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Abstract 

 
The angiopoietin (Ang) ligands and their Tie2 receptor play a role in vascular 
growth, maintenance of adult vasculature and vascular remodelling. Many 
studies showed that Ang1 ligand has a protective effect for controlling of vascular 
morphogenesis and homeostasis whereas excess Ang2 has more deleterious 
effect on the vascular system. Upregulated expression of Ang2 is associated with 
several pathologies such as inflammation and tumour angiogenesis, and blocking 
Ang2 with antibodies or using transgenic approaches has been shown to be 
improve outcomes in preclinical models of these conditions. Ang2 inhibitors 
therefore have significant potential as therapeutics. Ligand traps are alternatives 
to antibodies for blocking the action of ligands. This study aims to use directed 
evolution to modify Tie2 extracellular domain to a form that selectively binds Ang2 
binding, and test its ability to supress Ang2-mediated effects. Such a selective 
ectodomain would be a candidate Ang2 ligand trap. Directed evolution was 
attempted using a method that combines in-cell mutagenesis, utilizing somatic 
hypermutation, with cell surface display. Despite several attempts evolution was 
not successful. However, an evolved ectodomain was produced by others. This 
evolved ectodomain was analysed for binding specificity, cellular, in vivo effects. 
The ectodomain was found to be selective for Ang2 binding, and unable to bind 
Ang1 and Ang4. Furthermore, the evolved ectodomain was found to inhibit the 
antagonistic and agonistic effects of Ang2 on endothelial cell Akt signalling. 
Studies were also found that the evolved ectodomain was able to inhibit 
endothelial cell migration in response to high concentrations of Ang2. Preliminary 
in vivo work showed that the ectodomain was able to block localized oedema in 
a mouse model of lipopolysaccharide-induced inflammation. These findings 
suggest the evolved ectodomain would be a good candidate for development into 
an Ang2-ligand-trap.   
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Chapter 1: Introduction 
 

 

The Tie family are one of two family of receptor tyrosine kinases (RTKs) 

expressed mainly in endothelial cells and the receptors plays a pivotal role in 

controlling vascular stability, maturation, remodelling and endothelial cell survival 

(Augustin et al., 2009, Yuan et al., 2009). Tie family receptor tyrosine kinases, 

comprising Tie1 and Tie2, are principally expressed on endothelial cells and early 

haematopoietic cells (Puri and Bernstein, 2003). The angiopoietins (Ang) are a 

family of growth factor ligands that activate the Tie2 receptor. Ang1 and Ang2 are 

characterised as agonist and antagonist ligand of Tie2, respectively (Davis et al., 

1996, Maisonpierre et al., 1997) that bind to the Tie2 receptor and activate a 

range of signalling pathways (Bogdanovic et al., 2006). Tie receptors and the 

angiopoietins are involved in several disease processes, such as cardiovascular 

disease and tumour angiogenesis (Chong et al., 2004). Many studies showed 

that excess Tie2 signalling as well as the loss of Tie2 function have deleterious 

effect on the vascular system (Thomas and Augustin, 2009). 

 

1.1 Angiopoietin-Tie System 

1.1.1 Tie receptors 

Tie1 is an orphan endothelial receptor that is expressed on endothelial cells 

(Partanen et al., 1992, Dumont et al., 1992, Sato et al., 1993, Maisonpierre et al., 

1993). Tie1 and Tie2 form heteromeric complexes on the cell surface (Marron et 

al., 2000, Marron et al., 2007, Hansen et al., 2010, Seegar et al., 2010). Tie1 

occludes the ligand binding site on Tie2 when the receptors are complexed, 

thereby inhibiting Tie2-driven signalling and endothelial survival (Marron et al., 

2007, Yuan et al., 2007). Ang1 is able to disrupt the Tie1-Tie2 complex, resulting 

in Tie2 activation, whereas Ang2 has no effect on that the Tie1-Tie2 complex 

(Hansen et al., 2010, Seegar et al., 2010). Although Tie1 is required for 

embryonic vessel development, it is not essential for the maintenance of vascular 

integrity in adult vasculature (Puri et al., 1995). Under pathological conditions, 
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Tie1 expression is often increased (Kaipainen et al., 1994). A study of Tie1 

expression showed that Tie1 attenuation could decrease atherosclerosis 

progression in a dose dependent under circumstance of shear stress (Woo and 

Baldwin, 2011).  

 

Tie2 is expressed on endothelial cells and non-endothelial cells both in normal 

tissue and diseases including tumour cells, fibroblast, monocytes and synovial 

lining cells (Makinde and Agrawal, 2008). Ang1 and Ang2 are able to bind Tie2 

in a very similar manner (Yu et al., 2013). The Tie2 receptor tyrosine kinase has 

a role in maintenance of adult vasculature and maturation of embryonic 

vasculature (Peters et al., 2004). Mice lacking either Ang1 or Tie2 show 

embryonic lethality due to defect of cardiovascular system development 

(Felmeden et al., 2003).  

 

Tie1 and Tie2 receptors are highly conserved in their amino-acid sequences. 

There is 76% amino acid identity overall, but only 33% in the extracellular domain 

(Schnurch and Risau, 1993). The extracellular domain of both receptors is 

composed of two immunoglobulin (Ig)-like domains, three tandem epidermal 

growth factor (EGF)-like modules, a third immunoglobulin and three fibronectin 

type III (FNIII) repeats. The intracellular domain contains a tyrosine kinase 

domain, which is split by a kinase insert sequence, and followed by the carboxy-

terminal tail (Dumont et al. 1992, Barton et al. 2006) (Figure 1.1). The Ang-

binding site of Tie2 is located on the N-terminal pair of Ig-like domains, 

predominantly in the second Ig-like domain (Macdonald et al., 2006).   
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Figure 1.1 Tie receptors and Angiopoietins 

Schematic diagram depicting structure of Tie receptors and angiopoietins (Huang 

et al., 2010).   
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1.1.2 Angiopoietin Family  

Angiopoietins are ligands for receptor tyrosine kinase Tie2 which are required for 

controlling vascular morphogenesis and homeostasis (Thomas and Augustin, 

2009). To date, four angiopoietins, Ang1, Ang2, Ang3 and Ang4, have been 

identified. Ang3 is identified as the mouse ortholog of human Ang4 and 

antagonist of Tie2 (Valenzuela et al., 1999). Unlike Ang3, Ang4 has been 

identified as agonist of Tie2 (Lee et al., 2004). However, the biological roles of 

Ang3 and Ang4 are still unclear and require further elucidation. Since Ang1 and 

Ang2 are the best characterised among the angiopoietin family, this review will 

focus on Tie2 receptor and their ligands Ang1 and Ang2.  

 

Ang1 and Ang2 share approximately 60% amino acid sequence similarity (Davis 

et al., 1996, Maisonpierre et al., 1997). They also share a similar structure and 

the same binding domain for the Tie2 receptor. Their structures comprise an 

amino-terminal superclustering domain that is responsible for forming higher 

order multimers of ligands, a coiled-coil domain that mediates dimerization, a 

short linker peptide and a carboxy-terminal fibrinogen-like domain which contains 

a so-called P domain that acts as the receptor recognition for Tie2 binding (Figure 

1.1). The P domain contains a calcium binding site (Barton et al., 2005, 

Macdonald et al., 2006). 

 

Ang1 contains 498 amino acids and is a secreted 70 kDa glycoprotein (Davis et 

al., 1996). It is produced constitutively by smooth muscle cells and pericytes at 

a low level in healthy adults (Augustin et al., 2009). Ang1 is essential for 

controlling vascular quiescence (Fiedler and Augustin, 2006) and maintaining 

resting endothelial cells, anti-plasma leakage, anti-thrombotic effects and 

inhibiting vascular inflammation (Brindle et al., 2006).  

 

Ang2 is a secreted protein containing 480 amino acid residues and mainly 

produced by endothelial cells where it is stored in Weibel-Palade bodies 

(Augustin et al., 2009). There are numerous substances which induce the 

secretion of Ang2 from Weibel-Palade bodies in seconds to minutes, including 

hypoxia, shear stress, thrombin and VEGF (Fiedler and Augustin, 2006, Dixit et 



5 
 

al., 2008). It has been reported the up-regulated Ang2 expression serves as the 

initiation of inflammation, resulting in the recruitment of myeloid cells to activate 

inflammation (Kim and Koh, 2011).  

 

Ang2 is a partial agonist for Tie2 (Bogdanovic et al. 2006, Yuan et al. 2009). Ang2 

counteracts Ang-1/Tie2 signalling by displacing binding of Ang1 for Tie2. In 

contrast, high concentration of Ang2 can act as a Tie2 agonist when in the 

absence of Ang1 (Yuan et al., 2009) or with prolonged exposure of endothelial 

cells to the ligands (Maisonpierre et al., 1997). However, the mechanisms of the 

paradoxical agonist activity of Ang2 depending on local condition remain unclear 

and require to further define in the future (Hashimoto and Pittet, 2006). 

 

1.1.3 Angiopoietin–Tie interaction 

Angiopoietin ligand-receptor interaction of the Ang-Tie family are shown in Figure 

1.2. 

Crystal structure analysis of the Ang2-Tie2 interaction indicates that the Tie2 

ectodomain beyond residues 210 or the first two Ig-like domains are sufficient for 

angiopoietin binding (Macdonald et al., 2006). The Tie2 Ig2 domain is the only 

part of Tie2 that contacts Ang2 during binding (Barton et al., 2006) (Figure 1.3). 

Ang2 binds at the tip of arrowhead-shaped Tie2 (Barton et al., 2006). The 

arrowhead-shaped structure of Tie2 contains the Ig and EGF-like domain folded 

together into a compact structure (Barton et al., 2006). The structure of the Ang2-

Tie2 complex displays an elongated shape with overall dimension of 130 Å 65 Å 

50 Å (Barton et al., 2006). The C terminus of Ang2 binds the N terminus of Tie2 

without major conformational changes or domain rearrangement in either 

receptor or ligand. Ang2 recognizing Tie2 receptor utilizes lock and key 

mechanism via the best-fit in shape and chemical recognition. Thus Ang2-Tie2 

recognition is similar to the antigen-antibody interaction.  
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Figure 1.2 Angiopoietin-Tie system 

 

Schematic diagram depicting the interaction of Ang1 and Ang2 with Tie receptor 

as well as integrins. Arrow indicates interaction, + and – indicates agonist or 

antagonist respectively. 
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Figure 1.3 Crystal structure of the Ang2–Tie2 binding interaction. 

Illustrates the Ang2/Tie2 complex. Yellow, P domain of Ang2; red, the rest of 

Ang2; green, Tie2 Ig2; blue, the rest of Tie2; black sphere, bound Ca2+. The 13th 

Tie2-contacting residues (right low), 6 residues conservation between Ang1 and 

Ang2 are shown in black. The seven differences between Ang1 and Ang2 are 

shown in red (Barton et al. 2006).  
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The crystal structure of Ang1 bound to Tie2 has also been solved and indicates 

that the overall structure of Ang1 and Ang2 are very similar. The Ang1/Tie2 

interface is also similar to the Ang2/Tie2 interface (Yu et al., 2013). The 

interacting regions of Ang2 and Tie2 in the absence of Ang2 coiled-coil and 

superclustering motifs form a complex with a 1:1stoichiometry, resulting a 

heterodimer ligand-receptor assembly (Barton et al., 2006). Likewise, the 

stoichiometry of Ang1 receptor binding domain and Tie2 Fc in vitro studies form 

a complex with a 1:1stoichiometry (Davis et al., 2003). 

 

Oligomerization is crucial for angiopoietin to activate the Tie2 receptor. Native 

Ang1 forms higher order oligomers with basic trimeric, tetrameric, and 

pentameric oligomers, Ang2 also forms lower order oligomer with more than 80% 

native Ang2 being tetramer. The binding and activation of Tie2 requires at least 

Ang1 tetramers, formed by intermolecular disulfide linkage involving cysteines 41 

and 54 positions in the superclustering domain of Ang1 (Kim et al., 2005).  
 

Maisonpierre (Maisonpierre et al., 1997) demonstrated Ang1 and Ang2 have 

similar binding affinities to Tie2-Fc with Kd3nM by Scatchard analysis. Similary, 

Fiedler (Fiedler et al., 2003) using a competition ELISA-based assay reported 

binding of immobilised myc-tagged human Ang1 and Ang2 to soluble Tie2-Fc 

with IC50 of Ang1 2.2 ± 1.1 pmol, whereas IC50 of Ang2 to soluble Tie2-Fc was 

3.3 ± 1.1 pmol.   

 

 

In addition measurement of the interaction between native Ang1 and Tie2 

receptor was performed using biosensor of surface plasmon resonance (SPR) 

and the binding affinity estimated at 7.5 nM (Cho et al., 2004). A binding study of 

recombinant Ang1 and Ang2 with sTie2 demonstrated Ang2 bound Tie2 with 

lower affinity than Ang1. Fifty percent of saturation for Ang1 was achieved at 

1.9nM, while Ang2 was achieved at 40.2nM, suggesting under these conditions 

Ang2 binds Tie2 with lower affinity than Ang1 around 20 folds (Yuan et al., 2009).  
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1.1.4 Ang1 effects 

Binding of angiopoietins to the Tie2 receptor leads to receptor oligomerization 

and phosphorylation of specific tyrosine residues in the receptor intracellular 

domain that serve as binding sites for a number of effector molecules. The 

downstream signalling pathway of angiopoietin-Tie2 system leads to cellular 

responses, including cell survival, migration, proliferation and extracellular matrix 

interaction (Brindle et al., 2006) (Figure 1.4).  

 

1.1.4.1 EC survival and maintenance:  

 

Ang1 stimulates vessel survival through activation of PI3K that has a major role 

in cell survival (Brindle et al., 2006). Ang1-induced Tie2 activation results in 

phosphorylation the tyrosine residue 1101 of Tie2, which leads to recruitment of 

adaptor proteins such as growth factor receptor-bound protein 2 (GRB2) and the 

p85 subunit of phosphatidyl-inositol-3 kinase (PI3-K), which subsequently 

activates Akt/PKB pathway, a process linked to EC survival, activation of 

endothelial nitric oxide synthase and inhibition of the apoptotic pathway (Kim et 

al., 2000a, Papapetropoulos et al., 2000). Furthermore, Akt also signals to 

inactivate the forkhead transcription factor FKHR1 (FOXO1) causing suppression 

of Ang2 expression (Daly et al., 2004, Brindle et al., 2006, Tsigkos et al., 2006, 

Augustin et al., 2009). Inhibition of FOXO1 may contribute to endothelial cell 

survival and vascular stability by down-regulating expression of genes associated 

with endothelial cell apoptosis following suppression of Ang2. Endothelial Ang2 

production can be controlled by Ang1-Tie2 signalling which drives a negative 

feedback loop via the PI3K-Akt pathway (Daly et al., 2004, Tsigkos et al., 2006, 

Augustin et al., 2009). 

 

1.1.4.2 Anti-inflammatory effect 

 

Ang1 acts as anti-inflammatory molecule which suppresses inflammatory nuclear 

factor-κB (NF-κB), resulting in inhibition of expression of cell adhesion molecules, 

including vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 
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molecule-1 (ICAM-1). Ang1 also attenuates tumour necrosis factor-α (TNF-α) 

and VEGF induced tissue factor expression in HUVECs (Brindle et al., 2006). 

 

1.1.4.3 Anti-apoptotic effect  

 

Ang1 can inhibit endothelial cell apoptosis from serum deprivation in a variety of 

different endothelial cell types, including human umbilical vein endothelial cells 

(HUVECs), and aortic endothelial cells. Ang1 also prevents apoptosis in some 

nonendothelial cells, including mouse cardiac and skeletal myocytes (Dallabrida 

et al., 2005). Ang1/Tie2 signalling is able to promote its anti-apoptotic effect 

through the PI3K/AKT pathway, which recruits the regulatory p85 subunit of PI3K 

to phosphorylated tyrosine residue 1102 in the intracellular domain of Tie2.  

 

1.1.4.4 EC migration  

 

Ang1 stimulates endothelial cell migration through activation of the PI3K-Akt and 

Dok-R/Nck/Pak pathways. Dok-R is recruited to bind Tie2 via binding to 

phosphorylated tyrosine, which leads to tyrosine phosphorylation of Dok-R 

recruited to Tie2, serving as binding sites for the small GTPases-activating 

proteins for Ras, p120RasGAP (RasGAP) and adaptor protein Nck (Master et al., 

2001). Nck is recruited and phosphorylated following binding of Dok to the 

receptor. Then P21-activating kinase (Pak) binds to Nck, resulting in increased 

Ang1-mediated cell motility (Master et al. 2001). The recruitment of adaptor 

protein ShcA to Tie2 also appears to have a roles in migration and organization 

(Audero et al., 2004). The GTPases RhoA and Rac1 are also involved in Ang1-

mediated endothelial motility (Brindle et al., 2006). Furthermore, Ang-1 may elicit 

cell migration by modulating phosphorylation of ERK1/2 and p38MAPK through 

activation of PI3K (Makinde and Agrawal, 2008).  

 
1.1.4.5 EC permeability 

 

Ang1 functions as a potent anti-permeability factor for in endothelial monolayer 

(Gamble et al., 2000). 
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Figure 1.4 Tie2 signal transduction 

Schematic diagram depicting Tie2 signal transduction. The angiopoietins bind 

to Tie2 receptors and activate a range of signaling pathways including 

endothelial cell proliferation, inflammation and endothelial cell survival (Huang 

et al. 2010).   
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It has been found Ang1 attenuates the phosphorylation of vascular endothelial 

cadherin and platelet endothelial cell adhesion molecule (PCAM) that is involved 

in vascular permeability (Gamble et al., 2000). Ang1 can also counteract the 

permeability effect following activation with thrombin, VEGF or TNF  (Kim et al., 

2001, Puri and Bernstein, 2003). 

 

Overall therefore Ang1 has broadly protective effects on the vasculature and is 

required to maintain normal vessel function. 

1.1.5 Angiopoietin2 in pathology  

1.1.5.1 Vascular development and angiogenesis  

 

Ang2 is important for developmental vascularization where it destabilizes 

endothelial cells allowing vessel growth. A number of studies have indicated the 

involvement of Ang2 in the pathophysiology of vascular and inflammatory 

diseases. High levels of Ang2 have been found in acute lung injury and adult 

respiratory distress syndrome (ARDS), arteriosclerosis, hypertension, congestive 

heart failure, and type 2 diabetes (Chong et al., 2004, Nadar et al., 2005, 

Gallagher et al., 2008, Rasul et al., 2011).  

 

1.1.5.2 Inflammation 

 

Ang2 plays a role in vascular inflammatory responses. In a model of hyperoxia-

induced acute lung injury, Ang2 deficient mice respond to hyperoxia with reduced 

oxidant-induced injury, cell death, inflammation, permeability alterations and 

mortality (Bhandari et al., 2006). During inflammation, mice deficient in Ang2 

cannot elicit a rapid inflammatory response and do not induce adhesion molecule 

expression in response to the potent mediator of inflammation, tumour necrosis 

factor alpha (TNF-). Recombinant Ang2 alone has no effect on the 

proinflammatory programme of ECs but is involved the later steps of leukocyte 

adhesion, including firm adhesion and leukocyte transmigration. Ang2 restores 

the inflammation defect in Ang2 deficient mice (Fiedler et al., 2006). These 

findings reveal that Ang2 potentiates the effect of TNF on the induction of 
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inflammatory gene transcription, such as the expression of the cytokine-inducible 

adhesion molecules ICAM1 and VCAM1 (Augustin et al., 2009). 

 

1.1.5.3 Tumour angiogenesis 

 

Increasing evidence demonstrate that Ang2 plays an important role in tumour 

angiogenesis. Ang2 is highly expressed in several types of tumours, including 

gastric cancer, glioma and prostate cancer and hepatocellular carcinoma 

(Tanaka et al., 1999, Lind et al., 2005, Gu et al., 2006). Increased Ang2 

expression at sites of tumour promotes vessel destabilization and regression 

during the earliest stages of tumour angiogenesis, resulting in transient tumour 

hypoxia (Ellis et al., 2001, Daly et al., 2013). Systemic overexpression of Ang2 

was found to induce massive tumour vessel regression in 24 hours, even without 

the concomitant inhibition of VEGF (Cao et al., 2007). Hypoxia in tumour induces 

overexpression of VEGF, along with that of Ang2, allowing robust angiogenesis 

(Horner et al., 2001, Chen et al., 2014). Many studies reported the levels of 

circulating Ang2 was high during tumour progression and transcription of Ang2 

marked upregulated in the tumour associated endothelium. Recent evidence 

suggested Ang2 has a more complicated role in angiogenesis with invasive 

tumour and metastasis cancer. In vivo study studies, the administration of 

selective Ang2 inhibitors can inhibit tumour growth such as reduction in tumour 

vascularity and inhibition of metastasis (Falcon et al., 2009, Holopainen et al., 

2012). Additionally, tumour-derived Ang2 enhances tumour infiltration with Tie2-

expressing monocytes (TEMs) which induce tumour angiogenesis (Coffelt et al., 

2010). The upregulation of Tie2 expression in TEM was reduced by Ang2 

antagonist, thereby inhibiting their proangiogenic activity. Therefore, the Ang2-

TEM axis may exhibit as a novel target for cancer therapy.  

 

1.1.5.4 Ang2 is a biomarker 

 

Ang2 also serves as a circulating biomarker in many diseases. Increased plasma 

levels of Ang2 has been reported in diabetic retinopathy, inflammatory bowel 

disease, congestive heart failure, liver cirrhosis (Chong et al., 2004, Lip et al., 

2004, Koutroubakis et al., 2006, Scholz et al., 2007). Clinical studies have 
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confirmed the elevation of Ang2 in severe sepsis patients which is correlated with 

disease severity. The effect of sepsis-related inflammatory mediators on Ang-2 

production by lung endothelium in vitro was investigated. The results 

demonstrated the strong relationship of serum Ang2 with serum tumour necrosis 

factor-alpha (Orfanos et al., 2007). Another study reported elevation of plasma 

Ang2 with septic shock compared to healthy subjects. The levels of Ang2 

appeared to correlate with the severity of disease and prognosis (Giuliano et al., 

2007). 

