over 30 days before being picked and sent to Diamond light source for diffraction. 

Diffraction was carried out at 100% beam intensity for 0.1 s at 0°, 45° and 90°. Picking 

and diffraction was carried out by Dr Chi Trinh.    

3.2 Effect of Affimers on MAPK pathway  

3.2.1 Transfection of HEK293 cells  

HEK293 cells were cultured in DMEM containing 10% foetal bovine serum (FBS) 

growing in T75 flasks at 37 °C. Cell lines were confirmed to be 70-90% confluent 

before transfecting. 100 ng of Affimer DNA, 1 µL of luciferase DNA, (100 ng/µL) and 

15 µL of lipofectamine (200 nL) was added to each well in a 96-well plate (total volume 

31 µL). DNA-Lipofectamine mix was then left on a shaker at room temp for 20 minutes. 

Cells were then suspended in DMEM (10% FBS) and concentration was measured 

using a ThermoFisher Countess and diluted to 1.35 x105 cells/mL. 75 µL of cells were 

then added to each well (around 10000 cells per well) using a multichannel pipette, 

the plate was then left for 20 minutes before leaving in 37 °C incubator for 48 hrs. 

Expression of Affimers was confirmed using fluorescence microscopy as all Affimers 

were tagged with green fluorescent protein (GFP). 

3.2.2 Luciferase Assay  

The same assay method was used in all experiments. Serum starved media was pre-

warmed at 37 °C before being used. Cells were transfected in 96-well plates using 
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methods previously described (3.2.1) before being left for 48 hrs. Cells were observed 

via microscope to ensure that they were growing correctly and not infected .Cells were 

serum starved for 1 hr at 37 °C then 10 µL of 0.3 µg/mL epidermal growth factor (EGF) 

was added to each well. EGF was not added to any unstimulated conditions. Cells 

were incubated at 37 °C for 6 hrs then media was removed and replaced with serum 

free media. Luciferase assay was carried out according to manufacturer’s instructions 

(Promega cat: E1500). 
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Chapter 4     Conclusions 

This project aimed to determine the co-crystal structure of an Affimer in complex with 

the Grb2 SH2 domain and investigate the effects of different SH2 targeted Affimers on 

the MAPK pathway. 

Our results did show a small amount of inhibition of the MAPK pathway when cells 

were transfected with Crk1 targeted Affimers. Which is backed up by other studies 

which found similar results [121]–[123]. However, our data is not enough to draw a 

confident conclusion as to how Crk1 affects the MAPK pathway. Further study is 

needed using more sensitive techniques such as RT-PCR which allow for the 

quantitative detection of specific changes in cellular RNA,  

While the luciferase assay results are promising the low number of repeats used in the 

study, make the results highly unreliable. The results from the time course and trial 

statistical test do show that the assay could potentially be used to investigate the 

activity of signalling pathways, but significant optimisations and repeats are needed to 

ensure significant and reliable data. 

Had a definite candidate been found to have previously undetected activity in the 

MAPK pathway it could have represented a new drug target and provided more insight 

into how cells regulate proliferation. The next step (once activity in the MAPK pathway 

had been confirmed) would have been to compare the results in the HEK293 cells to 

common cancerous cell lines. If this had revealed a difference in activity e.g Crk1 more 

active in the MAPK pathway in the cancerous cell line, then it could point to Crk1 being 

an oncogene.  

In addition. this project was successful in producing the F1-SH2 complex in high 

enough concentration to produce crystals, these crystals were confirmed to be protein 

by their diffraction patterns. As none of the crystals diffracted to a high enough 

resolution, a structure could not be obtained. However, this represents a good first 

step and further work is needed to optimise crystal growth conditions.  

In conclusion this thesis made good progress towards achieving its aims, ensuring 

that future work will likely be successful.   
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