 

With regard to glomerular diseases using a Podocin-driven Ang-2 transgenic 

mice model, up-regulated Ang2 expression destabilized glomerular endothelial 

cells, causing glomerular endothelial apoptosis, downregulated nephrin 

expression, increased albuminuria, hyperglycemic and immune-mediated 

glomerulopathies. More pericytes around kidney cortical peritubular capillaries 

were observed in Ang2 null mice (Woolf et al., 2009). In glomerulo nephritis mice, 

loss of glomerular capillary was associated with decreased in Ang1 and with up-

regulation of Ang2 (Yuan et al., 2002). 

 

These data demonstrated a critical role of Ang2 signalling in pathological 

diseases, suggesting Ang2 target for treatment of tumour angiogenesis and other 

diseases.  

 

1.1.6 Ang2 and Integrins 

 

Integrins are a family of transmembrane receptor protein that connects cell 

adhesion to the extracellular matrix (ECM) and to other cells (Weber et al., 2011). 

They consist of 18α subunits and 8β subunits, which dimerize non-covalently to 

form 24 different heterodimers (Campbell and Humphries, 2011). Integrin 

extracellular domains are generally large structures, a proximately 80–150 kDa 

in size (Kalli et al., 2010). The extracellular domains of integrins can bind to 

extracellular matrix glycoproteins including collagens, fibronectins, laminins, and 

to cellular receptors such as ICAM, and VCAM. Several ligands result in cellular 

responses to the extracellular matrix and growth factor signalling. The 
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cytoplasmic domains are able to link the cytoskeleton proteins that regulate in 

response to changes in the environment for cell survival (Alberts et al., 2 0 0 2 ) .  

Such linkage between the cell exterior and interior allows for transducing signal 

in both direction. Integrins generally transduce signals through activation of focal 

adhesion kinase (FAK) to regulate cytoskeletal organization, cell motility, cell 

survival, cell proliferation, cell shape, and angiogenesis (Zhao and Guan, 2009).  

In addition, Tie receptor angiopoietins have been found to interact with integrins. 

Ang1 binds 5β1integrin via the receptor binding fibrinogen-like domain of Ang1 

(Weber et al., 2005). Ang1-driven angiogenesis using the chorioallantoic 

membrane assay (CAM) was inhibited completely by anti-α5β1 and partly by anti-

αvβ3 antibodies (Reynolds et al., 2005). Recombinant Ang1 monomer binds to 

integrin α5β1 in heart tissue leading to activation of prosurvival signalling and 

AMPKT172 (master regulator of cardiac energetics and metabolism), and integrin-

linked kinase (ILK), resulting in reduction of cardiac hypertrophy in mice 

(Dallabrida et al., 2008). Moreover, Ang2 has been found to bind directly to vβ3 

integrin (Felcht et al., 2012) and to induce vβ3 integrin internalization and 

degradation following stimulation of endothelial cells (Thomas et al., 2010). Ang2 

and integrins are involved in mediating tumour angiogenesis. However, Ang2 

was observed to bind to integrins with lower affinity compared to Tie2 receptor. It 

is known that these integrins as well as Ang2 are up-regulated upon blood vessel 

angiogenesis and may enhance angiogenesis. Ang2 and integrin expression are 

associated with tumour growth and metastasis (Scholz et al., 2011). 

 

Taken together, the data above supports the idea that high expression of Ang2 

is associated with many disease processes. Therapeutic blocking of Ang2 

signalling in pathological diseases is currently being pursued through the use of 

Ang2 inhibitors. Ang2 inhibitors have been proposed to act as a candidate for 

supressing tumour growth. Moreover, these agents would be beneficial in 

inflammatory diseases associated overexpression of Ang2. Inhibitors of Ang2 

include aptamers and antibodies. A complementary approach to inhibitory Ang2 

is by use of an Ang2 specific ligand trap. 
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1.2 Ligand traps  

 

Receptor ectodomain-based ligand traps are regarded as novel therapeutic 

molecules because of high affinity biological blockers while minimizing one or 

more disadvantages of other drugs (Economides and Stahl, 2013). A soluble 

native receptor ectodomain is utilised as a ligand trap that acts to sequester the 

elevated levels of the target ligand. Both receptor ectodomain-based ligand traps 

and monoclonal antibodies have similar mode of actions that bind and sequester 

ligands away from their target receptors. However, ligand traps have some 

pharmaceutical advantages over antibodies in term of reduced immunogenicity 

and improved specificity profile. Ligand traps have better tissue penetration due 

to smaller size while antibodies are larger molecule thus limiting tissue 

penetration (Zwaagstra et al., 2012).  

 

An Ang2-specific ligand trap would be an attractive potential therapeutic for 

diseases in which Ang2 has a significant role. However, the Tie2 ectodomain 

binds both Ang1 and Ang2. As Ang1 is protective of the vasculature, the use of 

the native ectodomain would also block normal vascular protective mechanism 

and could exacerbate the pathology as well as disrupting normal vascular 

function. Creation of a form of Tie2 ectodomain specific for only Ang2 binding 

would be a major step forward in generating an Ang2-ligand trap. The focus of 

this thesis is the use of protein engineering to change the binding specificity of 

Tie2 in order to create an Ang2-ligand trap. 

 

1.2.1 Protein Engineering 

Protein engineering is the methods of design and construction a novel useful 

protein with desired functions (Blundell et al., 1989). These can be achieved by 

manipulation of protein structure and function using computational protein design 

(CPD), X-ray crystallography, site-directed mutagenesis to recombinant DNA 

technology. Rational design and directed evolution are commonly strategies to 

engineer new proteins with desired phenotype (Hellinga, 1997). Often, 

researchers combine these two strategies to accomplish goals. 
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In rational design, the aim is to use knowledge of protein sequence and structure 

data as well as functional information to determine and modify the primary amino 

acid sequence for engineering the novel protein with defined properties. Several 

computational algorithms combined with the protein structure and functional 

information can be developed to predict globally correctly folded forms for 

mutation of the residues (Tiwari et al., 2012). An optimized sequence that folds 

with desired structure is selected to create a protein design with the desired 

changes (Koga et al., 2012). Although they have been some successes, the 

complexity of protein structure-function relationship makes it difficult to predict 

folding and stability of proteins based on their amino acid sequences and 

simulation model, which considerably limits rational protein design.  

 

The Tie2/Ang1 complex is structurally similar to the Tie2/Ang2 complex, 

suggesting the receptor-binding interface of Ang1 and Ang2 are very similar (Yu 

et al., 2013). Examination of the Ang1-Tie2 and Ang2-Tie2 structure reveals no 

clear structural determinant for ligand specificity of Tie2 binding. The possibilities 

for rational engineering of Tie2 for Ang2-specific binding are therefore limited.  

The crystal structure of the Ang2/Tie2 complex (Figure 1.3) reveals that there are 

thirteen Tie2 contacting residues (Barton et al., 2006). Of the thirteen Tie2-

contacting residues, six are conserved between Ang1 and Ang2. The conserved 

Ang2 residues F469L, K473K, Y476Y have been identified by mutagenesis as 

important for Tie2 binding (Barton et al., 2005). Of the seven differences, two 

residues (I434M and F469L) are unique to Ang1, however, conservative 

substitutions of hydrophobic residues do not significantly affect the ligand-

receptor interaction (Yu et al., 2013).Two other residues are likely to have little 

effect on the ligand-receptor interaction (Barton et al., 2006). Thus, it is possible 

that three Tie2-contacting residues (N467G, S417I and S480P) are likely to be 

responsible for the different properties of both ligands.  

 

1.2.1.1 Directed Evolution 
 

Directed evolution is a method in protein engineering which is similar to the 

process of natural selection but in a much shorter timescale. The principle of this 

method utilizes the natural process of evolution by mutation and selection of 
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mutant with desired phenotype. Evolved protein is generated by random 

mutations and proteins with desirable properties can be selected by efficient 

screening techniques (Yuan et al., 2005). This technology has been developed 

to overcome the limitation of rational design of protein function as directed 

evolution provides the selection of evolved molecules without the necessity for 

detailed structural and mechanism information.  

 

The initial step of directed evolution is the generation of mutant gene library. The 

generation of mutant library can be achieved by using several methods such as 

the error-prone polymerase chain reaction (Mullis and Faloona, 1987) and DNA 

shuffling (Stemmer, 1994). Clones of the mutant library are expressed and the 

encoded mutant proteins with desirable functional fitness can then be selected 

by a high throughput assay with sensitive and specific selection. cDNA encoding 

the selected protein must be linked to the protein to allow recovering of the 

encoding DNA. DNA from these selected variants are then used to create another 

mutant library in order to introduce additional mutations onto those already 

showing in proteins. This library is again screened and the whole cycle of 

selection and further mutation is re-iterated until the desired phenotype is 

obtained (Figure 1.5). These methodologies facilitate the identification of mutants 

with small improvements in desired function. In this way, the best mutants are 

selected and evolved (Yuan et al., 2005).  

Directed evolution has been successful in engineering new properties in many 

proteins. Example is Humalog (insulin) that has been developed by reversal of 

Lys and Pro at C terminus of the B chain, resulting in faster onset of action 

(DiMarchi et al., 1994). Another example is directed evolution of novel adeno-

associated virus (AAV) vectors that crosses the seizure-compromised blood 

brain barrier (BBB) and transduce cells (Gray et al., 2010). There are significant 

limitations to directed evolution, notably the process of generating a mutant 

library, recovering DNA-encoding desirable phenotypes and growth of another 

library from it can be very time consuming and laborious.   
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Figure removed for copyright reasons 

 

 

Figure 1.5 Directed evolution  

Schematic diagram depicting the principle of directed evolution process. The 

first step is to select gene of interest. Secondly, the gene library of variants is 

created by random mutation such as shuffling technique. In the next step, the 

libraries of DNA sequences are inserted into a bacterial host which produce 

variants. Then, screenings of colonies are performed for the property of 

interest. Improved genes are isolated and the process repeated using a wide 

array of high-throughput analytical devices until the protein mutant with desired 

function is evolved (Weissman et al. 2004).   
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Furthermore, most methods for directed evolution are in vitro, or in prokaryotic 

expression systems making it difficult to use for coupled mammalian proteins 

such as Tie2 that require evolution of coupled extracellular proteins based on 

somatic hypermutation (SHM) in B cells. 

1.2.2 Somatic Hypermutation  

Somatic hypermutation (SHM) is the primary mechanism for the diversification of 

the antibody repertoires with refined specificity in man and mouse. The process 

introduces a point mutation at a frequency of about 10-3 per base pair per 

generation (McKean et al., 1984, Rajewsky et al., 1987, Woo et al., 2003). The 

generation of antibody diversity in mammalian B lymphocytes occurs by the 

process of SHM of the variable (V) region, generating high-affinity antigen binding 

sites (Li et al., 2004). SHM offers a possible approach to generate diversity of 

sequence that could be exploited in mammalian cells for directed evolution. If it 

is possible to replace an exogenous non-immunoglobulin (Ig) gene encoding the 

protein in the rearranged immunoglobulin genes which are the target for directed 

evolution, then it may be that SHM could introduce mutations into the genes in 

the same way as are the immunoglobulin genes. As in the SHM of 

immunoglobulins, each B cell would therefore express copies of mutated target 

proteins and the population of cells would constitute a library. This library could 

then be screened to select the cell expressing the protein with desired properties.  

 

Recent reports indicate that insertion of non-immunoglobulin genes into the Ig 

locus in B cells is tolerated and that such genes are mutated by SHM and this 

approach can be used to evolve non-fluorescent proteins in directed protein 

evolution. Wang et al. (2004) used a fluorescent protein as a reporter gene and 

established an evolutional model in hypermutating cells line. They demonstrated 

the variants of the green fluorescent protein (GFP) were able to diversify by SHM 

following transfected in Ramos B cells, a cell line derived from Burkitt’s 

lymphoma. Following one month of culture and selection the mutant GFP gene 

were able to generate new variants with novel properties such as changed 

emission spectra (Wang et al., 2004a, Wang et al., 2004b).  
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In another study Wang et al. (2004) used SHM in Ramos cells to produce a 

mutant mPlum with far-red emission from a monomeric red fluorescent protein 

(mRFP) following iterative round of sorting (Wang et al., 2004b), using the 

process of SHM together with the enzyme activation-induced cytidine deaminase 

(AID). These cells introduce point hypermutation into the rearranged V regions 

of Ig with a rate of mutation between 2 x 10-5 per bp per generation. However, 

Ramos cells do not sustain mutations over prolonged culture (Sale and 

Neuberger, 1998, Zhang et al., 2001). 

 

Directed evolution in a chicken B cell line has been proposed by Arakawa 

(Arakawa et al., 2008). DT40 cells can use SHM and gene conversion to mutate 

Ig genes. However, modified DT40 cells have been established by deletion of 

pseudo V donors or RAD 51 paralogues to abolish gene conversion, enhancing 

AID-dependent Ig hypermutation. Modified DT40 mutate their Ig V at rates of 2.4 

x 10-5 per bp per generation (Sale et al., 2001, Arakawa et al., 2004). Arakawa 

engineered a GFP transgene in the DT40 cell line, allowing gene diversified by 

SHM. The genes with improved phenotype were selected by iterative FACS. In 

the end, this strategy produced GFP variants with higher fluorescence intensity 

following three rounds of iterative sorting as compared with the GFP-derived from 

bio-imaging of vertebrate cells (Arakawa and Buerstedde, 2009). 

 

The enzyme Activation-Induced cytidine Deaminase (AID) is essential to initiate 

somatic hypermutation, generating high-affinity antibody responses to protein 

antigen by diversification of Ig genes in germinal center-B cells (Muramatsu et 

al., 1999). AID-mediated SHM in B cells introduces point mutations into the 

variable region of Ig heavy and light chain genes. AID is transported into the 

nucleus and deaminates cytosine (C) on single-stranded DNA (ssDNA) to 

generate uracil (U) producing a G-U mismatch (Maul, Gearhart 2010). The G-U 

mismatch is then replicated to produce a C-to T mutation or G-to A mutation on 

the other strand. Alternatively, the G-U mismatch may be removed by uracil-

DNA-glycosylase (UNG) to create an abasic site on DNA (Di Noia, Neuberger 

2007). The abasic site can be converted to a single-stranded nick by AP-

endonuclease and then repaired by base excision repair without generating 

mutation (Li et al., 2004). Additional mutation or mutations on A-T base pairs may 
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be generated by the recruitment of mismatch repair proteins MSH2 and MSH6 

as well as error-prone DNA polymerase to bind G-U mismatches or G abasic 

mismatches, which are then excised and replaced by re-synthesis with error-

prone polymerase (Figure 1.6).  

 

SHM of the H chain V region produces mostly single base substitutions with 

occasionally insertions and deletions, starting around 100 to 200 bp  downstream 

of the promoter and ending around 1.5 to 2.0 kb downstream (Li et al., 2004). In 

mouse and human, the frequency of V region mutation occurs at rates of 10-5 to 

10-3 mutations per base pair per generation in B cells (Kocks and Rajewsky, 

1989). The mutation rate of Ig is around 1 million-fold higher than the 

spontaneous rate of mutation in most other genes (Li et al., 2004). There are 

more transition mutations such as C to T, G to A than transversion mutation such 

as C to A or G; G to C or T (Peled et al., 2008). Additionally, the deoxycytidines 

(dC) within WRCY/RGYW motifs (where R = purine, Y = pyrimidine and W = A 

or T) are the most common target of mutation (Schrader et al., 2003). 

WRCY/RGYW sequence motifs referred to as hot-spots for SHM. Arakawa et al. 

reported mutations within the RGYW/WRCY hotspot motifs account for 51.9% of 

all mutations from their sequencing of the Ig light chain of peudo V donors 

knockout DT40 clones cultured for 5-6 weeks (Arakawa et al., 2004).  

 

As reviewed above DT40 is able to diversify exogenous transgenes to generate 

libraries of mutant proteins. Furthermore, DT40 is able to manipulate the 

expression of exogenous AID, which can be controlled by an inducible promoter, 

or Cre recombinase system (Arakawa et al., 2002). Overexpression of AID is 

likely to induce SHM and maximize mutation. Therefore, it is possible to exploit 

the platform of gene diversification in B cell for evolution of non-fluorescent 

proteins with distinct functions. This can be performed by using SHM in B cells 

coupled with cell surface display for generating and expressing a library of 

mutants on the surface of B cells. After that such mutants with desired function, 

such as specific binding activity, could be screened and selected using FACS.  
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Figure removed for copyright reasons 

 

 

Figure 1.6 The role of activation-induced cytidine deaminase (AID) in 

somatic hypermutation (SHM) 

SHM is initiated by AID. AID deaminates cytidine (C) nucleotides to uridine (U)

guanosine (G) mismatch on single-stranded DNA. Three mismatch pathways exit 

to repair this mismatch. The U:G mismatch mutation can be fixed at the site of 

deamination by recruitment of the mismatch repair machinery, resulting in 

mutation at A:T base pairs adjacent to the initiating U:G lesion. If the mismatch 

were left unrepaired, DNA polymerases will create C>T and G>A transition 

mutations. In base-excision repair (BER), an abasic site formed by uracil-DNA 

glycosylase (UNG) will give rise to both transition and transversion mutations 

(Odegard and Schatz, 2006)  
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1.2.3 Cell Surface Display 

 

Cell surface display is carried out by expressing the protein of interest as a fusion 

to a transmembrane anchor on a cell surface (Lee et al., 2003). Cells produce 

and display the mutant protein with the desired functional characteristics such as, 

for example, improved protein-binding affinity. Cells expressing desired mutants 

can then be selected by FACS following binding of fluorescently-labelled binding 

protein.  

 

The cell surface technique has been applied most extensively in yeast and 

bacteria. However, the expression of mammalian proteins in bacterial host cells 

has some drawbacks in term of differences in protein folding and post-

translational modification, resulting in non-functional proteins (Boder and Wittrup, 

1997). The misfolding of protein influences its properties. Alternatively, yeast 

surface display has become the possibility for expressed extracellular eukaryotic 

proteins (Blagodatski and Katanaev, 2011), providing many advantages 

compared to other prokaryotic cells display. This system allows quantitative 

discrimination between mutants, eukaryotic expression and processing (Colby et 

al., 2004). However, this technique still requires multiple transfection and 

recovery steps to obtain the desired protein variant.  

 

1.3 Aims and hypotheses 

 

Ang2 is increased in a range of diseases where it drives pathological changes. 

This study seeks to use SHM combined with cell surface display to create a novel 

variant of the Tie2 ectodomain specific for Ang2 binding, and test this protein in 

cellular and in vivo assays for suppression of Ang2-mediated effects.  
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In this study the following hypotheses will be tested. 

 

1. Somatic hypermutation combined with cell surface display can generate 

an evolved form of Tie2 ectodomain with Ang2-specific binding. 

2. Soluble evolved Tie2 ectodomain will exhibit specific Ang2 binding and 

suppress Ang2 effects in cellular assay. 

3. Soluble Ang2-specific Tie2 ectodomain will inhibit Ang2-mediated effects 

in vivo.  
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Chapter 2: Materials and Method 

 

 

All reagents were of analytical reagent grade and supplied by Sigma-Aldrch 

(Poole, UK) or Fischer Scientific (Lougborough, UK) unless otherwise stated. 

Experiments were conducted at room temperature (RT) except where indicated. 

Solutions were made with double-distilled water (ddH2O) and pH was adjusted 

to the desired value with concentrated HCl or NaOH. 

 

2.1 Materials 

2.1.1 Buffers 

Sample buffer (2X) with DTT: 50mM Tris (pH 6.8), 10% (v/v) glycerol, 2% (w/v) 

SDS, 0.1% (w/v) bromphenol blue, 5mM EDTA, 100mM DTT 

 

Lysis buffer: 50mM Tris-HCl (pH 7.4), 50mM NaCl, 1mM NaF, 1mM EGTA, 1mM 

NA Orthovanadate, 1% (v/v) TritonX-100, complete protease inhibitor cocktail (1 

protease tablet in10 ml solution) 

 

Running buffer (10X): 2.5mM Tris (pH 8.3), 192mM glycine, 30mM SDS made 

up to 1 litre in dH20 then this 10X solutuion was diluted in dH2O to make 1X 

Running buffer  

 

Transfer buffer (1X): 25mM Tris-HCl (pH8.3), 192mM glycine, 20% (v/v) 

methanol 

 

TBS-TX-100: 50mM Tris, 150mM NaCl, 0.1% (v/v) TritonX-100 

 

Blocking buffer: 5% (w/v) non-fat dried milk in TBS-TX-100 

 

Developer: 198µM p-Coumaric acid in DMSO, 1.25mM Luminol (5-amino-2,3- 

dihydro-1,4-pthalazinedione) in DMSO, 1:3333 H2O, 0.1M Tris-HCl (pH 8.5) 
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PBS: 140mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4 (pH 7.4) 

 

1XTAE (Tris-acetate-EDTA) : 40mM Tris-Acetate, 1 mM EDTA, 2.85ml Glacial 

acetic acid diluted in 50ml dH2O 

DNA loading buffer (6x): 0.25% (w/v) each bromophenol blue and xylene cyanol, 

40% (w/v) sucrose in water  

TE buffer: 10mM Tris-HCl, 1mM EDTA (pH7.5) 

EB buffer: 10mM Tris-HCl (pH 8.5) 

RNase-free H2O: 0.1% (v/v) Diethyl pryrocarbonate (DEPC)  

 

10X Kinetic buffer: 10mM phosphate, 150mM NaCl, 0.02% (v/v) Tween 20, 

0.05% (w/v) sodium azide, 1 mg/ml BSA (pH 7.4) 

 

NP40 buffer (100mM Tris-HCl, 300mM NaCl, 10% (v/v) NP40 solution, 10% 

(v/v) glycerine) 

 

Conditioning/Regeneration solution: 10mM Glycine pH 1.7 

 

2.1.3 Commercial Kits 

BIOTAQTM DNA Polymerase (Bioline; London, UK) 

Finnzymes PhusionTM High Fidelity DNA Polymerase (NEB; Hitchin, UK) 

Ambion® RETROscript®(Invitrogen; Paisley; UK) 

QIAquick® Gel Extraction Kit (Qiagen; Crawley, UK) 

RNeasy® Mini Kit (Qiagen; Crawley, UK) 

QIAprep® Spin Miniprep kit (Qiagen; Crawley, UK) 

HISpeed® Plasmid Maxi kit (Qiagen; Crawley, UK) 

pcDNA™3.1 Directional TOPO® Expression Kit (Invitrogen; Paisley, UK) 

TOPO®TA Cloning® Kit for sequencing (Invitrogen; Paisley, UK) 

Lipofectamine™2000 transfection reagent (Invitrogen; Paisley, UK) 

Qiagen hispeed maxiprep kit (Qiagen; Crawley, UK) 
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Zeba spin desalting column and devices 

Octet Biosensors for Label-Free Detection of protein binding (ForteBio, USA) 

2.1.2 Culture media 

All media were provide as sterile solutions or autoclaved at 120C for 20 minutes 

at 15-lb/in2. 

 

LB: 1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 200mM NaCl (pH7.4) 

 

LB Agar: 1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 200mM NaCl, 2% (w/v) 

agar (pH7.4) 

 

SOC: 2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 10mM NaCl, 2.5mM KCl, 

10mM MgCl2, 10mM MgSO4, 20mM glucose 

 

CHO complete media: Alpha-MEM (Life Technologies, UK), 2mM L-glutamine, 

10% (v/v) FCS 

 

DT40 complete media: RPMI 1640 7% (v/v) fetal bovine serum (FCS), 3% (v/v) 

chicken serum 

 

HUVECs complete media: Medium 200 (Life Technologies, UK), 10ml Low 

Serum Growth Supplement (LSGS) 

 

EA.hy926 complete media: DMEM (Life Technologies, UK), 10% (v/v) FCS 

 

HEK293 complete media: Freestyle 293 Expression medium (Life Technologies, 

UK)  
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2.2 Preparation & Storage of plasmid DNA 

2.2.1Total RNA isolation (RNeasy Minikit, Qiagen) 

Between 1 x 106 and 5 x 106 cells were centrifuged at 250g for 5 minutes and 

washed once with PBS. RNA isolation was carried out as per the manufacturer’s 

instructions. RNA was resuspended in RNase-free water and assessed by 

absorbance. RNA was generally used immediately for downstream application, 

but if storage was required 1:50 RNase inhibitor (Ambion) was added prior to 

freezing at -80C. 

 

2.2.2 Genomic DNA isolation sorted DT40 cells (Generation Capture 

Column Kit, Qiagen) 

After many rounds of sorting, genomic DNA were recovered form the highest 

Ang2 binding population to determine which DNA sequence variants are 

responsible for the displayed phenotype. 1x106 cells were harvested to obtain 

mRNA and used for amplification of DNA encoding Tie2 ectodomain. Ten 

colonies resulting from transformation as previous described were randomly 

picked and sent for sequencing (Korea). 

 

2.2.3 NEB Turbo Competent E. coli (New England Biolabs) 

NEB Turbo Competent E. coli cells were thawed on ice for 10 minutes and 1-5μl, 

containing 1pg-100ng of plasmid DNA, was added to 100µl aliquots of E. coli 

cells as supplied by the manufacturer. The mixture was incubated on ice for 30 

minutes, followed by a heat shock at exactly 42C for exactly 30 seconds and 

subsequent placed on ice for 5 minutes. 950µl of room temperature SOC was 

added into the mixture then incubated at 37C for 60 minutes shaking at 250 rpm. 

Between 50 and 100 µl of each dilution was spread on LB agar plates with 

100µg/mL Ampicillin. The plates were incubated overnight at 37C. 
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2.2.4 Transformation of TOP10 chemically competent cells (Invitrogen)  

TOP10 competent E. coli cells (Invitrogen) were thawed on ice and gently mixed 

with 2-5µl TA cloning reaction. After incubation on ice for 30 minutes, the cells 

were heat-shocked at 42C for 60 seconds prior to transferring to ice for 2 

minutes. 250µl room temperature SOC medium was added into the mixture 

followed by incubation at 37C for 1 hour with 250rpm shaking. Between 50 and 

100 µl of each culture was spread on LB agar plates containing the appropriate 

antibiotic. The plate were incubated overnight at 37C and colonies were 

analysed by plasmid miniprep, restriction analysis and sequencing. 

 

2.2.5 Plasmid DNA preparation: Miniprep (Qiagen) 

Each single colony obtained after transformation was picked with a sterile pipette 

tip and inoculated into 5-10 ml of LB medium containing 100µg/ml ampicillin and 

grown overnight at 37C on a shaker  at 225 rpm. The bacterial culture was 

centrifuged at 3500g for 10 min and plasmid recovered using the QIAprep Mini 

Prepkit (Qiagen) as per manufacturers’ protocol. Finally, the plasmid sample was 

eluted in 30 µl elution buffer and determined DNA concentration by measuring 

the absorbance at 260 nm using a Nano-Drop spectrophotometer. 

 

2.2.6 Plasmid DNA preparation: Maxiprep (Qiagen) 

A single colony was picked and inoculated into a starter culture of 5 ml LB 

medium containing 100µg/ml ampicillin and grown for 8 hours at 37C on a 

shaker at 225 rpm. After that the starter culture was diluted in 250 ml of LB 

medium and grown overnight at 37C on a shaker at 225 rpm. The bacteria cells 

were harvested by centrifugation at 6000g 4 °C for 15 min. Plasmids were 

recovered then carried out by using the HISpeed® Plasmid Maxi kit (Qiagen) as 

per manufacturers’ protocol. Briefly, the cell pellet was suspended in buffers P1, 

P2 and P3 supplied with the kit and the lysate formed was poured onto the 

QIAfilter Cartridge. The lysate was filtered into the equilibrated HiSpeed Tip 

allowing to flow through by gravity. After the lysate has entered, the HiSpeed Tip 
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was washed with 60ml Buffer QC. The DNA was eluted with Buffer QF and 

precipitated with isopropanol followed by incubation for 5 minutes. The eluate-

isopropanol mixture was then transferred into the syringe attached to the 

QIAprecipitator Module outlet nozzle prior to filtering the eluted-isopropanol 

mixture through the QIAprecipitator using constant pressure. The membrane was 

dried by forcing air through the QIAprecipitator several times. The QIAprecipitator 

was attached with the outlet of a 1.5 ml collection tube and the plasmid sample 

was eluted in 1ml TE buffer. DNA concentration for the plasmid preparation was 

determined by measuring the absorbance at 260 nm on a spectrophotometer. 

 

2.2.7 DNA quantification: absorbance 

The optical density of DNA at 260 and 280 nm was determined using a Nano-

Drop spectrophotometer. This machine automatically determined the nucleic acid 

concentration using Beer’s Law and the mass extinction coefficient of 50 ng/µl 

cm-1 for dsDNA. The ratio of absorbance at 260 nm and 280 nm was used to 

assess the purity of DNA. The A260/A280 ratio should be between1.8-2.0. 

 

2.2.8 Agarose gel electrophoresis 

Electrophoresis of DNA samples was carried out using 0.5-1% (w/v) agarose 

TAE gels in TAE buffer. The agarose (Melford, Chelsworth, UK) was heated and 

dissolved in 1X TAE buffer and the dissolved agarose was allowed to cool to 

approximately 50C, then ethidium bromide was added to the gel to a final 

concentration of 0.2 µg/ml. The mixture was poured into a gel tray with comb. 

After the gel had set, it was immersed in 1X TAE buffer within an electrophoresis 

tank. The DNA samples were mixed with 6X loading dye depending on volume 

of sample, and loaded into the wells, alongside a 10µl DNA ladder (TrackIt 1 kb 

Plus, Invitrogen or Hyperladder IV, Bioline). Electrophoresis was conducted with 

a constant voltage of 120V until the blue dye reached the bottom of the gel. DNA 

fragments were separated and then visualized using an ultra violet light 

transilluminator. Images were captured on Multimage light cabinet (Flowgen, 
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Shenstone, UK) and determined by comparison with 1 Kb plus DNA ladder run 

alongside the samples on the same gel. 

 

2.2.9 Purification of DNA: gel extraction 

The DNA fragment was resolved on agarose gel by electrophoresis and excised 

from the gel using a scalpel blade. The purification of PCR product was 

performed as per the manufacturer’s guidelines (Qiagen). Briefly, 3 volumes of 

buffer QG was added to 1 volume of gel before incubation at 50C for 10 minutes. 

After the gel had completely dissolved, 1 gel volume of isopropanol was added 

to sample for increasing the yield of DNA fragments. To bind the DNA, the sample 

was applied to the QIAquick column prior to centrifugation for 1 minute. Following 

discarded flow-through and placement the column back in the same tube, 0.5ml 

of buffer QG was added and centrifuged before adding 0.75ml of buffer PE for 

washing. Finally, DNA was eluted and resuspended in EB buffer or sterile water, 

depending on downstream application, and assessed by absorbance and 

agarose gel electrophoresis. 

 

2.2.10 Purification of DNA: choloroform phenol extraction 

An equal volume of Phenol-Chloroform-Isoamyl alcohol was added to the DNA 

sample then mixed and shaken to produce an emulsion. The mixture yield two 

phases was centrifuged at 12000g for 15 minutes at 4°C. The upper aqueous 

phase was transferred to a clean tube and further proceeded to ethanol 

precipitation. 

 

2.2.11 Purification of DNA: ethanol precipitation 

0.1 volumes of 3M sodium acetate pH 5.2 and 2.5 volumes of 100% ethanol were 

added to the DNA sample. Following incubation at-20C overnight, the DNA was 

centrifuged at 14000g for 30 minutes at 4C. The supernatant was discarded. 

The DNA pellet was rinsed with 70% Ethanol and centrifuged again for 15 
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minutes. The supernatant was discarded and pellet was dissolved in appropriate 

volume of sterile water. 

 

2.2.12 Glycerol stocks 

A single colony of the clone was picked from a plate and grown overnight in LB 

ampicillin. 0.5ml of the culture was added to 0.5ml of 80% (v/v) sterile glycerol in 

sterile cryovials. The mixture was vortexed. The glycerol stock was frozen in 

liquid nitrogen and stored at -80C. 

 

2.3 PCR & Cloning 

2.3.1 PCR: plasmid DNA 

PCR was conducted with either BIOTAQ DNA polymerase (Bioline) in the case 

of analytical applications, or high-fidelity Phusion DNA polymerase (Finnzymes) 

for cloning and sequencing. The PCR reaction set up is shown in Table 2.1. 

 

Table 2.1 PCR reaction components for 50µl reaction volume 

 

Component Final Concentration or 

Amount 

PCR buffer 1X 

dNTP 10mM  

Template DNA 10 ng 

Forward primer 1 pmol 

Reward primer 1 pmol 

Enhancer 1µl (optional) 

DNA polymerase 1 unit 

Nuclease-free water 39 µl  

Mineral oil 30 µl 
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The Perkin Elmer Thermocycler was used for the amplification cycles. Cycling 

parameters are shown in Table 2.2. 

 

Table 2.2 PCR condition   

Step Temperature Time Cycles 

 92C 3 min 1 

Denaturation 94C 1 min  

25 

 

Annealing 45-60C 1 min 

Extension 72C 1 min 

 72C 10 min 1 

Soak 4C ∞ - 

 

2.3.2 Reverse transcription 

Total RNA was reverse transcribed to cDNA using the Ambion RETROscript™ 

kit. 2µg total RNA was mixed with 2µl total RNA was mixed with 2µl oligo dT or 

random decamers and made up to 12µl with RNase-free H2O. This was 

incubated at 85C for 3 minutes followed by immediate cooling on ice. A 

mastermix was prepared to incorporate 4µl dNTPs, 2µl 10x RT buffer, 1µl RNase 

inhibitor and 1µl MMLV-RT per reaction. The required 8µl of mastermix was 

added to each sample, followed by incubation at 50C for 1 hour and 92C for 10 

minutes. The cDNA product was stored at -20C if not used directly for PCR. 

 

2.3.3 TA cloning for sequencing (TOPO TA cloning®Kit for sequencing 

Invitrogen) 

PCR was performed using proofreading polymerase. Addition of 3’ adenine 

overhang to the PCR product was achieved using the Biotaq PCR kit (Bioline). 

30µl gel-purified PCR product was incubated at 72C for 15 minutes with 9µl 

ddH2O, 5µl NH4 buffer, 4µl MgCl2, 1µl dNTPs & 1µl Biotaq. The cloning reaction 

was performed as per the manufacturer’s instructions. 4 µl of PCR product was 
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added to 1µl pCR4-TOPO®vector and 1µl salt solution and incubated at RT for 

20 minutes. 2µl of cloning reaction was transformed into TOP10 cells. 

 

2.3.4 TA cloning into the PEF6/V5 His TOPO® expression vector  

PCR products were amplified with designed primers using proofreading 

polymerase and the product was gel-purified. The cloning reaction was 

performed as per the manufacturer’s instructions. Briefly, 2µl PCR product was 

typically added to 1µl TA vector, 1µl salt solution and 1µl sterile H2O and 

incubated at RT for 1 hr. Then, 2µl of cloning reaction was transformed into 

TOP10 chemically competent cells (Section 2.2.2). 

 

2.3.5 Site directed mutagenesis to produce introduce F/I mutation  

To produce soluble Tie2 ectodomain fusion proteins with a single F to I 

substitution (F/I), site directed mutagenesis was used (Stratagene's 

QuikChange®, Agilent Technologies). cDNA encoding Wt-Tie2-Fc was amplified 

with designed primers to introduce F/I substitution (appendix). The reaction 

conditions are specified in Appendix. The amplified product was cloned as 

described above to create F/I mutations into Wt-Tie2-Fc. Following temperature 

cycling, the product is treated with Dpn I to digest the parental DNA template and 

to select for mutation-containing synthesized DNA. Cloning reaction was 

transformed into NEB Turbo Competent E. coli. Colonies were carried out by 

plasmid miniprep (Qiagen) and sequenced for confirmation of mutation. 

 

2.3.6 Site directed mutagenesis to produce RH mutation  

To produce soluble Tie2 ectodomain fusion proteins with RH deletion, site 

directed mutagenesis was used (Stratagene's QuikChange®, Agilent 

Technologies). To produce soluble RH-Fc fusion proteins, plasmid of Wt-Tie2-Fc 

was amplified with primers to introduce RH deletion (appendix). The PCR 

conditions are specified in Appendix. The amplified product was cloned as 
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described above to create RH mutation. Following treatment with Dpn I, cloning 

reaction was transformed into NEB Turbo Competent E. coli. Colonies were 

carried out by plasmid miniprep (Qiagen) and sequenced for confirmation of 

mutation. 

 

2.3.7 Restriction digestion of DNA 

Restriction enzymes and appropriate reaction buffers were selected and used as 

per manufacturers’ instruction. Diagnostic restriction was typically digested using 

200ng of DNA in the reaction volume with 20 units of enzyme and 1X buffer 

concentration. The volume of reaction was made up to 10 µl using autoclaved 

distilled RNAse/DNAase free water. The digestion was incubated at 37C for 180 

min. The result of digested product was visualized by conduction of gel 

electrophoresis. 

 

2.3.8 Sequencing 

Purification of plasmid DNA was performed by miniprep and eluted with elution 

buffer. Sample and primers were sent to the University of Leicester Protein 

Nucleic Acid Chemistry Sequencing Service for sequencing. Additionally, 96-well 

plates of individual fresh colony agar stabs were supplied to Macrogen Inc., 

South Korea for sequencing. 

 

2.4 Cell culture, transfection and protein production 

 

2.4.1 Tie expressing DT40 cells and Culture 

The DT40 chicken B cell line ‘V-AIDRCI4’ was a kind gift from Arakawa et al. 

(GSF Institute for molecular Radiobiology, Munich, Germany). DT40 cells 

expressing Tie2 ectodomain on the cell surface was a kind gift of Dr. K. Steele. 

Briefly, the Tie2 surface expression construct was prepared. Initially, 

amplification products that consists of cDNA encoding of Tie2 ectodomain 
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(residues 1-442), platelet-derived growth factor receptor β (residues 514-562 

which includes the transmembrane sequence) and with an amino terminal five 

alanine linker followed by the FLAG epitope were generated before ligating into 

pcDNA3.1 (Appendix 7.1). The plasmids were then transferred into the vector 

pHypermut2 (Appendix 7.2) prior to stably integration into the re-arranged 

immunoglobulin locus of the DT40 cells resulting in generation of Tie2-DT40 cell 

lines (Dr. K. Steele, University of Leicester). Cells were cultured in T25 and T80 

flasks at 37C in 5% CO2.Cells were passaged every 3 days at ratio of 1:3 to 1:30 

depending on future application.  

 

2.4.2 Stable non-targeted transfection of DT40 cells. 

pAIDblastr vector was linearised with the EcorR5 and SnaB1 followed by 

purification and concentration by chloroform-phenol extraction and ethanol 

precipitation. 30-50 µg DNA was resuspended in 20µl sterile water for each 

transfection at a concentration of approximately1.5 µg/µl. 20 x 106 Tie2-DT40 

cells were collected by centrifugation at 250g for 5 minutes followed by a cold 

PBS wash. Cells were then resuspended in 700µl cold PBS. The DNA was 

placed into a 4mm electroporation cuvette (Cell projects; Harrietsham, UK) 

followed by the cell suspension. The cuvette was briefly vortexed and incubated 

on ice for 10 minutes prior to electroporation at 950µF, 250V (BioRad 

GenePulser). After 20 minutes of incubation, the cells were transferred to a pre-

warmed 80cm2 cell culture flask containing 29.3ml complete medium containing 

2X puromycin (1µg/ml) and 2xblasticidin (40µg/ml) was added to give final 

concentrations of 0.5µ/ml puromycin and blasticidin. Cells were plated into 96-

well plates and adjust the final volume at 200µl per well and incubated at 37C in 

5% CO until colonies appeared. Colonies were picked between days 7-14 and 

grown up in culture flasks. 

 

2.4.3 Freezing and storage of DT40 cells 

Cells were grown to reach a density of approximately 1X106 cells/ml and collected 

by centrifugation at 250g for 5 minutes. Pellets were resuspended in freezing-
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medium (50%FCS, 10%DMSO, 40% complete DT40 medium) to a final density 

of 10X106 cells/ml. 

 

2.4.4 Chinese Hamster Ovary cells (CHO) 

CHO cells maintained in RPMI with L-glutamine supplemented with 10% FCS, 

and 0.1 mM MEM were grown in a 6 well plates to 60% confluence at 

37C5%CO2 v/v in air. For passaging, the CHO cells monolayer was washed 

once with PBS and incubated with 2 ml of 0.1% (v/v) Trypsin, 0.02% (v/v) EDTA 

for 5 min at 37C and the flask was tapped gently to facilitated detachment of the 

cells from the surface. The action of Trypsin/EDTA was arrested by addition of 

complete media to a final volume of 10 ml. The suspension was centrifuged at 

200g for 7 min and the sedimented cells were resuspended in 1 ml of complete 

media. Cells were seeded with cells dilution required to achieve a cell density of 

50,000 cells/cm2. 

 

2.4.5 Transfection for CHO cell line by Lipofectamine 

The cells were plated to obtain a confluence of 60-70% on the day of transfection. 

10 µg of DNA and 5 µl of Lipofectamine 2000 in 100 µl of OptiMEM I was used 

in making the transfection complex which was incubated at room temperature for 

30 min. This complex was then added to 2 ml of complete media and the cells 

were incubated overnight at 37C/5%CO2. Following transfection, medium was 

replaced with complete medium and cells lysed after to 24 hrs. 

 

2.4.6 Culture of HUVEC 

HUVECs were cultured in Medium 200 containing LSGS and incubated at 37 °C 

and 5% CO2. Cells were maintained by replacement of the fresh culture medium 

every 48 hours after the establishment of the subculture. For subculture of 

HUVECs, the medium was removed from the flask prior to addition of 4ml of 

Trypsin/EDTA solution to the flask. The flask was rocked to ensure that the entire 
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surface was covered. The flask was incubated for 3 minute at room temperature 

followed by viewing the culture under a microscope to assure cell dislodgement 

from the surface. After that, complete medium was added to neutralise the action 

of Trypsin/EDTA. The cells were collected by centrifugation at 180 X g for 7 

minutes. Supernatant was carefully discarded leaving the pellet at the bottom of 

the tube. The pellet was then resuspended with complete medium. HUVEC 

cultures seeded at 2 x 103 cells per cm2 of growing area. The cells should reach 

80% confluence in 5-6 day before subculturing. Six-well plates were seeded at 

2X105 each well and grown to 60% confluency prior to use. 

 

2.4.7 Culture of EA.hy926 cells  

EA.hy926 cells were cultured in DMEM supplemented with 10% (v/v) FCS at 5% 

(v/v) CO2 in air, 37 °C. For experiments cells were detached with Trypsin/EDTA 

solution (0.1%) diluted in PBS and the effect of Trypsin neutralised with complete 

medium. Cells were then centrifuged at 250 X g for 5 minutes and resuspended 

in fresh medium prior to culture cells at 2X105 per well into each well of six-well 

plates and grown to 60% confluency depending on future application. 

 

2.4.8 Culture of HEK293 cells 

HEK293 cells were kind gift from Dr Louise Fairall (Biochemistry Department, 

University of Leicester, UK). Cells were grown in Freestyle media on a platform 

shaker incubator at 37C in 5% CO2 with rotation at 150 rpm. Cells were 

maintained between 0.35X106 and 2.4 X106 cells/ml (the culture volume should 

not exceed 20% of the total volume of the culture bottle). For transient 

transfection cells were maintained at 1x106cells/ml prior to performing 

transfection. 
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2.5 Protein Production 

2.5.1 Expression of Soluble Ectodomains 

cDNA encoding wild-type Tie2 ectodomain (1–442) was subcloned into pcDNA 

3.1 upstream of a human Fc tag and C-terminal His6 sequence (kindly supplied 

by Dr Richard Kammerer, Paul Scherrer Institute, Switzerland) for expression of 

soluble ectodomain in HEK293 cells. Site-directed mutagenesis was performed 

to modify this wild-type sequence to correspond to the evolved mutant using the 

QuikChange protocol (Agilent Technologies) and confirmed by sequencing. 

 

2.5.2 Large-scale transient transfection of HEK 293 cells for protein 

production 

Soluble ectodomain-Fc fusion proteins were achieved by transfection of HEK293 

cells in suspension using polyethylenimine (PEI). HEK 293 cells were cultured in 

300 ml of medium to a density of 1x106 cells/ ml in 1000ml shaken flask prior to 

transfection. For a standard protocol of  transfection; DNA: PEI ratios (1:2) or 

300µg of DNA and 600 µg of the linear isoform of PEI (1mg/ml) were incubated 

in 30mls of PBS for 20 minutes at room temperature resulting in DNA-PEI 

complex that are suitable for efficient transfection before addition to the cells. 

Cells were grown for 3–4 days to allow the fusion proteins to accumulate in the 

medium.  

 

2.5.3 Protein Purification 

Cells were harvested 4-5 days post-transfection by centrifugation at 6000g at 

room temperature for 10 minutes. Recombinant His-tagged protein expressed in 

HEK293 cells was purified from conditioned medium by gravity-flow 

chromatography using Ni-NTA Agarose beads (Qiagen). Fractions of 0.5ml 

volume of eluted protein were collected and combined following SDS-PAGE and 

Coomassie blue staining. Purified protein was stored at 4C. 
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2.5.4 Exchanging the elution buffer  

Since the high concentration of salt and imidazole in the elution buffer is not 

suitable for downstream applications .The eluate required buffer exchange. This 

can be done by: 

a) Dialysis  

The removal of buffer salt and LMW contaminants from purified protein was 

conducted using Slide-A-Lyzer Dialysis Cassettes with a 3.5K MW cut off 

suspended in 5L of appropriate buffer for 18-24 hours at 4C. 

 

b) Desalting 

Protein purification was conducted using a Zeba desalting column (10 ml) and 

buffer exchange into Tris-buffered saline containing 10% glycerol. This device 

can remove greater than 95% of salt and provided high protein recovery. 

 

2.5.5 Bradford assay for Protein quantification  

Following buffer exchange a Bradford assay was performed to determine the 

protein concentration. Briefly, the Bradford reagent was diluted in dH2O (1 part 

Bradford: 4 parts d H2O), then filtered through a 0.5 micron filter. 10 µl of purified 

protein was added and mixed in 200 µl of the diluted reagent into 96 well plates 

allowing the formation of blue colour. The incubation time was at least 5 minutes 

at room temperature prior to measurement. Additionally, a standard curve was 

prepared using a serial dilution series (0.05-1.0 mg/ml) of a known BSA sample 

concentration. The samples and standards were measured the absorbance at 

595 nm using the Infinite®200 NanoQuant (Tecan) machine. Finally, the 

concentration of protein samples was analysed by a standard curve.  

2.6 Analysis of Ang1 Ang2 and Ang4 binding to wild-type or evolved 

ectodomain-Fc by biolayer interferometry. 

Evolved protein was tested by measuring the affinity of the evolved ectodomain-

Fc for Ang1, Ang2 and Ang4 at least 3 different concentrations (for Ang1 at 10, 
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20 and 40nM, for Ang2 and Ang4 at 20, 40 and 60nM) using biolayer 

interferometry (BLI). Evolved ectodomain-Fc or Wt ectodomain immobilized on 

sensors for Anti-hlgG Fc Capture (AHC) biolayer interferometry. Dip and Read™ 

Biosensors (ForteBio) were used as per manufacturer’s instructions. The 

apparent observed Kon values for the reaction between the dimeric molecule and 

multimeric ligand was used to analyse the binding of evolved ectodomain-Fc or 

Wt ectodomain to Ang2, Ang1 and Ang4. 

 

2.7 Binding Assays  

ELISA assays were performed to determine ligand-receptor binding. Briefly, 5 μg/ 

ml Ang1 or Ang2 was coated in 96-well plates by incubating overnight at 4°C. 

The plate was blocked with washing buffer (TBS containing 1 mg/ml BSA and 

0.1% Triton-X 100). Following blocking, different concentrations of fusion protein 

were allowed to bind for 2 h and, after that, bound fusion proteins were incubated 

with anti-Tie2 ectodomain antibodies (dilution 1:100). Peroxidase-conjugated 

secondary antibody (1:5000) was incubated after washing followed by 

colorimetric quantification. For quantitative comparison, curve fitting to saturation 

binding data were analysed by nonlinear regression using the Prism 6 software 

(GraphPad Software Inc). Concentrations of ectodomains at half-maximal 

binding were calculated from the binding curves. In each ELISA experiment, 

binding of each mutant is compared to binding of wild-type in binding maximum. 

 

2.8 Protein 

2.8.1 Preparation of whole cell lysates for SDS-PAGE 

In HUVEC or EA.hy926 cells, medium was removed from 6 well plates after 

washing with cold PBS. Cells were harvested with 70µl of 2X sample buffer-DTT 

per well on ice followed by collection of each cell lysate per well into Eppendorf 

tubes, 1.5 ml. For DT40 cells, 1 x 106 cells were collected by centrifugation at 

250g for 5 minutes on ice. Cells lysates either HUVECs or EAhy.926 were then 

sonicated and boiled at 95C for 6 minutes prior to centrifugation at 250g for 1 
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minute to pellet debris. Samples were stored at -20C if not used directly for SDS-

PAGE. 

2.8.2 SDS-polyacrylamide gel electrophoresis (PAGE) 

The appropriate percentage polyacrylamide solution for the resolving gel was 

prepared based upon size of protein. The stacking gel was layered over the top 

of the resolving gel containing a lower concentration of acrylamide and of a lower 

pH. The gel was immersed in a tank of running buffer. 30 μl of each sample and 

10 μl of the protein marker (Precision Plus Kaleidoscope Standards; BioRad; 

Hemel Hempstead, UK) were loaded on the gel. Gel was resolved at 120V until 

the molecular weight of the target protein was at the desired location. SDS-PAGE 

was performed (Table 2.3). 

 

Table 2.3 SDS-PAGE composition 

 Resolving 

7.5%      10%          12%

  

Stacking 

5% 

30%Acryl/Bis (ml) 5.0        6.7  8.0 3.3 

ddH2O (ml)  10.9        9.6  7.9 13.7 

Tris(ml)  3.7 (2M pH8.8) 2.5 (1M pH6.8) 

20% SDS (µl) 100 100 

10% APS (µl) 134 200 

TEMED (µl)  14 20 

2.8.3 Western blotting 

The separated proteins were transferred from SDS/PAGE gel onto a 

Hybond™ECL™nitrocellulose membrane (Amersham; GE Healthcare; Little 

Chalfont, UK), between filter paper and foam pre-soaked in transfer buffer, within 

a cassette by electrotransfering as described by Towbin et al. (Towbin, Staehelin 

& Gordon 1979). Proteins were transferred at 150mA RT overnight or 230-250mA 

4C for 3 hours. The nitrocellulose membrane was then probed as further 

described. 
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2.8.4 Immunoblotting 

Nitrocellulose membranes were incubated in blocking buffer (5% non-fat 

milk/TBS-TX-100) for 1hour prior to immunoblotting. After washing three times 

with TBS-TX-100, the membrane was typically incubated with primary antibody 

diluted in 5% non-fat milk/TBS-TX-100 at 4C overnight. The membrane was then 

washed three times in TBS-TX-100 for a total of 30 minutes prior to incubation 

with secondary antibody and washing three more times. Finally, the membrane 

was exposed to developer solution for 1 minute. The membrane was then 

wrapped in cling film and exposed to chemiluminescence (ECL) system 

(Amersham Pharmacia Biotech; UK) detection Kodak imaging film for 1-5 

minutes depending on the intensity of the bands. The films were developed and 

the protein markers were aligned to the membrane and marked. 

 

For re-probing a membrane, the membrane was stripped of antibody in 1X Re-

blot solution (Chemicon International) for 15 minutes. The membrane was then 

washed in 1XTBS 0.1%TX-100 solution, blocked and probed with appropriate 

primary and secondary antibodies as detailed in Table 2.4. 

2.8.5 Cellular Assays 

The endothelial cell line EA.hy926 and HUVECs were cultured in DMEM 

containing 10% fetal bovine serum and Medium 200 containing LSGS at 37 °C 

and 5% CO2. Cells were made quiescent by incubation for 4 hour and 1 hour in 

serum-free medium, respectively. Following incubation in serum free medium, 

cells were stimulated with Ang1, in the absence or presence of Ang2, with or 

without 25μg/ml wild-type or evolved ectodomain-Fc for 30 min. After washing, 

cells were harvested on ice. The detection of phosphoSer-473-Akt and total Akt 

were resolved by SDS-PAGE and analysed by immunoblotting.  
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Table 2.4 Details of conditions used for specific antibodies in Western 

blotting 

 

  

Primary Antibody Application  Secondary antibody Application  

Phospho-Ser-473-Akt  
(Cell Signalling Technologies 
Inc.) 

dilution 1:1000 
overnight at 4°C    

Anti-rabbit IgG HRP 
(GE Healthcare) 

dilution 1:2000  
1 hr RT 

Akt Antibody 
(Cell Signalling Technologies 
Inc.) 

dilution 1:1000 
overnight at 4°C    

Anti-rabbit IgG HRP 
(GE Healthcare) 

dilution 1:2000 
 1 hr RT 

Human Integrin αVβ3, MAb 

(R&D systems) 

dilution 1:1000 

overnight at 4°C    

Anti-mouse IgG HRP 

(Sigma Aldrich) 

dilution 1:2000  

1 hr RT 

Anti-Integrin beta 3 MAb 

(Abcam)  

dilution 1:1000 

overnight at 4°C    

Anti-rabbit IgG HRP 
(GE Healthcare 

dilution 1:2000  

1 hr RT 

polyclonal rabbit anti-integrin 

β3 subunit AB1932; 

Chemicon, (Chemicon 

International) 

dilution 1:1000 

overnight at 4°C    

Anti-rabbit IgG HRP 
(GE Healthcare) 

dilution 1:2000  

1 hr RT 

Anti-FLAG M2 (GE 

Healthcare) 

1:1000  

45 min RT 

Anti-mouse IgG HRP 

(Sigma Aldrich) 

dilution 1:2000  

 1 hr RT  

Anti-human Tie2 Ab  

(R&D systems)  

dilution 1:1000 

overnight at 4°C    

Polyclonal anti-goat lg 

HRP (Dako)  

dilution 1:2000  

 1 hr RT 

Goat anti Factor B dilution 1:1000 

overnight at 4°C    

donkey anti-goat IgG-

HRP 

dilution 1:2000  

 1 hr RT 

Anti-ADA polyclonal  Ab  

(Abcam) 

dilution 1:1000 

overnight at 4°C    

Anti-rabbit IgG HRP 

(GE Healthcare) 

dilution 1:2000 

 1 hr  RT 

Anti--tubulin monoclonal Ab 

(Sigma) 

 

dilution 1:1000 RT 

20 minutes    

Anti-mouse IgG HRP 

(GE Healthcare)

 1:5000 

dilution 1:2000 

20 minutes RT 

Anti-His6 Ab  

(Sigma) 

dilution 1:1000 RT 

1 hr   

Anti-rabbit IgG HRP 

(GE Healthcare) 

dilution 1:2000  

30 minutes RT 
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2.8.6 ImageJ analysis 

Immunoblotting films were scanned as black and white 8-bit electronic files of 

300 dpi or higher. Calibration was performed for uncalibrated optical density, 

protein bands were selected and the area under the intensity curve was digitally 

calculated. Relative optical density was calculated by comparison of sample 

values with a ubiquitous loading control. Tubulin was used as protein loading for 

AID expression, while Akt was used as control loading for pAkt. 

 

2.8.7 Immunoprecipitation: Ang2 integrin binding Western blot analysis in 

a cell-free system 

Three 50µl aliquots of Sepharose G beads were centrifuged at 1000g and 

washed 3 times with 500µl NP40 buffer (100mM Tris-HCl, 300mM NaCl, 10% 

(v/v) NP40 solution, 10% (v/v) glycerine). In the meantime, Ang2 (300ng), anti-

His (dilution 1:500) and 5 µl purified undiluted αVβ3 integrin (R&D system™) with 

or without 25 μg/ml evolved ectodomain-Fc were incubated on ice for 30 min. 

Following incubation, samples were incubated with Sepharose G beads in 1.0 ml 

NP40 buffer overnight at 4°C. Anti-His incubated with integrin was used as 

control. The immunoprecipitate samples were centrifuged at 1000g for 2minute. 

The beads were washed 3 times with PBS and boiled with 2X sample buffer, and 

analysed by SDS-PAGE and immunoblotting for Anti-integrin antibody. 

 

2.9 Migration assay 

Transwell migration assays were performed to study the migratory response of 

endothelial cells to angiogenic inducers or inhibitors using Transwell tissue 

culture wells containing 8-μm pore size inserts (BD Biosciences, Oxford, UK). 

Serum-free medium containing 250μg/ ml BSA together with Ang1 or Ang2, in 

the absence or presence of soluble ectodomain-Fc fusion protein, was placed in 

the lower chamber of the wells. 105 endothelial cells, in serum-free medium 

containing 250μg /ml BSA, were placed in the upper chambers. Following an 

incubation period for 4 hours at 37°C, to allow cells to migrate through the 

membrane depend on the test agents, cells that did not migrate through the pores 
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were gently removed with a cotton bud. Cells on the lower side of the insert filter 

were fixed in 4% formaldehyde. After washing, nuclei were stained with 4′, 6-

diamidino-2-phenylindole (0.1μg/ml). Membranes were then mounted in glycerol 

and the numbers of cells migrating to the lower side of the membrane were 

counted in five random fields a light microscope at x20 magnification. 

 

2.10 Flow cytometry & Florescence Activated Cell Sorting (FACS) 

2.10.1 Binding and fluorescent cell labelling reagents 

Biotinylated Recombinant Human Angiopoietin-2, Recombinant Human 

Angiopoietin-2 and Recombinant Human Angiopoietin-1 were all obtained from 

R&D Systems™ (UK) and diluted in PBS to the required experimental 

concentration. Dilution of staining reagents, washes and incubations of cells were 

performed in 10% FCS/90%PBS throughout the experiments.  

 

2.10.2 On-cell binding and labelling procedure  

DT40 stably expressing Tie2 ectodomain were collected by centrifugation at 250g 

and washed. After that, cells were allowed to bind 3.4nM Ang1 and 0.5nM 

biotinylated Ang2 at room temperature for 30 minutes. All incubations were then 

washed followed by staining with angiopoietin; anti-FLAG-FITC antibody and 

fluorescent secondary antibody (streptavidin-PE/Cy5) at 4C for 30 minutes. 

Finally, each group of cells were transferred into 5 ml Falcon FACS tubes and 

kept in ice box until flow cytometry analysis. All subsequent steps were performed 

keeping the sample in the dark as much as possible by covering the samples 

with foil to avoid photobleaching.  

 

2.10.3 Flow cytometry  

Cells were labelled, washed and resuspended in approximately 500µl volume 

PBS/FCS in a 5ml Falcon polystyrene tube. Unstained cells were used in each 
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assay to quantity autofluorescence and compare with the stained cells. A BD 

FACSAria™II cell sorter was utilised with an 85µm nozzle. Excitation lasers and 

emission bandpass filters were employed for the various fluorophores as stated 

in Table 2.5. Live cells were gated based on forward and side scatter 

characteristics. Ten thousand events were recorded for each analysis with BD 

FACSDiva™software. The FCS files which contain raw flow cytometry data were 

analysed in WinMDI (Windows Multiple Document Interafce for Flow Cytometry). 

 

Table 2.5 Fluorescence spectra 

 

2.10.4 Competitive equilibrium Ang1 and Ang2  

5 x 105 cells per data point were collected by centrifugation at 250g for 5 minutes. 

Aliquots of cells of serially diluted recombinant Ang1 together with 0.5nM 

biotinylated recombinant Ang2 were incubated at RT for 1hour to produce the 

desired concentrations. Cells were then collected by centrifugation at 700g 4C 

for 1 minute and washed once. Each aliquot was resuspended in 50µl cold 

streptavidin-RPE and incubated at 4C for 30 minutes. Cells were again washed 

and collected as previously. 

 

2.10.5 Fluorescence Activated Cell Sorting (FACS)  

Before flow cytometry and FACS analysis, controls were used for setting gates 

and discriminating positive population. For meaningful data analysis, the cell 

population was gated to exclude the dead cells from the viable cells. The dead 

cells can be distinguished from viable cells by analysing the sample through the 

flow cytometer based on the forward and side scatter setting which distinguish 

the size and complexity of the cells in the sample. Dead cells have lower forward 

 

 

Excitation laser (nm)

  

Bandpass filter (nm) 

FITC 

Streptavidin-PE 

Streptavidin-PE/Cy5 

488 530/30 

582/15 

660/20 
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scatter and higher side scatter than live cells. Once the viable cells were gated, 

the negative and positive control samples were placed into the flow cytometer 

and acquisition was com in set up mode. The unstained cells served as controls 

to account for autofluorescence from cells due to normal cell components which 

fluorescence, such as ribloflavin and flavoprotein (Aubin 1979). Single stained 

controls were used to set fluorescence compensation to account for spillover of 

the emission of one flurochrome into the emission from as other. The single 

stained controls were stained for FLAG epitope tag with anti-FLAG-FITC and for 

Ang2 with streptavidin-PE/Cy5 (Table 2.6).  

 

Table 2.6 Antibodies used for FACS 

Detection Reagent Dilution 

FLAG  Anti-FLAG M2-FITC monoclonal AB (Sigma 

Aldrich) 

1:100 

Biotinylated 

Ang2 

streptavidin-R-phycoerythrin conjugate 

(Sigma) or 

streptavidin-PE/Cy5 (BD Pharmingen™) 

1:25 

 

1:25 

 

DT40 stable cells were stained as previously described. Under sterile condition, 

the cells were resuspended in PBS at a density of 10 x 106 cells /ml. They were 

then subjected to FACS analysis. The samples lines of machine were rinsed 

thoroughly with FACS clean solution and sterile 1 x PBS was used as sheath 

fluid. The stream was adjusted and the machine calibrated by drop delay. An 

85µm nozzle was used and the 488 nm Argon laser was used for excitation of 

the chromophore the FLAG-FITC and the PE-Cy5 Streptavidin chromophore. 

Compensation can be used to correct for spillover and cells were also gated and 

sorted on live cells by FSC versus SSC. The sorted cells were run at 1000 

events/sec. They were collected directly into 4C sterile complete medium and 

cultured in flasks as soon as possible.  
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2.11 Method for in vivo experiments 

Littermate C57BI/6 (age and sex matched) were taken from colonies bred in a 

specific pathogen barrier unit at University of Leicester (PPL 60/4327). Mice were 

humanely restrained, and received 5µg LPS (E. coli 0111:B4, TLR grade; Enzo 

Life Sciences, Inc) with or without 15µg purified evolved ectodomain or control 

ectodomain protein in 10µl volumes diluted in PBS. The injection site was the 

mouse hock, a refinement over models eliciting oedema in the foot-pad. The 

procedure was complaint with Home Office regulations and institutional 

guidelines. After two hours, mice were culled by cervical dislocation and hock 

was prepared for histological analysis. These procedures were performed by Dr. 

Cordula Stover (University of Leicester). The tissues were fixed and decalcified 

using 6% (v/v) trichloroacetic acid in neutral buffer saline, and paraffin 

embedding. 5µm sections were stained with Wright’s stain and those selected in 

which the distance of the tibia periost to epidermis could be comparatively 

measured using Delta Pix Insight (v.3.3.1) imaging software, providing a value of 

subcutis thickness (local oedema). Nine to thirteen points were obtained from 

each section, blinded for treatment.  
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Chapter 3: Evolution of Tie2 ectodomain 
 

 

This chapter describes the use of SHM-driven directed evolution to generate 

novel variants of Tie2 ectodomain which exhibit preferential binding to Ang2. 

However, before the experiment could be performed it was necessary to 

establish and optimize the methodology. This chapter describes establishment of 

FACS protocol, cell staining, plasmid recovery and sequencing. In addition, the 

cloning and expression of AID is described. After establishing all methodology, 

the evolution of Tie2 ectodomain was attempted.  

 

3.1 Establishing FACS 

 

Optimizing FACS was performed before starting the experiment. Briefly, 10 

million Tie2-DT40 cells were collected by centrifugation. These cells were then 

washed with cold 10% FCS-PBS solution and incubated with biotinylated-Ang2 

at a concentration of 0.5 nM for 30 min. This concentration was based on 

previous experiments performed by Dr. K. Steele (Table 3.1). Briefly, Tie2-DT40 

cells were incubated to equilibrium with varying concentration of biotinylated 

Ang2 followed by labelling with anti-FLAG-FITC and streptavidin-R-PE. Cells 

were then subjected to flow cytometry for examination. An Ang2 concentration, 

0.5 nM was suitable for the early round of equilibrium sorting, should capture the 

majority of desired mutants. Following the third rounds the Ang2 concentration 

was adjusted to 0.25nM. 

 

 Table 3.1 Fluorescence intensity by Ang2 concentration 

Ang2 (nM) Geometric MFI 

0 40 

0.125 55 

0.25 75 

0.5 155 

 

Following the incubation, cells were then labelled with anti-FLAG-FITC and 

streptavidin R-PE. The primary anti-FLAG-FITC was used to detect cell surface 
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Tie2 which has a FLAG-epitope tag and cells were subsequently labelled with 

streptavidin R-PE to detect the levels of Ang2 bound Tie2 receptors. The cells 

were analysed and selected for high affinity binding to Ang2 by FACS. 

 

The forward and side scatter dot plot for a typical fluorescent labelled cell 

population is shown in Figure 3.1. The cells contained in the region P1 are live 

cells, whereas other cells are dead cells. There are different in complexity, 

granularity and size between live cells and dead cells. Thus, only the live cells in 

the region P1 were further analysed. 

 

Three controls were analysed; these were (i) un-labelled cells (ii) anti-FLAG-FITC 

antibody only (iii) Ang2 and streptavidin R-PE only. Unlabelled cells were initially 

used to account for auto-fluorescence of the cells to adjust the cut-off for the flow 

cytometric parameters. An example of dot plot showing the low signal of the 

unstained population is shown in Figure 3.2. In addition, single antibody labelled 

controls were used for fluorescence compensation to correct the detected of 

spillover of the emission of one fluorophore into the emission of another 

fluorophore. The single labelled controls which were labelled with the FLAG 

epitope tag by FITC and for Ang2 by streptavidin R-PE. For FITC labelling, a 

FITC channel can be set for maximal FITC and minimal FITC signal in the 

streptavidin-R-PE channel. Similarly, PE channel was set to record streptavidin-

R-PE signal in FITC channel. The amount of the spillover from each fluorophore 

channel into each of other fluorophore was then determined and compensated. 

Figure 3.3A shows clear staining for FLAG-FITC and no staining streptavidin-R-

PE channel. Likewise, streptavidin-R-PE staining and no FLAG-FITC were seen 

in streptavidin-R-PE channel as shown Figure 3.3B. 

 

In order to sort cells for highest binding to Ang2 it is necessary to normalize the 

Ang2 binding for the level of Tie2 expression by each cell. To do this, cells were 

dual stained for Ang2-binding via streptavidin R-PE and Tie2 expression via the 

FLAG Tag on Tie2. Dual stained cells are shown in  

 
Figure 3.4A.  
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Figure 3.1 Representative dot plot showing the population of live cells in 

the square P1. 

The X axis is forward scatter which indicates the size of cells, whereas the Y axis 

representing side scatter showed the complexity of cells. The dead cells and 

debris which were black dot that can be separated and excluded from analysing 

by forward and side scatter dot plot. Therefore, only live cells in the region P1 

were analysed in the next step.  
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Figure 3.2 Representative dot plot showing the signal for FLAG and Ang2 

in unstained cells.  

An example of dot plot showing the unstained Tie2-DT40.The cells are only in 

left lower quadrant (Q3) indicating the low signal for FLAG and Ang2. 
 

 

 

 

 

Figure 3.3 Representative dot plot showing the single stained control.  

(A) The DT40 expressing Tie2 cells were labelled with anti-FLAG staining only. 

(B) Cells were stained with biotinylated-Ang2 and streptavidin-R-PE staining only 
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Figure 3.4 Dual staining dot plots showing the signal of Ang 2 binding cell 

surface expressed Tie2 ectodomain.  

(A) The levels of Ang2 bound to the Tie2 expression on DT40 cell surface. Y axis 

and X axis are Ang2 binding and Tie2 expression signal, respectively. 

(B) Forward scatter dot plot detected Ang2 binding to Tie2 on DT40 cell surface 

by streptavidin-PE.  

(C) Forward scatter dot plot detected FLAG-tagged Tie2 expression on DT40 cell 

surface by the FITC dye.  
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The primary anti-FLAG-FITC and streptavidin R-PE were used to detect cell 

surface FLAG-taggedTie2 and Tie2 bound Ang2 respectively. Cells labelled 

streptavidin R-PE reflected the Ang2 bound to the Tie2 receptor as shown in  

 
Figure 3.4B while cells labelled the FITC-FLAG tag on Tie2 represented the 

levels of Tie2 expression as shown in Figure 3.4C. Figure 3.4A is a dot plot 

representing the Ang2 bound (Y axis) against the level of Tie2 expression (X 

axis) on each cell. The cells in the Q3 show the Ang2 bound to Tie2 with lower 

affinity. The cells in the Q2 quadrant were cells that bound Tie2 with higher 

affinity.  

 

For maximal sensitivity, a large signal for Ang2 binding and low carry over into 

FLAG binding is required. At first, Streptavidin PE and FITC were used for double 

labelling FACS analysis. Alternative fluorophore sets would be FITC and 

streptavidin-PE/Cy5, as streptavidin-PE/Cy5 has a stronger fluorescent signal. 

Streptavidin-PE/Cy5 is a tandem conjugate between streptavidin-R-PE and Cy5. 

In order to compare a streptavidin-PE/Cy5 with streptavidin R-PE, an experiment 

was set up. In this experiment groups of cells were compared: unstained Tie2-

DT40, Tie2-DT40 cells which were incubated and labelled with biotinylated-Ang2 

and streptavidin-PE/Cy5 respectively, Tie2-DT40 cells labelled with streptavidin-

PE/Cy5 alone, and Tie2-DT40 cells that incubated and labelled with biotinylated-

Ang2 and streptavidin R-PE respectively. 

 

The results show that the streptavidin-PE/Cy5 using yellow green laser gave a 

stronger fluorescence signal than streptavidin R-PE as shown in Figure 3.5. 

Figure 3.5B and Figure 3.D show the background staining of streptavidin-PE/Cy5 

indicating low background level of signal in cells stained with streptavidin-PE/Cy5 

only. Therefore, streptavidin-PE/Cy5 was used instead of Streptavidin PE since 

streptavidin-PE/Cy5 could detect Ang2 binding without contributing to the FLAG-

FITC signal. 
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Figure 3.5 Dot plot and histogram comparing the fluorescence signal of 

streptavidin-PE/Cy5 between cells incubated biotinylated-Ang2 and cells 

without Ang2. 

(A) The dot plot indicates the signal of Ang2 incubated with biotinylated-Ang2 and 

streptavidin-PE/Cy5. (B) The dot plot indicates the signal of cells stained with 

streptavidin-PE/Cy5 only. (C) The histogram shows the strong signal of Ang2 in 

the cells incubated and stained with biotinylated-Ang2 and streptavidin-PE/Cy5. 

(D) The histogram represented low background levels of signal in cells stained 

with streptavidin-PE/Cy5 only.   
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3.2 DNA recovery and sequencing from sorted cells 

 

Once, the cells had been sorted. It would be necessary to be able to recover the 

DNA encoding Tie2 and determine their sequences. To establish the 

methodology for this, sequencing of sorted cells were performed. For FACS 

sorting, cells were screened and the desired mutant phenotypes selected under 

sterile conditions. Cells were resuspended at a density of approximately 2.5 x 106 

per ml in 5ml Falcon polystyrene tubes and stored on ice. An example of dot plot 

representing cells was selected from the sorted gates that specified live cell 

population. Sorting was performed in 2-way purity mode at maximum speed of 

2000 events per second. Sorted cells were directly collected into sterile complete 

medium for further growth. This sorted population was labelled (Figure 3.6). 

 

Cells enriched for Ang2 binding (Population A) shown in the triangle P2 ( 

Figure 3.6) were sorted and collected. These sorted cells were used to prepare 

mRNA before proceeding to RT-PCR and PCR. The PCR product was then 

checked by agarose gel electrophoresis before gel purification. Subsequently, 

addition of the A overhang in PCR product was performed. PCR product was 

cloned into a TA cloning vector (pCR4-TOPO, Invitrogen) and then transformed 

into E. coli. Once clones were obtained they were sequenced. There were five 

colonies on the ampicillin agar plate at first and second time. The low number of 

colonies may reflect an inefficient ligation. To attempt to improve on this, the 

incubation of cloning reaction was extended for 1 hour instead of only 20 minutes 

before proceeding to transformation. The transformant cells were further plated 

on agar plate with ampicillin and incubated for 18 hours at 37C. Increased 

number of colonies were found after the increased incubation time of the cloning 

reaction. There were 70 colonies on Agar plate. Therefore the methodology for 

recovery of plasmid for sorted DT40 cells was established. 
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Figure 3.6 Dual staining dot plots showing the sorted cells. 

10 million Tie2-DT40 cells were incubated with 0.25nM biotinylated-Ang2 prior to 

labelling with streptavidin-PE/Cy5 and anti-FLAG-FITC. Ang2 binding cells were 

sorted via 2-way purity. 1% of the gated live cell population in triangle P2 were 

sorted by FACS. 
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3.3 Cloning and expression of AID in the cells to maximize mutations 

 

In order to test whether Tie2 ectodomain in DT40 cells was undergoing any 

mutation, DNA was recovered from cells at day 0 and after 12 weeks of growth. 

Of 20 sequencing analysed, 3 deletions and three point mutations was detected 

after 12 weeks. Three mutations were not in the binding domain. This suggests 

the cells were limited in their ability to mutate the Tie2 ectodomain. In order to 

maximize SHM, therefore, increasing expression levels of AID were attempted 

by overexpressing cDNA encoding the enzyme. AID was cloned into pEF6/V5-

His-TOPO®. Briefly, the cDNA encoding AID (which was a kind gift of Dr. K. 

Steele) was amplified using AID primers (Appendix 1) and cloned in frame with 

V5 and Histags in the expression vector pEF6/V5-His-TOPO® (Appendix 7.4). 

This vector contains the human elongation factor 1α promoter for high-level 

expression in mammalian cells. In addition, this vector contains the blasticidin 

resistant gene for selection of stable mammalian cell lines. The strategy for 

cloning AID is outlined in Figure 3.7. The AID was amplified by PCR using AID 

primers at an annealing temperature of 60C. The PCR product size was 

confirmed by running 10 µl of the PCR product on the agarose gel and was found 

to be of the expected size of approximately 600 bp seen in agarose gel (data not 

shown). The amplified product was ligated to the pEF6/V5-His TOPO® 

expression vector by TA cloning. Competent cells were transformed with ligation 

reaction and plated onto selective agar plates. Four colonies labelled 1-4 were 

picked from the transformation plate and inoculated in selective medium. Plasmid 

preparations were analysed by restriction enzyme. The entire molecular length 

of the pEF6/V5-His-TOPO® is 5840 bp. The 600 bp of PCR product was inserted 

in bases 1760 to 1761. The EcorRV and SnaB1 were chosen to cut the two 

regions of inserted DNA. So, the expected size of the positive clones should be 

510 bp. A band of the expected size was seen in clone 3 indicating this AID 

plasmid was positive cloned as shown in Figure 3.8. This plasmid was then 

sequenced at the Protein and Nucleic Acid Chemistry Laboratory (PNCL), 

University of Leicester. The plasmid was obtained with the correct sequence 

(Appendix 6).   
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Figure 3.7 Schematic depicting cloning strategy of human AID into 

pEF6/V5-His-TOPO®.  

The template of AID was amplified by proof-reading polymerase. The PCR 

product was cloned using the TA cloning method to produce pAID-TOPOblastr 

before proceeding to transformation and inoculation. The plasmid preparation 

was confirmed by sequencing.  
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Figure 3.8 Restriction digest for AID positive clone. 

Cloning was performed as described in Section 3.5. The four clones were picked 

out from agar plate and inoculated for Miniprep DNA. The four plasmids were 

digested with restriction enzymes which were the EcorRV and SnaB1. AID 

excised from the vector in positive clone. The product was resolved by 

electrophoresis on 1% agarose gel. The positions of molecular size markers are 

indicated. The expected size should be 510 bp. Band obtained for plasmid 3 

indicating positive clone. 

  



63 
 

This plasmid was subsequently used for expression of AID in mammalian cells. 

The AID construct was analysed to confirm expression of the AID in mammalian 

cells. CHO cells were transfected when 60% confluent in 6-well plate using 10µg 

AID construct and Lipofectamine 2000 as described in Section 2.4.5. 

 

CHO cells were harvested by lysis buffer after 24 hours post-transfection. 

SDS/PAGE and Western blot were run to analyse the cell lysate from 

transfection. The expected size of the AID protein is approximately 25 kDa. A 

band between 20 and 25 kDa was obtained in lane 4. Lane 2 served as a control 

and Lane 3, 5 were cells transfected with negative clones. As can be seen in 

Figure 3.9, a clear AID-immunoreactive protein of the expected size was 

expressed in the cells transfected with the AID plasmid. It was concluded that 

AID construct was expressed in mammalian cells. 

 

 

 
 

 

 

Figure 3.9 Expression of AID in CHO cells.  

CHO cells were transfected with each plasmid from four clones. Post transfected 

cell lysate samples were subjected to SDS/PAGE and Western blotting. 

Immunoblotting analysis was performed with anti-AID polyclonal antibody. The 

positions of molecular size markers are indicated. The expected size of is 

approximately 25kDa. The expected band was seen in clone 3. 
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3.4 AID Transfection into Tie2-DT40 cells 

 

AID was cloned into pEF6/V5-His-TOPO as described in Section 3.3. To 

establish Tie2-DT40 stable cell lines overexpressing AID, Maxiprep of AID-blastr-

TOPO was performed as described in Section 2.2.4. For transfection both circular 

and linearized plasmid were used in separate transfections. Ethanol precipitation 

of AID-blastr-TOPO was performed prior to transfection of circular DNA 

 

For linearisation of AID-blastr-TOPO, 50µg DNA was digested by using 1unit of 

SspI enzyme per 1µg DNA overnight at 37C. Small sample of the cut DNA was 

then run on agarose gel to check linearisation. One discrete band was obtained 

as shown in Figure 3.10 indicating linearisation. The digested DNA was then 

subjected to chloroform-phenol extraction and ethanol precipitation. Blasticidin 

selection was performed with 20µg/ml. 

 

For transfection of circular DNA, DT40 Tie2 expressing cell lines was transfected 

with plasmid AID by electroporation (Section 2.4.2) and stable cell lines 

generated using the blasticidin selection. The cells were electroporated at 250V 

950 µF (level 3). The electroporated cells were transferred in 30 ml complete 

medium incubated at 41C. Blasticidin was added to the medium to select the 

AID positive cells. The cells were plated out 200µl per well in 96 well plates. And 

cultured for 7 to 10 days. Similar to circular DNA transfection, linearized DNA 

were performed using the same techniques but with different electroporation 

condition; electroporation at 700V 25µF was used. After 10 days, several AID-

DT40 clones were seen in the 96 well plates. Seven separate AID-DT40 clones 

were picked and transferred into the flasks under the blasticidin selective 

pressure until becoming more confluent. Each clone of cells were harvested and 

further examined by SDS/PAGE and Western blotting to verify the presence and 

amount of AID in each clone. Clone Tie2-DT40 cells and AID negative clone-

Tie2-DT40 cells were included as control. The membranes were first probed with 

anti-AID antibody following re-probing with tubulin anti-mouse HRP to check 

protein loading. 
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Figure 3.10 Linearisation of AID-blastr-TOPO.  

 

Plasmid DNA of AID was digested by SspI restriction enzyme before checking 

linearisation on agarose gel. Lane 1 is DNA size marker, lane 2 circular AID 

plasmid, lane3 linearised AID plasmid. The third lane confirmed linearisation of 

AID. The positions of molecular size markers are indicated. 
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Expression of the AID was detectable by Western blot of DT40 cells in both 

transfected circular and linearized AID as shown in Figure 3.11. The expected 

size of AID is approximately 25kDa. For transfection of circular AID, AID 

expression was observed in all clones, including the positive control. The highest 

of AID expression was obtained from clone 5 (Figure 3.11A). Membranes were 

stripped and reprobed with anti-FLAG antibody for detecting the expression of 

Tie2 in the AID clone-Tie2-DT40 cell line. The expression of Tie2 receptors was 

very low compared to originalTie2-DT40 cells.  

 

For transfection of linearised AID, the AID-immunoreactive proteins of the 

expected size were expressed in AID-cloneTie2-DT40 cells which were clone 1, 

3, and 7. However, Tie2 expression was seen only wild-type Tie2-DT40 and AID 

clone 1. (Figure 3.11B). It was concluded that AID constructs were expressed in 

Tie2-DT40 cells in both circular and linarised AID clones but it is likely that circular 

AID clones was more highly expressed than the linearised AID clone. However, 

the expression of Tie2 was low in both stably transfected cells.  

 

Additional sets of circular AID transfection experiments were performed (Figure 

3.12). Initially, Tie2-DT40 cells were confirmed for Tie2 expression by FACS. 

Then, Tie2-DT40 cells were stably transfected with circular AID. An AID 

cloneTie2-DT40 was obtained and it was likely that AID expression was equal to 

levels in Tie2-DT40 clone. Therefore, it was not possible to test the effect of AID 

expression on mutation rate in Tie2-DT40 clone cells compared to Tie2-DT40 

cells.  
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Figure 3.11 Electroporated circular and linearised transfection of the AID 

in DT40 expressing Tie2 cell line.  

Tie2-DT40 cells were transfected with circular and linearised pAID-TOPOblastr 

by electroporation. Post transfected cell lysate samples were subjected to 

SDS/PAGE and Western blotting. Immunblotting analysis was performed with 

anti-AID monoclonal antibody and anti--tubulin monoclonal antibody. The 

positions of molecular size markers are indicated. The expected size of AID is 

approximately 25kDa. Membrane was stripped and reprobed with Anti-FLAG for 

detecting the expression of Tie2 on DT40 cell line. Circular and linearised 

transfection of the AID are shown in panel A and B, respectively. 
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Figure 3.12 Electroporated circular transfection of the AID in DT40 

expressing Tie2 cell line.  

Tie2-DT40 cells were stably transfected with circular pAID-TOPOblastr by 

electroporation. The positions of molecular size markers are indicated. The 

expected size of AID is approximately 25kDa.  
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3.5 Selection of Tie2-DT40 for preferential Ang2 binding 

 

FACS experiments were performed to select cells expressing Tie2 variants with 

increased Ang2 binding relative to Ang1 binding. As it might not be possible to 

increase absolute Ang2 binding a strategy was decided in which Ang2 binding 

would be performed in the presence of the competitor Ang1. This would allow 

selection of any variants whose Ang2 binding activity was increased relative to 

Ang1 binding. This could occur by increased Ang2 binding or decreased Ang1 

binding while maintaining Ang2 binding.  

 

An initial experiment was performed to confirm Ang1 competition with Ang2 for 

binding to Tie2-DT40. In this experiment cells were incubated with 0.25nM 

biotinylated Ang2 in the presence of different concentrations of Ang1 for 30min. 

Binding of Ang2 to cells was then detected using streptavidin-PE-Cy5 and cells 

subjected to flow cytometry. The mean fluorescence intensity of the Ang2 bound 

population was normalised with that for Ang2 alone (100%) and plotted as a 

percentage of Ang2 alone for each Ang1 concentration (Figure 3.13). the 

maximum concentration of Ang1 used in these experiments was 5nM due to the 

commercial cost of the ligand. As shown in Figure 3.13 increasing Ang1 

decreasing Ang2 binding as expected. However, even at 5nM Ang1 (20 fold the 

concentration of Ang2) there was still a residual 40% Ang2 binding. Therefore, it 

was decided to use an Ang1 concentration that produced a 50% decreased Ang2 

binding for selection experiments. From figure 3.13 this was approximately 

3.4nM.  
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Figure 3.13 Competitive equilibrium of Ang1 versus Ang2.  

Tie2-DT40 cells were incubated with 0.25nM biotinylated-Ang2 and varying 

concentrations of Ang1 prior to labelling with streptavidin PE-Cy5. Geometric 

mean FI was determined by flow cytometry. Mean and standard error bars are 

shown. A single experiment is shown in Panels A-C. Panel D shows results of 

three experiments as mean and SEM  



71 
 

3.6 Iterative sorts to select for preferential Ang2 binding 

 

In order to enrich for cells with enhanced Ang2 binding over Ang1 10 x 106 Tie2-

DT40 cells were incubated with 0.5nM biotinylated-Ang2 in the presence of 

3.4nM Ang1 for 30 min. Cells were then labelled for bound Ang2 using 

streptavidin-PE/Cy5 and also for Tie2 expression with anti-FLAG-FITC and 

subjected to FACS. As shown in Figure 3.14, 2% of the cells from quadrants 1 

and 2 were selected.  

 

This represented approximately 105 cells after accounting for cell losses during 

labelling. Selected cells were then grown to 10x106 and subjected to another 

selection under the same conditions for two more iteration but selecting the top 

0.2% of Ang2 binding cells each time (Figure 3.14B). Each round of selection and 

growth required an approximately 2 weeks. There was an initial suggestion of 

some population diversity with improved Ang2 binding, indicated by increased 

number of outlying cells in the diagonal above the main cell population. However, 

attempts to enrich this by performing further selections in this region failed to 

produce a clear emergent population of cells with improved Ang2 binding after 

six sort and re-growth iterations (Figure 3.14C). An additional set of mutation and 

selection experiments was performed but this also did not produce any clear 

improved population. 
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Figure 3.14 Sorting for high Affinity Ang2 binders.   

These are examples of FACS from the first to sixth rounds of sorting. 10 million 

Tie2- DT40 cells were incubated with 0.5nM biotinylated-Ang2 and 3.4 nM Ang1 

for 30 min prior to labelling with streptavidin-PE-Cy5 and anti-FLAG-FITC. Ang2 

binding cells were sorted by one-way purity as per sorted window in dual staining 

dot plot. 
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3.7 Discussion  

 

The angiopoietin-Tie system plays a principal role in endothelial cell survival, 

vascular maturation and stability (Loughna and Sato, 2001). Ang1 and Ang2 are 

agonist and antagonist Tie2 ligands respectively which activate a range of Tie2 

signalling pathways. Ang2 may contribute to the pathophysiology of vascular and 

inflammatory diseases (Rasul et al., 2011). Therefore, inhibition of Ang2 is a 

desirable therapeutic option. This could be accomplished by engineering Tie2-

ectodomain to bind specifically to Ang2. One option for creating Ang2 binding 

preferentially to Tie2 is to use directed protein evolution. This study attempted to 

use SHM of the ligand binding domain of Tie2 together with fluorescent labelled 

angiopoietin ligands and FACS to evolve variant of Tie2 ectodomain with 

preferential binding to Ang2. 

 

To fulfil the project aims it was first necessary to establish the methodology 

required for performing SHM-driven directed evolution. Firstly, FACS was set up 

and optimised. DT40-expressing Tie2 ectodomain has been used for SHM-driven 

directed evolution in this project. Cells double-labelled with FITC-conjugated anti-

FLAG and fluorescently-labelled streptavidin reflected the cell surface-expressed 

Tie2 and Ang2 binding, respectively in dual-colour flow cytometry. An important 

part of flow cytometry data analysis is to distinguish live cells from unwanted 

particles such as dead cells and debris by gating. 

 

Generally, a dot plot of forward scatter data against side scatter data is used to 

detect the size of cells and cell granularity respectively. Dead cells have lower 

forward scatter signal and higher side scatter signal than live cells. The live cells 

were gated based on forward and side scatter profile before this cell population 

gate was subsequently analysed by flow cytometry.  

 

In order to correctly analyse flow cytometry data, unstained cells of the same type 

and condition need to be included in every experiments. Unstained samples are 

also used to detect auto-fluorescence or background. A dot plot of unstained cells 

represented the low signal for FLAG and Ang2 binding as expected. The auto-

fluorescence occurs from the cell components of normal cells which give 
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fluorescence. If fluorescence of unstained control is present, it is likely auto-

fluorescence. Fluorescent labelled antibody was therefore selected that is 

different from the colour of auto-fluorescence. However, significant auto-

fluorescence was not seen in this study. 

 

Initially, FITC and streptavidin-R-PE were the fluorophores used in this study. 

However, the emission wavelength of FITC and streptavidin R-PE is close. The 

signal of Ang2 binding could be carried over into FLAG binding. A large signal 

from Ang2 binding and low carry over into FLAG binding were needed for 

selecting Ang2 binding in this study. Alternative fluorophore set would be FITC 

and streptavidin-PE/Cy5, as streptavidin-PE/Cy5 has a stronger fluorescent 

signal. Streptavidin- PE/Cy5 can be excited at 488nm, and wavelength of 

maximal emission is 670nm. The cells labelled with streptavidin R-PE were 

compared to the cells labelled with streptavidin-PE/Cy5. The results indicate that 

streptavidin-PE/Cy5 gave a stronger fluorescent signal than streptavidin-R-PE. 

Moreover, streptavidin-PE/Cy5 has minimal spectral overlap into FITC channel. 

It is presented that streptavidin-PE/Cy5 is mainly better signal without 

contributing to the FLAG-FITC signal. 

 

Flow cytometry analysis was used to detect the levels of Ang2 bound Tie2 

receptors on DT40 cell surface, whereas sorting cells by FACS used to screen 

and select the highest Ang2 binding. As shown in the results the methodology 

established in the present study allows dual labelling of Tie2-DT40 cells and 

permits selection of cell populations. It was intended that cells with improved 

Ang2 binding would be sorted and collected iteratively over many rounds till the 

Ang2 binding properties are optimal. The sorted cells would then be used to 

recover the mutated DNA sequences and the DNA sequences of mutant Tie2 

ectodomain determined. 

 

To confirm the method for recovery of DNA for sorted Ang2 binding population, 

mRNA was extracted from the sorted cells before processing to RT-PCR, PCR, 

addition of A overhangs, cloning the Tie2 ectodomain into TA sequencing vector 

and transformation. Transformanted cells were plated on agar plates containing 

ampicillin. The transformants were incubated at 37C overnight. There were five 
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colonies on agar plate. This problem was thought to be caused by the short 

incubation of cloning reaction. Thus, the experiment was optimised and repeated. 

When the cloning reaction was left for one hour, the number of colonies increased 

to 70. This would provide sufficient material for DNA sequencing in future 

experiments. 

 

SHM-driven evolution requires AID to mutate the Tie2 ectodomain. Mutation 

rates were compared in low and high AID expressing DT40 clones to determine 

the cells with maximal capacity for diversifying the target gene (Tie2). These cells 

were grown and screened for mutants with preferential Ang2-binding by FACS 

using biotinylated-Ang2 as described earlier. To increase the mutation rate, AID 

was cloned into the pEF6/V5-His-TOPO® TA and stably expressed in Tie2 -DT40 

cells. The positive clone was confirmed by restriction enzyme digestion and the 

DNA sequences of the AID plasmid were analysed. There was one point mutation 

which did not change the amino acid, therefore the protein remains unchanged. 

The AID plasmid was further transfected for determining of expression in CHO 

cells. The results showed that AID constructs can be expressed in mammalian 

cells. This successful AID construct can be further used to establish stably AID 

in DT40 expressing Tie2 ectodomain. 

 

The stable AID expressing cell line needed to be established. There were two 

choices of stable cell lines that consist of circular and linearised DNA stable cell 

line. The AID blastr TOPO was transfected using an electroporation method. 

Circular and linearised DNA constructs were generated and used to transfect AID 

expression in Tie2-DT40 cells. Both circular and linearised DNA produced 

successful transfections and AID overexpression in DT40 cells. Despite AID was 

expressed in several clones, Tie2 expression levels were very low. The possibility 

of low expression of the Tie2 ectodomain might come from mutation or loss of 

Flag-tagged Tie2 over time. Thus early passage of DT40 expressing Tie2 was 

required for transfection. Additionally, DT40 cells needed to be sorted for Tie2 

expression by FACS prior to transfection. The number of transfections was 

repeated but only single colonies were produced. These were expanded followed 

by preparation of whole cell lysate and Western immunoblotting for AID 

expression. AID was likely to be expressed equally to the parent DT40 cell line. 
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This suggests limitation on how much AID can be expressed in the cells. The 

endogenous AID expression in the Tie2-DT40 cell line might be optimal for 

driving the mutation rate of Tie2 ectodomain. It was intended that Tie2-DT40 cells 

would be further used in the evolution of Tie2 ectodomain. In the meantime, an 

alternative strategy for improved transfection of AID in Tie2-DT40 should be 

optimised in the future. 

 

The results of these experiments are that the methodology is now established for 

performing directed evolution experiments. In addition to screening for increased 

affinity for Ang2 it established competition screens in which Ang1 and Ang2 are 

both present. In the present study sorted window of Ang2 binding against Tie2 

expression was used to screen and select desired Ang2 binders. A population 

with highest Ang2 binding relative to Tie2 expression was selected. For each of 

these selections, cell growth and re-selection was performed iteratively to obtain 

cells with the highest Ang2 binding characteristics. After 6 rounds iteration of this 

enrichment process, a distinct population did not resolve. It is possible that this 

screening of selection was not sensitive enough to resolve population 

discrimination. The improved Ang2 binding cells could be rarely expressed 

between rounds of sorting. Therefore, I have stopped evolving for further iterative 

selection.   
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Chapter 4: Characterisation of Evolved ectodomain 
 
 
Experiments to evolve a specific Ang2-binding of Tie2 ectodomain using SHM 

are described in Chapter 3. They did not produce an evolved ectodomain. 

However in parallel experiments performed by others in the group an Ang2-

specific binding ectodomain was evolved. They used a different window for 

selection by using a sort strategy of Ang1 binding versus Tie2 expression for 

selecting low Ang1 binding population. Expression of Tie2 ectodomain was 

monitored by staining with FITC-conjugated anti-FLAG while Ang1 binding was 

monitored by staining with anti-Ang1/fluorescent secondary antibody. After 4 

rounds of sorting, the selection strategy was changed to select cells with the 

highest Ang2 binding whilst maintaining low Ang1 binding. Binding of two ligands 

was monitored with anti-Ang1 and fluorescent secondary antibody and 

fluorescently labelled streptavidin. Population diversity of cells with lower Ang1 

binding but high Ang2 binding was achieved. After a total 8 rounds of sorting, an 

evolved ectodomain that preferential bound to Ang2 was successfully evolved. 

DNA encoding their Ang2-binding Tie2-variants was recovered and sequenced. 

It was then intended that the mutant proteins would be generated as soluble Tie2 

ectodomains. Mutant ectodomains were characterizing for Ang1 and Ang2 

binding kinetics in vitro. Furthermore, cell culture experiments will be performed 

to assess the ability of mutant proteins to block Ang2 inhibition of Ang1effects in 

endothelial cells.  

 

In this chapter, experiments were conducted to characterise the binding and 

cellular activity of this evolved ectodomain. The evolved ectodomain (designated 

R3) is identical to the wild-type ectodomain (Wt) but has an lle substitution in 

place of Phe161 and Arg167 and His168 are deleted as indicated in Figure 4.1. 

Evolution of this ectodomain is described in (Brindle et al., 2013).  

 

To analyse the binding characteristics of the evolved ectodomain, the Wt with a 

carboxyl-terminal Fc tag was used and the F/I and RH deletion introduced into 

this sequence by site directed mutagenesis.   
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Figure 4.1 Three amino acid changes switch binding specificity of Tie2. 

A, The amino acid changes of evolved ectodomain (R3), dash indicated deletion. 

B, The position of the amino acid changes in the evolved are indicated on the 

structure of Tie2 in complex with Ang2 (PDB accession 2GY7. The F161I 

substitution is positioned on a beta sheet and the R167, H168 deletion occur on 

a turn at the receptor-ligand interface (modified from Brindle et al. 2013).  
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The secreted soluble Wt-Fc and R3-Fc proteins were purified with Ni-NTA 

chromatography following transfection and expression in human embryonic 

kidney HEK293 cells. The molecular weight of purified R3 ectodomains that were 

expressed in HEK293 cells was approximately 80 kDa. Binding of the wild-type 

ectodomain and the evolved ectodomain to Ang1 and Ang2 was examined using 

ELISA assays and BLI analysis. In addition, the effect of R3 ectodomain was 

further tested in cell signalling analysis and cellular functional assay.  

 

4.1 Expression of Soluble wild-type and R3 ectodomain in HEK293 cells 

 

The ectodomain of wild-type and R3 ectodomains were expressed as soluble 

proteins by using the HEK293 gene expression platform which has proven 

successful for expressing a wide range of proteins with post-translational 

modifications. The primary objective in the expression of the R3 and wild-type 

ectodomain was to obtain sufficient quantities of the active proteins for 

biochemical characterisation. HEK293 suspension cells were grown in serum 

free Freestyle medium at 37°C in 5% CO2 incubation. Transient transfection was 

performed as described in Section 2.5.2. For production of secreted proteins, the 

fusion protein expression and production of soluble recombinant protein was 

continued for 4-5 days after transfection. The fusion proteins were purified under 

native condition by Ni-NTA chromatography (Qiagen) as described in Section 

2.5.3. After purification, protein concentrations were determined by Bradford 

assay after buffer exchange into tris buffer saline containing 10% glycerol. 

 

SDS/PAGE was used to judge the molecular mass of the purified protein and 

assess purity. As shown in Figure 4.2 for R3, a single band of approximately 100 

kDa was observed. The calculated mass of Wt-Fc and R3-Fc is 75.6 KDa. It is 

likely the highest mass observed on gel electrophoresis reflects glycosylation. 

The purity of the protein following elution was estimated at 95%±1.5 in 3 

independent preparations. To confirm the identity of the purified protein, immuno 

blotting was performed with anti-Tie2 ectodomain antibody. As shown in Figure 

4.3 bands for R3-Fc were observed at approximately 100 kDa corresponding to 

the band seen in Coomasie stained gels.  
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Figure 4.2 Coomassie stained SDS gel of R3 eluate from nickel column.  

Soluble R3-Fc was purified with Ni-NTA chromatography following expression in 

HEK293 cells. Elution fractions 2-10 were resolved by SDS/PAGE and gel 

stained by Coomassie blue. Migration of mass markers is indicated in kDa. 

Typical yield for 1 L transfection was 1.2mg. 

 
 

 

 

Figure 4.3 Western Blot of R3-Fc probed for Tie2.  

Soluble R3-Fc was purified following expression in HEK293 cells. R3-Fc was 

resolved by SDS/PAGE and Western blotting as described in Section 2.5. 

Immunoblotting analysis was performed with anti-Tie2 antibody. The positions of 

molecular weight marker are indicated.   
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4.2 Binding kinetics of the R3-Fc and Wt-Fc ectodomain to Ang1 and Ang2 

 

To measure the binding kinetics of the R3 and Wt ectodomain to Ang1 or Ang2, 

R3-Fc or Wt-Fc ectodomain containing Fc region was captured and immobilized 

onto the anti-human IgG biosensor surface of an Octet RED bio-layer 

interferometry machine resulting in the production of a stable surface suitable for 

kinetic interaction analysis. The Octet RED has biolayer interferometry (BLI) to 

detect binding interactions in real time. Calculation of affinity or Kd is not possible 

with this approach because angiopoietins are multivalent mixtures and 

ectodomain-Fc are divalent and there are no adequate mathematic model to 

account for these avidity effect. The BLI data therefore is primarily qualitative in 

this case. Individual BLI sensorgrams are presented in Figure 4.4, Figure 4.5, 

Figure 4.6 and Figure 4.7. BLI data showed Wt-Fc bound to human Ang1 as well 

as Ang2 as expected, while the R3-Fc only bound to Ang2 but not Ang1 in this 

assay. Ang2-binding ability of Wt-Fc was higher than that of R3-Fc.  

 

In addition, the binding of R3 and wild-type ectodomain to Ang4 was determined. 

Ang4 is the only other angiopoietin expressed in humans (Valenzuela et al. 

1999). Ang4 has not been understood in depth but a previous paper reported that 

Ang4 acts as an agonist of Tie2, mediating Akt phosphorylation that induces 

survival and migration in primary cultured HUVECs (Lee et al., 2004). BLI 

analysis was performed to test the ability of R3 to bind Ang4 compared with the 

wild-type ectodomain. The sensorgram of BLI in Figure 4.8 demonstrates wild-

type Tie2 ectodomain bound to Ang4 whereas the binding of Ang4 to R3-Fc was 

not detected.  

 

Therefore, the evolved protein is a selective Ang2 trap and has no effect on Ang1 

and Ang4 which are vasculoprotective molecules. These properties suggest R3 

could be useful in the treatment of diseases associated with upregulation of 

Ang2. 
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Figure 4.4 Sensorgram for binding of Ang1 to the Wt-Fc measured by BLI.  

Wt-Fc (5µg/ml) was immobilized on sensors and binding of 10 nM (blue), 20 (red) 

and 40 nM (turquoise) Ang1 monitored by BLI. Binding and dissociation phase 

are shown. A single experiment is shown, representative of three independent 

experiments. 
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Figure 4.5 Sensorgram for binding of Ang1 to the R3-Fc measured by BLI.  

R3-Fc (5µg/ml) was immobilized on sensors and binding of 10 nM (blue), 20 (red) 

and 40 nM (turquoise) Ang1 monitored by BLI. Binding and dissociation phase 

are shown. A single experiment is shown, representative of three independent 

experiments. 
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Figure 4.6 Sensorgram for binding of Ang2 to the Wt-Fc measured by BLI.  

Wt-Fc (5µg/ml) was immobilized on sensors and binding of 20 nM (blue), 40 (red) 

and 60 nM (turquoise) Ang2 monitored by BLI. Binding and dissociation phase 

are shown. A single experiment is shown, representative of three independent 

experiments. 
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Figure 4.7 Sensorgram for binding of Ang2 to the R3-Fc measured by BLI.  

R3-Fc (5µg/ml) was immobilized on sensors and binding of 20 nM (blue), 40 (red) 

and 60 nM (turquoise) Ang2 monitored by BLI. Binding and dissociation phase 

are shown. A single experiment is shown, representative of three independent 

experiments. 
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Figure 4.8 Sensorgram for binding of Ang4 to the R3-Fc and Wt-Fc 

measured by BLI.  

Wt-Fc or R3-Fc (as indicated) were immobilized on sensors and binding of 20 nM 

(blue) and 40 nM (red) Ang 4 monitored by BLI. Binding and dissociation phase 

are shown. A single experiment is shown, representative of three independent 

experiments.  
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4.3 Quantitative analysis of binding of the evolved and wild-type 

ectodomain to Ang1 and Ang2 using ELISA 

 

It is important to determine quantitatively the relative binding abilities of Wt-Fc 

and R3-Fc to Ang1 and Ang2. As described earlier BLI is not able to provide 

quantitative affinity constants due to the multivalent nature of the binding. An 

alternative assay was therefore used, enzyme-linked imunnosorbent assay 

(ELISA). Whilst ELISA cannot easily provide Kd or Ka values, it can be used to 

assess relative binding of different molecules under the same conditions by 

measuring the concentration of the binder that results in half maximal binding. In 

this ELISA experiment, Ang1 or Ang2 was immobilized on the plate and binding 

of the Wt-Fc or R3-Fc at different concentrations was tested. Bound ectodomain 

was detected with anti-Tie2 ectodomain antibody and colorimetric detection. The 

data (Figure 4.9, Figure 4.10) demonstrate the Wt-Fc was able to bind Ang1 and 

Ang2 while the R3-Fc only bound to Ang2, but not Ang1 that correspond to the 

qualitative data from BLI analysis (Figure 4.4-4.7). However, the ability of R3-Fc 

to bind Ang2 was lower than that of Wt-Fc since the R3-Fc required a higher 

concentration for achieving the half maximal binding (Table 4.1). Nevertheless, 

this evolved ectodomain still showed the preferential binding to Ang2 over Ang1 

compared to wild-type ectodomain. 

 

4.4 Quantitative analysis of binding of the F161I substitution and double 

R167, H168 deletion to Ang1 and Ang2 using ELISA 

 

In order to determine the individual effects of each mutation of the evolved 

ectodomain on binding, the soluble form of the F161I substitution and double 

R167/H168 deletion were produced. The construct of the wild-type ectomain 

were introduced the corresponding mutation by site directed mutagenesis prior 

to expression in HEK923 and purification as described in Chapter 2.5. The 

relative binding abilities of F161I and R167/H168 deletion to Ang1 and Ang2 was 

determine using ELISA as described earlier.    
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Figure 4.9 Binding of Wt-Fc and R3-Fc to Ang1. 

Secreted Wt-Fc (squares) and R3-Fc (inverted triangle) were analysed for 

binding to immobilized Ang1 by ELISA, as indicated. Data are shown as means 

and standard deviations from triplicate determinations in a single experiment. All 

binding assays were repeated at least three times and the data are summarized 

in Table 4.1.  
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Figure 4.10 Binding of Wt-Fc and R3-Fc to Ang2.   

Secreted Wt-Fc (squares) and R3-Fc (inverted triangle) were analysed for 

binding to immobilized Ang2 by ELISA, as indicated. Data are shown as means 

and standard deviations from triplicate determinations in a single experiment. All 

binding assays were repeated at least three times, and the data are summarized 

in Table 4.1.  
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Figure 4.11 Binding of F/I and ΔRH mutants to Ang1 

Secreted Wt-Fc and ectodomains with either F161I substitution (F/I; circles) or 

the double Arg-167/His-168 deletion (ΔRH; diamonds) were analysed for binding 

to immobilized Ang1 by ELISA, as indicated. Data are shown as means and 

standard deviations from triplicate determinations in a single experiment. All 

binding assays were repeated at least three times, and the data are summarized 

in Table 4.1.  



91 
 

 

 

Figure 4.12 Binding of F/I and ΔRH mutants to Ang2. 

Secreted Wt-Fc and ectodomains with either F161I substitution (F/I; circles) or 

the double Arg-167/His-168 deletion (ΔRH; diamonds) were analysed for binding 

to immobilized Ang2 by ELISA, as indicated. Data are shown as means and 

standard deviations from triplicate determinations in a single experiment. All 

binding assays were repeated at least three times, and the data are summarized 

in Table 4.1.  
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Table 4.1 Relative binding of ectodomain mutants 

 

 Ang1 Ang2 

 Max binding 

 (% of Wt) 

Half max 

binding conc. 

(µg/ml) 

Max binding  

(% of Wt) 

Half max  

binding 

conc.  

(µg/ml) 

Wt-Fc 100.00 0.04 ± 0.01 100.00 0.25 ± 0.09 

R3-Fc 3.00 ± 3.29* — 59.40 ± 5.28* 6.98 ± 2.12* 

F/I 97.84 ± 2.63 0.06 ± 0.02 90.48 ± 4.62 0.29 ± 0.17 

ΔRH 0.29 ± 0.16* — 0.58 ± 0.58* — 

 
 

 

Wild-type (Wt-Fc) and evolved (R3-Fc) ectodomains, as well as ectodomains with 

F161I (F/I) substitution or Arg-167 and His-168 (ΔRH) deletion were analysed for 

binding to immobilized Ang1 or Ang2 by ELISA (Fig. 4.9-4.12). Maximum binding 

relative to Wt-Fc and concentrations (conc.) of ectodomains at half-maximal 

binding were calculated from saturation binding curves fitted by nonlinear 

regression (— indicates the absence of measurable binding precludes 

determination of half maximal binding concentration). Data are means and S.E. 

for at least three independent experiments (* indicates p< 0.01 compared with 

wild-type, Student's t test). 

 

 

As shown in Figure 4.11, Figure 4.12 and Table 4.1 there was no significant 

difference between wild-type and F161I ectodomain in Ang1 binding. In the same 

way, F161I ectodomain and wild-type equally bound to Ang2. In contrast to 

F161I, the deletion of R167 and H168 completely abolished both ligand binding. 

This shows the Ang2 binding specificity of the R3 ectodomain requires the 

combination of three amino acid changes activity together. 
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4.5 Effect of evolved ectodomain on angiopoietins signalling in endothelial 

cells 

 

In order to test whether R3 affects angiopoietins in a cellular context, experiments 

were performed to measure angiopoietin signalling. Ang1 is known to stimulate 

the Akt pathway resulting in increased phosphorylation of Akt on Ser 473 (Kim et 

al. 2000). Ang2 is known to antagonize this stimulatory effect. To test whether 

R3 could block the effect of Ang2, the endothelial cell line EA.hy926 was 

stimulated with Ang1 together with Ang2 and also either Wt-Fc or R3-Fc. As 

shown in Figure 4.13 Ang1 stimulated phosphorylation of Akt (pAkt) and this was 

inhibited by Ang2. Adding Wt-Fc as well as Ang2 caused a further decrease in 

pAkt. This is expected as Wt-Fc will bind Ang2 but also bind and block Ang1. 

When R3-Fc was added together with Ang2 to Ang1 stimulated cells, the ability 

of Ang2 to inhibit Ang1 is reversed. This suggests the Ang2 binding activity of 

R3-Fc can prevent Ang2 from antagonizing Ang1 action on endothelial cells. A 

similar set of experiments were performed with HUVECs (Figure 4.14). As with 

EA.hy926, addition of R3-Fc reversed the antagonistic effect of Ang2 on Ang1 

stimulation of Akt.  

 

Many studies report that high concentrations of Ang2 can stimulate the Akt 

pathway (Kim et al. 2000, Yuan et al. 2009). It was important to test whether R3-

Fc could block the agonist effects of high Ang2 concentrations. To test this 

HUVECs were challenged with Ang2 and Akt activation examined. As shown in 

Figure 4.15, 6nM Ang2 stimulated Akt. Different concentrations of R3-Fc, from 

25µg/ml to 100µg/ml, were added to block the agonist activity of Ang2 resulting 

in a decreased of Akt phosphorylation that was concentration dependent. As 

shown in Figure 4.15 the inhibition of agonist activity of Ang2 required higher 

concentration of R3 ectodomain for inhibiting agonist activity of Ang2 compared 

to previous antagonist experiment. In order to test whether R3-Fc or Wt-Fc 

affects Ang1-activation of Akt phosphorylation, HUVECs challenged with Ang1 

showed the activation of Akt phophorylation. R3-Fc or Wt-Fc ectodomain was 

added in cells stimulated with Ang1. As expected Akt phosphorylation was 

inhibited by Wt-Fc ectodomain while R3 did not affect the Akt phosphorylation 

stimulated by Ang1 (Figure 4.16).   
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Figure 4.13 Evolved ectodomain blocks the antagonistic effects of Ang2 in 

the endothelial cells line EA.hy926. 

A, The antagonistic effect of Ang2 on Ang1-induced Akt phosphorylation were 

tested. Cells were stimulated with 0.7nM Ang1 in the absence or presence of 

3nM Ang2 with or without 25 µg/ml wild-type or R3 ectodomain for 30 min prior 

to cell lysis. Equal amounts of cell lysates were resolved by SDS-PAGE and 

immunoblotted with antibodies recognizing Akt phosphorylated on S473 (pAkt) 

or total AKT (tAkt) as indicated. B, Akt phosphorylation was quantified by 

densitometric scanning of blots from three independent experiments, normalized 

to total Akt and expressed as % of Ang1 effect. Data are expressed as means 

and SEM (*P< 0.05, **P<0.01 vs Ang1, oneway ANOVA followed by Tukey’s 

analysis).  
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Figure 4.14 Evolved ectodomain blocks the antagonistic effects of Ang2 in 

HUVECs.  

A, The antagonistic effect of Ang2 on Ang1-induced Akt phosphorylation were 

tested. Cells were stimulated with 0.7nM Ang1 in the absence or presence of 

3nM Ang2 with or without 25 µg/ml wild-type or R3 ectodomain for 30 min prior 

to cell lysis. Equal amounts of cell lysates were resolved by SDS-PAGE and 

immunoblotted with antibodies recognizing Akt phosphorylated on S473 (pAkt) 

or total AKT (tAkt) as indicated. B, Akt phosphorylation was quantified by 

densitometric scanning of blots from three independent experiments, normalized 

to total Akt and expressed as % of Ang1 effect. Data are expressed as means 

and SEM (*P< 0.05, **P<0.01 vs Ang1, oneway ANOVA followed by Tukey’s 

analysis).   
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Figure 4.15 Evolved ectodomain blocks the agonistic effects of Ang2 in 

HUVECs.  

A, The dose dependent of R3-Fc inhibited Ang2-activation of Akt phosphorylation 

were tested. Cells were stimulated with 6nM Ang2 with or without 25 to 100 µg/ 

ml R3-Fc for 30 min prior to cell lysis. Equal amounts of cell lysates were resolved 

by SDS-PAGE and immunoblotted with antibodies recognizing Akt 

phosphorylated on S473 (pAkt) or total AKT (tAkt) as indicated. B, Akt 

phosphorylation was quantified by densitometric scanning of blots from three 

independent experiments, normalized to total Akt and expressed as % of Ang2 

effect. Data are expressed as means and SEM (*P< 0.05, **P<0.01 vs Ang2, 

oneway ANOVA followed by Tukey’s analysis)..  
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Figure 4.16 Effect of R3-Fc and Wt-Fc on Ang1-activation of Akt 

phosphorylation in HUVECs. 

A, The effect of R3-Fc and Wt-Fc on Ang1-activation of Akt phosphorylation were 

tested. Cells were stimulated with 0.7nM Ang1 with or without 25 µg/ ml R3-Fc 

or Wt-Fc ectodomain for 30 min prior to cell lysis. Equal amounts of cell lysates 

were resolved by SDS/PAGE and immunoblotted with antibodies recognizing Akt 

phosphorylated on S473 (pAkt) or total AKT (tAkt) as indicated. B, Akt 

phosphorylation was quantified by densitometric scanning of blots from three 

independent experiments, normalized to total Akt and expressed as % of Ang1 

effect. Data are expressed as means and SEM (*P< 0.05, **P<0.01 vs Ang1, 

oneway ANOVA followed by Tukey’s analysis).  
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4.6 Effect of evolved ectodomain on endothelial function regulated by 

angiopoietin 

 

The effects of evolved ectodomain was further examined in another cellular 

context. An endothelial migration assay was used to test the action of the R3 

ectodomain on functional activity in endothelial cells. A previous study reported 

high concentration of Ang2 stimulated endothelial migration (Yuan et al., 2009). 

Endothelial cells (EA.hy926) were tested to their ability to migrate through a 

porous transwell membrane in response to Ang1 (0.7nM) or Ang2 (12nM) in the 

absence or presence of R3-Fc. Angiopoietin and R3–Fc were added to the lower 

chambers. As shown in Figure 4.17 and Figure 4.18 Ang1 caused an increase in 

endothelial migration to 150% of that seen with control treatment (no 

angiopoietin). Adding R3-Fc did not affect Ang1 stimulation of migration. This is 

consistent with R3 not being able to bind Ang1. High concentration of Ang2 also 

stimulated endothelial migration. When R3-Fc was added in these experiments 

it blocked Ang2-stimlated migration but had a lower effect than on cell signalling. 

This is consistent with Ang2 being bound by R3 preventing it action on endothelial 

cells.  
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Figure 4.17 Effect of evolved ectodomain on migration induced by 

angiopoietins in the endothelial cells line EA.hy926.  

Migration assays were performed in Transwell tissue culture well containing 8µm 

pore size inserts. Serum-free medium containing 250µg/ml BSA together with 

Ang1 (0.7nM) or Ang2 (12nM), in the absence or presence of R3-Fc, was placed 

in the lower chamber of the wells. 105 cells, in serum-free medium 

containing250µg/ml BSA, were placed in the upper chambers and cells were 

allowed to migrate for 4h at 37C. Cells on the upper surface were gently 

removed with a cotton bud and membrane fixed in 4% formaldehyde. Membranes 

were washed in PBS and nuclei stained with 4, 6-diamidino-2-phenylindole 

(0.1µg/ml). Membranes were mounted in glycerol and the numbers of cells 

migrating through the membrane were counted in 5 random fields on the 

underside of each insert membrane. Data are expressed as means and SEM for 

three independent experiments (**p<0.01, one way ANOVA followed by Turkey’s 

analysis).  
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Figure 4.18 Example of effects of evolved ectodomain on migration induced 

by angiopoietins in the endothelial cells line EA.hy926.  

Migration assays were performed as described in Section 2.10. Membranes were 

mounted in glycerol and the numbers of cells migrating through the membrane 

were counted in 5 random fields on the underside of each insert membrane. Cells 

undergoing migration were captured using a light microscope at x20 

magnification   
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4.7 Discussion  

 

In this study, the evolved ectodomain was engineered from the wild-type Tie2 

ectodomain by directed evolution strategy producing a specific Ang2 binding 

protein form. This form switches binding specificity by a combination of three 

amino acid changes at the receptor binding interface. Generally, wild-type Tie2 

ectodomain binds to Ang1 and Ang2 with the same site of the receptor binding 

domain and Ang2 binds Tie2 but with lower affinity than Ang1 (Yuan et al., 2009). 

Therefore it has been difficult to modify those properties of a non-specific 

angiopoietin receptor to specific Ang2 binding, but this can be done by using cell 

surface display in combination with somatic hypermutation-driven gene 

diversification. In order to characterise the mutant protein, the soluble 

recombinant proteins were produced in mammalian cells system because these 

cells have the necessary posttranslational modifications. Glycosylation is one of 

the most common posttranslational modifications of proteins. Glycosylation may 

affect protein stability, solubility, antigenicity, folding, localization, biological 

activity, and circulation half-life (Palomares et al., 2004). Based on amino acid 

sequence, the predicted molecular mass of R3-Fc is 75 kDa. SDS/PAGE (Figure 

4.3) estimates the mass at approximately 100 kDa. It is likely to additional mass 

due to glycosylation of the ectodomain.  

 

Although recombinant protein production in HEK293 cells produced soluble 

ectodomain-Fc fusion proteins the yields of the mutants were still low, at levels 

of 1.2 mg/L. To further improve yields and quality for production of these proteins, 

the system requires further optimisation.  

 

The data demonstrate the ability of the evolved ectodomain to bind Ang2 but not 

Ang1 in BLI analysis and ELISA assays. As expected wild-type ectodomain was 

able to bind both ligands. R3-Fc preferentially bound to Ang2 and had negligible 

Ang1 binding. However, R3-Fc has lower maximal binding for Ang2 binding 

compared to Wt-Fc. These results indicate the changes of three residues make 

a dramatic switch in the binding characteristics of the evolved ectodomain. To 

further explore the individual effects of the F161I substitution and double deletion 

of R167 and H168, these substitutions were tested for Ang1 and Ang2 binding in 
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ELISA. It was found that angiopoietin-binding ability between wild-type and 

F161I-ectodomain were similar, while angiopoietin-binding ability of double 

deletion of R167 and H168 was abolished. The crystal structures of the Ang2-

Tie2 complex, and the Ang1-Tie2 complex have been reported (Barton et al., 

2006, Yu et al., 2013). It is known that the first 210 amino acids of the Tie2 

receptor is important to bind both Ang1 and Ang2 (Barton et al., 2006) and the 

mutations of R3-Fc occur at the binding interface of the receptor. Nonetheless, 

the finding by the ELISA binding assay showed mutation of I for F161 in Tie2 

ectodomain did not alter binding to both ligands. This mutation is unlikely to affect 

binding affinity to angiopoietin ligands. As determined from the crystal structure 

of Ang2 in complex with Tie2, F161 of Tie2 contacts with F469 in Ang2 (Barton 

et al., 2006). Substitution of I for F does not change the hydrophobic character of 

this position but this mutation may alter stacking interactions with non-protein 

ligand that contain aromatic groups at this position. The phenylalanine and 

isoleucine are closely related (Betts and Russell, 2003).They often play a roles 

in binding recognition.  

 

Double deletion of R167 and H168 ectodomain lost the ability of Ang1 and Ang2 

binding in ELISA assay, demonstrating a major role of these residues in binding. 

Crystal structure showed R167 and H168 form a salt bridge with the D448 in 

Ang2 and the D450 in Ang1. Additionally, H168 forms a hydrogen bond with 

Y476 in Ang2 and also interacts with P452 (Barton et al., 2006). In general, the 

formation of salt-bridges creates stabilizing hydrogen bonds that are important 

for protein stability. Both Y476 and P452 are conserved in Ang1 and Ang2. Hence 

it would be anticipated that deletion of RH affected both Ang1 and Ang2 binding. 

It is concluded that specific Ang2 binding was seen only when the presence of 

three residues mutation and this was not seen in either individual F161I 

ectodomain or deletion of R167/H168 ectodomain. An understanding of the 

mechanism for specific Ang2 binding of R3 will require determination of R3 

structure. 

 

The evolved molecule was tested for inhibitory effect on Ang2 at cellular and 

functional levels in endothelial cells. It is known Ang2 exhibits context-dependent 

behaviour. Ang2 can inhibit or stimulate Tie2 receptor phosphorylation under 
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different experimental conditions. Examination of the effects of R3-Fc on Ang1 

and Ang2 effects on Akt phosphorylation was performed. The evolved 

ectodomain was found to inhibit both agonist and antagonist effects of Ang2 on 

Akt signaling. Importantly, R3-Fc did not inhibit Ang1 signaling. In addition to 

blocking the effects of Ang2 on signaling, R3 also inhibited Ang2 effects on 

endothelial migration. These data are consistent with the ability of R3-Fc to bind 

specifically to Ang2 and block the Ang2 binding to cellular Tie2 receptor. 

 

In our present study, the evolved ectodomain is able to interfere the agonistic and 

antagonist effects of Ang2. It was interesting that higher concentrations of R3 

were needed to inhibit Ang2 effects on signalling in HUVECs (Figure 4.15) than 

to inhibit migration effects in EA.hy926 cells (Figure 4.17). The reason for this 

cell-specific difference is not known and requires further investigation. Increasing 

evidence suggests Ang2 is associated with number of diseases (Lind et al., 2005, 

Bhandari et al., 2006, Fiedler and Augustin, 2006). Recently, many studies 

reported that elevated Ang2 can promote the tumour angiogenesis and 

metastasis (Albini and Noonan, 2012, Mazzieri et al., 2011). Therefore, blocking 

of Ang2-Tie2 receptor interaction mediated anti-angiogenesis, thereby inhibiting 

of tumour proliferation. This evolved protein therefore is a possibly attractive 

therapeutic agent for cancer and other pathological conditions that have elevated 

Ang2, including inflammation, tumour angiogenesis and sepsis.  
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Chapter 5: Modification of R3, Integrin binding and in 

vivo activity 

 

 

This chapter describes work aimed at decreasing the molecular size of R3 and 

testing whether R3 affects the interaction of Ang2 with integrins. In addition, the 

effects of R3 in vivo are examined. 

 

5.1 Decreasing R3 Size 

 

R3-Fc is approximately 80 kDa. Whilst this is smaller than therapeutics such as 

antibodies, a further decrease in R3 size may increase functionality of the protein 

as it is likely to improve tissue penetration. The angiopoietin binding site in wild-

type Tie2 lies on the second Ig domain (Barton et al., 2006). In deletion studies 

the minimum size of Tie2 to retain angiopoietin-binding has been reported as 

residues 1-210 (Macdonald et al., 2006). As the three amino acids changes 

responsible for Ang2 specific binding of R3 are at position 161, 167 and 168. It is 

likely that a smaller version of R3 encompassing residues 1-210 would also be 

capable of binding Ang2 and retaining its specificity. To create this truncated form 

of R3, site directed mutagenesis was used. pCEP-Wt-Tie2-Fc (Appendix 7.3) 

which comprises of 1-210 Tie2 with C-terminal human Fc and His6 tag was kindly 

supplied by Dr Richard Kammerer (Paul Scherrer Institute, Switzerland). Primers 

were designed to introduce the F161I and R167, H168 deletion into the wild-type 

sequence by site directed mutagenesis. Site directed mutagenesis was 

performed using the QuickChange protocol. In order to produce R3-210 a two-

stage strategy was used. Firstly, F161I was introduced the F161 into this 

sequence prior to transformation into competent cells. The sequence was 

subsequently confirmed by sequencing. Following generation of F/I pCEP-Fc, 

this plasmids further required to introduce RH deletion mutation into F/I pECP-

Fc. Sequencing was again utilized as confirmation of mutation of the R167, H168 

deletion into R31-210 F161I pCEP-Fc.  
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In order to characterise the R3-210 protein, this plasmid construct was transiently 

transfected and expressed into HEK293 cells before purification as a soluble 

fusion protein. His-tagged R3-210 was purified by nickel affinity chromatography 

as a soluble recombinant form. After the purification steps, fractions of eluted 

protein of R3-210 were stained with Coomassie blue dye following gel 

electrophoresis as shown in  

 
Figure 5.1. Three faint bands were observed at around 70 kDa on the gel and a 

single band is seen in each fraction. The concentration of purified protein was 

below that detectable using the Bradford protein assay. This probably was due 

to the yields of protein being very low and out of working range of detection that 

should be within range 20-2000 µg/ml. To detect fractions of soluble R3-210 

following protein purification the fractions were subjected to SDS/PAGE followed 

by immunoblotting with anti-Tie2 ectodomain antibody as shown in Figure 5.2. In 

order to maximize yields of soluble protein, scaling up the initial volume of cell 

culture was optimised for transfection. The yields obtained after optimisation did 

not improve. These experiments were repeated several times and ended up with 

the same outcomes. It was not possible to obtain enough purified R3-210 to allow 

characterisation in binding and cellular assay. These experiments were 

suggestive for optimizing the development of R3 in the future.  

 

5.2 The effects of R3 on Ang2 integrin binding 

 

Recently Felcht (Felcht et al., 2012) reported that Ang2 bound to integrins αvβ3, 

αvβ5, and α5β1 in a subpopulation of TIE2-negative endothelial cells. Integrins 

are heterodimeric cell surface molecules composed of alpha and beta subunits 

that are involved in angiogenesis and cancer. Interestingly, αvβ3 integrin has 

been shown to be abundantly expressed on angiogenic endothelial cells (Kim et 

al., 2000b, Weis and Cheresh, 2011a). The binding site for integrins on Ang2 is 

not known. It is also not known whether binding of Tie2 ectodomain affects Ang2 

binding to integrins. However, the ability of ectodomain to block integrin binding 

may be useful for suppressing integrin mediated Ang2 effects. Experiments were 

therefore designed to test the effects of R3 on Ang2 binding to integrins.  
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Figure 5.1 Coomassie stained SDS gels of protein fraction of soluble R3-

210. 

Soluble R3-210 ectodomains were purified with Ni-NTA chromatography 

following expression in HEK293 cells. Fractions 1-4 were resolved by SDS/PAGE 

followed by staining with Coomassie blue. The position of R3-210 is indicated. 

 

 

 

Figure 5.2 Blot expressions of protein fraction of soluble R3-210 probed for 

Tie2.  

Fractions of soluble R3-210 were purified with Ni-NTA chromatography following 

expression in HEK293 cells. Fractions 1-4 were further resolved by SDS/PAGE 

and Western blot followed by immunoblotting with Tie2 ectodomain antibody as 

described in Section 2.5. The positions of molecular weight marker are indicated. 

Protein bands, between 50-70 kDa, were observed in fractions 1-3.  
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5.2.1 Effects of pH on ectodomain Ang2 binding 

 

To test the ability of R3-Fc to bind Ang2 and block Ang2 bound to integrin as 

initial test, binding of R3 or Wt ectodomain to Ang2 was examined using ELISA 

binding assay under the conditions reported for Ang2 binding to integrins (Felcht 

et al., 2012). Ang2 was immobilized overnight at 4C. Following blocking with 

TBS, 25 µg/ ml R3-Fc and Wt-Fc were added to bind for 2 hour prior to detection 

with anti-Tie2 ectodomain antibody followed by peroxidase-conjugated 

secondary antibody and colorimetric quantification. Since αvβ3 integrin requires 

acidic extracellular pH for binding (Paradise et al., 2011), this binding assay was 

performed at different pH values of 4.5 and 7.5. As shown in Figure 5.3 R3-bound 

Ang2 in acidic pH was higher as compared with wild-type Tie2 ectodomain bound 

Ang2 in physiologic pH.  Although it looked like the wild-type bound to Ang2 was 

more increased at low pH than physiologic pH, but there was no significant 

difference in ability of the wild-type ectodomain to bind Ang2 upon the change of 

pH. Interestingly, the ability of R3 to bind Ang2 was significantly higher than that 

of the wild-type in neutral pH. These experiments confirmed that R3 could be 

able to bind Ang2 at pH 4.5, the pH at which Ang2-integrin binding has been 

examined by Felcht (Felcht et al., 2012).  

 

5.2.2 Ang2 integrin binding 

 

To examine Ang2 binding to integrin, an ELISA was established under conditions 

previously reported (Felcht et al., 2012). 2 µg/ml αvβ3 integrin was immobilized 

overnight at 4C. Following blocking with TBS containing BSA, 2 µg/ml 

biotinylated-Ang2 were added to bind integrin for 2 hour prior to detection with 

Streptavidin-HRP followed by peroxidase-conjugated secondary antibody and 

colorimetric quantification.  
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Figure 5.3 The ability of R3 to bind Ang2 in pH 4.5 and pH 7.5.  

Binding of R3-Fc or Wt-Fc to Ang2 was examined using ELISA binding assay in 

which 2 µg/ml Ang2 was immobilized overnight at 4C. Following blocking with 

TBS 1% BSA with 1 mM Mn2+, 25 µg/ ml R3-Fc or Wt Fc was added to bind Ang2 

for 1 hour. Following washing with TBS at the indicated pH, the binding was 

detected with Tie2 ectodomain antibodies followed by peroxidase-conjugated 

secondary antibody and colorimetric quantification. The experiment was 

performed at three independent times. Data are expressed as mean ± SEM 

related to wild-type binding at pH 7.5 (*P<0.05; **P<0.01, One-way ANOVA and 

performing all the pairwise comparisons using Tukey's Test).  
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Three independent experiments of ELISA were performed and data showed very 

low binding signal between Ang2 and integrin at pH 4.5 and pH 7.5 as shown in 

Figure 5.4 and Figure 5.5.There was no significant difference between BSA and 

integrin for Ang2 binding, Therefore, it was not possible to test the ability of R3-

Fc for blocking Ang2 binding to integrin by this method. 

 

Alternative way to test the effect of R3-Fc on integrin-Ang2 binding was therefore 

tried. For a preliminary experiment, co-immunoprecipitation assay using anti-

integrin together with integrin and Ang2 was performed and co-

immunoprecipitation of Ang2 with integrin was tested. Ang2, αvβ3 integrin and 

human anti-integrin αvβ3 antibody (R&D) was incubated with protein G-

Sepharose beads. Ang2 incubated with nonspecific IgG was used as negative 

control. Ang2 incubated with integrin and G-Sepharose beads was also used as 

control. Following incubation overnight at 4C, the immunoprecipitate samples 

were resolved by SDS/PAGE prior to immunoblotting with anti-His tag antibody 

to detect Ang2. As shown in Figure 5.6, one single sharp band was observed at 

around 50 kDa correspond to the molecular mass of Ang2 and this was stronger 

in the presence of αvβ3 and anti-αvβ3. This suggests binding of Ang2 and αvβ5 

integrin in this assay.  

 

Experiments were performed in the presence of R3-Fc to test whether it inhibits 

Ang2 binding. However, the R3 construct contains a His tag. His tag bound blots 

were difficult to interpret due to a strong background signal for the R3 (data not 

shown). This immunoprecipitation assay was therefore adapted further 

monitoring binding of biotinylated-Ang2 to integrin with and without R3-Fc and 

recovering Ang2 with streptavidin beads. The activity of αvβ3 integrin to bind 

Ang2 was tested by integrin antibody. Integrin αvβ3 and streptavidin beads was 

incubated and used as negative control. Following incubation overnight at 4C, 

the immunoprecipitate were resolved by SDS/PAGE followed by immunoblotting 

with human integrin αvβ3 antibody (R&D).  
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Figure 5.4 The ability of Ang2 to bind αvβ3 integrin in pH 7.5.  

Ang2 integrin binding ELISA was performed. 2 µg/ml αvβ3 integrin was 

immobilized for overnight at 4C. Following blocking with TBS (1% BSA) with 1 

mM Mn2+, 2µg/ml biotynalated Ang2 were added to bind integrin with indicated 

pH for 2 hour prior to detection with Streptavidin-HRP followed by peroxidase-

conjugated secondary antibody and colorimetric quantification. Student’s t-test 

was performed but there was no significant difference between BSA and Ang2-

integrin binding. The experiment was performed at three independent times. Data 

are expressed as mean ± SEM related to %BSA binding. 
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Figure 5.5 The ability of Ang2 to bind αvβ3 integrin in pH 4.5.  

Ang2 integrin binding ELISA was performed. 2 µg/ml αvβ3integrin was 

immobilized for overnight at 4C. Following blocking with TBS (1% BSA) with 1 

mM Mn2+, 2 µg/ ml biotynalated-Ang2 were added to bind integrin with indicated 

pH for 2 hour prior to detection with Streptavidin-HRP followed by peroxidase-

conjugated secondary antibody and colorimetric quantification. Data are 

represented as mean ± SEM compared to % BSA binding. Student’s t-test was 

performed but there was no significant difference between BSA and Ang2-

integrin binding. The experiment was performed at three independent times. Data 

are expressed as mean ± SEM related to %BSA binding. 

  



112 
 

 

 

Figure 5.6 The ability of Ang2 to bind αvβ3 integrin in immunoprecipitation 

assay for Ang2 in a cell-free system.  

300ng Ang2, 500 ng integrin αvβ3 and 2 µg integrin αvβ3 antibody was incubated 

with protein G-Sepharose beads. Ang2 incubated with G sepharose beads was 

used as control. Ang2 incubated with nonspecific IgG was used as negative 

control. Following incubation overnight at 4C, the immunoprecipitate samples 

was resolved by SDS/PAGE and Western blot followed by immunoblotting with 

anti-His tag antibody against Ang2. The position of Ang2 is indicated by arrow. 

This experiment was performed two times.  
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In all blots there were no immunoreactive bands detected (data not shown). 

Possible reasons could be that the anti-integrin antibody was not sensitive 

enough to detect the integrin bound to Ang2, or alternatively there was no binding 

between Ang2 and integrin. The membrane was stripped and re-probed with 

streptavidin HRP antibody to confirm binding of Ang2 and streptavidin beads. As 

shown in Figure 5.7, Ang2 bound to streptavidin beads is indicated. This 

experiment was repeated 2 times with the same result. In addition the membrane 

was stripped and re-probed with two further different αvβ3 integrin antibodies. 

However again no immunoreactive bands were detected (data not shown). As 

these experiments were being performed parallel studies were done in which 

Ang2 was pre-incubated with R3-Fc for 20 minutes on ice, then anti-his tag 

antibody was added and preincubated with integrin followed by incubation with 

protein G-sepharose beads in indicated buffer overnight at 4C. Following 

incubation, the immunoprecipitate was subjected to SDS/PAGE and Western blot 

followed by immunoblotting with the rabbit monoclonal antibody to integrin beta3. 

Integrin incubated with anti-his tag antibody and protein G-sepharose beads was 

used as negative control. As shown in Figure 5.8 again no bands were 

corresponding to integrin. Importantly, the antibody also failed to detect αvβ3 

integrin on the blot. Due to time constraints, therefore, it was not possible to 

establish a satisfactory assay.  
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Figure 5.7 The ability of Ang2 to bind αvβ3 integrin in immunoprecipitation 

assay for αvβ3 integrin in a cell-free system.  

Immunoprecipitation assay for Ang2-integrin binding was performed. 25µg/ml 

R3-Fc was preincubated with 300 ng biotinylated Ang2 for allowing R3-Fc bound 

to Ang2. Twenty minutes later, biotinylated Ang2 with and without R3-Fc was 

further preincubated with 500 ng αvβ3 integrin on ice for 10 minutes to form the 

Ang2-αvβ3 integrin complex before adding streptavidin beads into each sample. 

Integrin αvβ3 and streptavidin beads was incubated and used as negative 

control. Following incubation overnight at 4C, the immunoprecipitate were 

resolved by SDS/PAGE and Western blot followed by immunoblotting with 

human integrin αvβ5 antibody (R&D). The signal of Ang2-integrin binding was 

not visible on blot. The membrane was stripped and re-probed for streptavidin 

HRP antibody to confirm the generation of Ang2 and streptavidin beads. The 

Ang2 bound to streptavidin bead are indicated as molecular marker around 66 

kDa. This experiment was performed two times.  
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Figure 5.8 The ability of Ang2 to bind αvβ3 integrin in immunoprecipitation 

assay for αvβ3 integrin in a cell-free system.  

300 ng Ang2 was preincubated with 25µg/ml R3-Fc for 20 minutes on ice. Then 

anti-his tag antibody was added and preincubated with αvβ3 integrin followed by 

incubation with protein G-sepharose beads in indicated buffer overnight at 4C. 

Following incubation the immunoprecipitates were subjected to SDS/PAGE and 

Western blot followed by immunoblotting with the rabbit monoclonal antibody to 

integrin beta 3 antibody. Integrin and anti-his tag antibody was used as negative 

control. The positions of protein markers are indicated. 
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5.3 Test of R3 activity in vivo  

 

5.3.1 Effects on local oedema  

 

The Angiopoietins have been proved to play a role in regulating vascular 

permeability. Ang1 has anti-inflammatory properties by inhibiting vascular 

permeability and oedema in response to lipopolysaccharide (LPS), VEGF and 

other inflammatory agents (Yao et al., 2014). Conversely, Ang2 promotes 

inflammation and vascular leakage and mediates the pro-leakage effects of LPS 

(Mofarrahi et al., 2008). Therefore, initial testing for the potential of evolved 

ectodomain in vivo activity was examined. To test in vivo activity of R3-Fc, its 

ability to inhibit localized oedema formation induced by LPS was determined. 

Mice were injected subcutaneously in the hock with control vehicle, or LPS with 

or without evolved ectodomain (R3-Fc) or the non-binding RH deletion 

ectodomain. One and two hours later, mice were culled by cervical dislocation. 

Blood was collected and mouse hocks were prepared for histological analysis. 

As shown in Figure 5.9 subcutaneous oedema was produced by LPS as 

demonstrated by increased subcutis thickness, measured from the distance of 

the tibia periost to epidermis. This effect was blocked by R3-Fc. Subcutaneous 

thickness and the data are provided in Figure 5.10 and Figure 5.11. Additional 

experiments were performed in which Dr. Cordula Stover (University of Leicester) 

analysed hocks are shown in Figure 5.12. Overall these data suggest R3 

inhibited activity of LPS to induce oedema in this model. However additional 

numbers of mice will be needed to confirm this statistically.  
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Figure 5.9 Examples of measurement of subcutis thickness in various mice 

hock sections.  

Mice were received 5µg LPS with and without 15 µg R3-Fc. After 2 hours, mice 

were sacrificed and hocks were prepared for histological analysis. 5 µm sections 

were stained with Wright’s stain. The distances of the tibia periost to epidermis 

were measured using Delta Pix InSight (v.3.3.1) image software. These images 

were done using magnification of x 20. Red lines indicate subcutical thickness. 
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Figure 5.10 Quantitative analysis of local oedema formation in mice after 1 

hour injection.  

Mice injected with control carrier, 5µg LPS, 5µg LPS with 15µg R3-Fc. After 1 

hour mice were sacrificed and hock prepared for histological analysis. 5µm 

sections were stained by Wright’s stain. Data from individual mouse hocks are 

presented as mean subcutis thickness (distance between tibial periost and 

epidermis). Mean ± SEM for at least five measurements/section are shown and 

compared to the matched controls (*P<0.05; **P<0.01, Students‘t’ test). All 

samples were blinded.  
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Figure 5.11 Quantitative analysis of local oedema formation in mice after 2 

hour injection.  

Mice injured with needle as control, mice injected with 5 µg LPS, LPS with 15 µg 

R3-Fc, LPS with 15 µg RH ectodomain, 15 µg R3-Fc and 15 µg RH ectodomain. 

Data from individual mouse hocks are presented as mean subcutis thickness 

(distance between tibial periost and epidermis). Mean ± SEM for at least 5 

measurements/section are shown and compared to the matched controls 

(*P<0.05; **P<0.01, Students‘t’ test). All samples were blinded.  
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Figure 5.12 Evolved ectodomain suppresses localized oedema in vivo.  

Quantitative analysis of local oedema formation in mice injected with control 

carrier, LPS, LPS with R3-Fc or LPS with ∆R16, H168 ectodomain or C. Data 

from individual mouse hocks taken two hours post-injection are presented as 

mean subcutis thickness (distance between tibial periost and epidermis), 

minimum and maximum values +/- SD and compared to the matched controls 

(*P<0.005; **P<0.0001, Students ‘t’ test). The experiment was performed at two 

independent times (mice 99-101 and 67-69, 72,73) with the same stock of LPS.  



121 
 

5.3.2 Effects on Factor B 

 

Complement factor B is part of the alternative pathway of the complement 

activation and has a role to protect host cells from pathogen (Markiewski and 

Lambris, 2007). It normally circulates in the blood as non-activated form. The 

single polypeptide chain of factor B get cleaved into Bb and Ba by complement 

factor D upon the activation of the alternative pathway. Activation of factor B 

mediates inflammatory processes which results in the production of C3bBb. It 

also becomes activated by LPS (Prakash and Hellman, 2010). Factor B is used 

as indicator of inflammation. 

Therefore, the effects of R3 on factor B were also tested. To do this serum from 

mice that had been injected with LPS with or without R3 were subjected to 

SDS/PAGE followed by immunoblotting with goat anti Complement Factor B 

detected with donkey anti goat (Fab) 2. As shown in Figure 5.13, LPS caused 

loss of intact factor B. This was blocked by R3. Additional experiments will be 

required to test reproducibility.  

 

5.3.3 Effects on Mast cell degranulation 

 

Mast cells are involved in oedema, itchiness, innate and adaptive immune 

responses, and wound healing (Stone et al., 2010). Degranulation of mast cells 

occur following mast cell activation results in the release of many pro-

inflammatory mediators such histamine and heparin (Iuvone et al., 1999). 

 

To test the effects of LPS and R3 on degranulation, 5 µm sections from the hocks 

were stained with Wright’s stain and morphology of mast cells examined. Typical 

appearance of intact and degranulation mast cells as well as hair follicle, 

neutrophil and vessels are shown in Figure 5.14, Figure 5.15. Mast cell granules 

are oval-shaped with purplish cytoplasm, ranging from 6 to 12 μm in diameter 

and the nuclei of mast cells appear oval or round (Stone et al., 2010).  
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Figure 5.13 The ability of R3-Fc for inhibiting complements Factor B that 

was activated by LPS. 

Mouse were injected with 5 µg LPS with and without 15 µg R3-Fc before 

collection of blood for serum. Mice sera were subjected to SDS/PAGE and 

Western blot before immunoblotting with anti-complement Factor B antibody. 

Molecular mass of factor B and its fragments are indicated by the arrow.  
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Figure 5.14 Section of histological analysis of Mast cells.  

Mouse hocks were shaved, marked and removed prior to fixation at 4C for 

decalcification. 5 µm sections were stained with Wright’s stain. These images 

were done using magnification of x100. The intact mast cell and degranulating 

mast cell are indicated by the arrow. 

 

 

 

 

Figure 5.15 Section of histological analysis for neutrophils.  

These images were taken from mouse injected with 5 µg LPS. After 2 hours, 

Mouse hocks were prepared and fixed before section was stained with Wright’s 

stain. The neutrophils are indicated by the arrow and the vessels are indicated 

as v. These images were done using magnification of x100.  
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They are packed with 50-100 coarse granules. Based on the intensity of 

metachromasia, intact mast cells exhibit intense metachromasia and dense 

granules obscuring the nucleus while degranulated mast cells with less intense 

metachromasia and clear outline of the nucleus (Sharma et al., 2011). Intact and 

degranulated mast cells were counted in the skin sections under the light 

microscope to see whether R3 was able to affect LPS-induced degranulation. 

Mast cells were counted for both one and two hour experiments. For the one-

hour group there was no significant difference in the total number of mast cells 

or the percentage of degranulated mast cells between LPS plus R3 and LPS. For 

another pair of mice, there was greater percentage of degranulated mast cells in 

the mouse treated with LPS plus R3 compared to the mouse receiving just LPS. 

Surprisingly, the untreated mouse showed a greater percent degranulated mast 

cells compared to treated mice as shown in Table 5.1. Unlike in the one-hour 

group (Table 5.2), there was difference in the total number of mast cells in the 

two-hour treated mice. The total number of mast cell looked higher in mice 

injected with RH ecdomain with or without LPS. The results demonstrated the 

percentage of degranulated mast cells was lower in mouse injected with LPS and 

R3 compared to mice injected with LPS with or without RH. Interesting, the lower 

percentage of degranulated mast cells was found in the needle injured mouse as 

well as mice injected with the RH deletion or R3 ectodomain. The data suggests 

more experiments are needed to clarify these effects. 
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Table 5.1 the percentage of degranulated mast cells relate to the treatment 

(R3) for the one-hour group.  

Treatment 
 

Degranulated mast 

cells 

per cm2 

Total Mast cells 

per cm2 

Percentage 
of 

degranulated 
mast cells 

 

LPS, n=1 7 85 8 

LPS+R3, n=1 15 67 22 

LPS, n=1 10 97 10 

LPS+R3, n=1 9 95 9 

no treatment, n=1 33 83 35 

LPS (propKo), 

n=1 24 44 55 

LPS, n=1 20 57 35 

 

 

Mice were injected with control carrier, LPS, LPS with R3 ectodomain.  After 1 

hour mouse hocks were prepared prior to fixation at 4C for decalcification. 5 µm 

sections were stained with Wright’s stain. Intact and degranulated mast cells 

were counted in each section and shown in percentage. The mast cells were 

counted 2 times with magnification of x 40 per cm2.  
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Table 5.2 The percentage of degranulated mast cells relate to the treatment 

(R3) for the two-hour group.  

Treatment 
 

Degranulated mast 

cells 

per cm2 

Total Mast cells 

per cm2 

Percentage of 
degranulated 

mast cells 
 

LPS, n=1 13 49 27 

LPS + R3, n=1 10 49 20 

LPS +RH, n=1 18 74 24 

R3, n=1 6 58 10 

RH, n=1 7 66 11 

needle injury as 

control, n=1 

3 44 7 

 

Mice were injected with control carrier, LPS, LPS with R3 ectodomain or LPS 

with ∆R167, H168 ectodomain. After 2 hours mouse hocks were prepared prior 

to fixation at 4C for decalcification. 5 µm sections were stained with Wright’s 

stain. Intact and degranulated mast cells were counted in individual section and 

shown in percentage. The mast cells were counted 2 times with magnification 

of x 40 per cm2. 
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5.4 Discussion  

 
This chapter aimed to examine the possibility of decreasing R3 size and its 

potential effects on Ang2 integrin interaction. In addition preliminary assessment 

of in vivo activity was performed 

 

5.4.1 Producing 1-210 R3 

In Chapter 3 the ability of R3-Fc to neutralize Ang2 to bind Tie2 in cell signaling 

analysis as well as cellular functional assay was tested. The evolved ectodomain 

achieved the Ang2 binding specificity. As described above R3 carried the Tie2 

ectodomain (442 amino acid) while R3-210 carried the shorter lengths fragment 

(210 amino acid) of Tie2 ectodomain. cDNA of wild-type Tie2 ectodomain was 

produced with three mutations corresponding to R3 by site directed mutagenesis. 

The smaller 210 sequence of Tie2 ectodomain should retain Ang2 binding 

specificity but may have better tissue penetration. To test this 1-210 Wt Tie2 

ectodomain was mutated to generate R3-210 and R3-210 was transiently 

transfected into HEK293 cells followed by purification of soluble R3-210. 

However, problems were encountered producing high yields of purified product 

of R3-210 recombinant protein as compared to R3-Fc. The reason for poor yields 

is not known. R3 is cloned into pcDNA™3.1 while R3-210 is cloned into pCEP4. 

Both vectors have CMV promoters and SV40 transcriptional terminators. 

pcDNA™3.1 is 5.4 kb vector, but PCEP4 is 10.1 kb vector. It may be that vector 

size influences expression. To test if expression was affected by vector R3-210 

should be re-cloned into pcDNA™3.1. Due to time constraints it was not possible 

to proceed any further with R3-210 optimisation. 

 

5.4.2 Ang2 integrin binding 

Integrins are cell adhesion receptor that is involved in pathological angiogenesis. 

Integrins are overexpressed on blood vessel of several types of tumour (Weis 

and Cheresh, 2011b). Among all integrins, αvβ3 integrin plays an important role 

during tumor angiogenesis (Weis and Cheresh, 2011a). Therefore, αvβ3 intergrin 
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is an attractive target for the treatment of cancer. Ang2 regulate angiogenesis 

through Tie2 and integrin signaling (Felcht et al., 2012). Tie2 expression is down-

regulated on endothelial cells during angiogenesis (Felcht et al., 2012), while 

integrins are overexpressed (Weis et al. 2011). Felcht (Felcht et al., 2012) 

reported that Ang2 bound directly to αvβ3 integrin and other integrins and 

demonstrated Ang2 antibody interfered with integrin signaling (Felcht et al., 

2012), resulting in the inhibition of FAK signaling pathway that mediates cell 

migration and angiogenesis (Zhao and Guan, 2011). It was of interest to test 

whether R3-Fc would affect Ang2 binding to integrins. To do this initial 

experiments were performed to ensure R3-Fc was able to bind Ang2 under the 

acidic conditions reported by Felcht that are needed for Ang2 integrin binding. 

Therefore, the ability of R3-Fc to bind Ang2 was tested compared to the wild-type 

at pH 4.5 and pH 7.5. Our finding demonstrated the Ang2 binding of R3-Fc was 

higher than that of the wild-type at both normal and acidic pH. R3-Fc binding to 

Ang2 at pH 4.5 was higher than R3-Fc bound to Ang2 at pH 7.5. The Ang2 

binding property of R3-Fc in acidic conditions may be beneficial for anti-

angiogenesis in tumours where the pH is decreased (Felcht et al., 2012). The 

ability of Ang2 to bind integrins at different pH was next examined in the ELISA 

binding study prior to adding R3 for inhibiting this interaction. The binding 

between Ang2 and integrin was very low even at pH 4.5 in an ELISA-type format. 

The ability to bind in solution was therefore further tested. Imunnoprecipitation 

assay in a cell-free system was applied to test Ang2 integrin binding as well as 

the effect of R3-Fc on Ang2-integrin binding. The immunoprecipitation data 

indicated Ang2 directly bound to the integrin in the first experiment consistent 

with reports of other researchers (Felcht et al., 2012). However, the data in Figure 

5.6 are not clear. Ang2 has a molecular mass of 70kDa and the main band in 

Figure 5.6 is around 50 kDa. This band therefore may be antibody heavy chain, 

Additional experimens will be required to clarify this. However, it was not possible 

to extend this experiment to incorporate R3 due to background staining of blots 

with His-tagged R3. Additional immunoprecipitation formats were attempted, 

however they were not successful, probably due to problems detecting integrin 

with the available antibodies. To perform this experiment it will be necessary to 

obtain antibody that could detect low levels of αvβ3 intergrin on blots. This 

suggests repeating immunoprecipitation assay using anti-integrin together with 
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integrin and Ang2 should be performed. Then, signal of Ang2 integrin binding 

should be detected with anti-Ang2 antibody instead of anti His tag antibody. This 

may help to decrease the background from His-tagged R3. Also it would be 

possible to use anti-Ang2 antibody for detection in place of anti-His in experiment 

with anti-integrin co-immunoprecipitation. In this case, large amount of anti-

integrin antibody IgG was present that migrates similar to alpha subunit of integrin 

around 150 kDa, thereby interfering with detection of integrin subunit. To test this 

and prevent such interference additional experiments will be performed in which 

the samples are resolved under reducing conditions to cleave IgG. In the future, 

it may be possible to detect integrins on a blot using a nonreducing SDS/PAGE 

sample buffer compared to a reducing SDS/PAGE sample buffer. 

 

5.4.3 In vivo activity studies 

To test the ability of R3-Fc in vivo, a mouse model of LPS-induced localized 

oedema was performed. Previous studies have provided evidence that circulating 

levels of Ang2 are elevated in various inflammatory conditions (Kumpers et al., 

2009). Ang2 is released from Weibel–Palade bodies in endothelial cells upon 

stimulation with pro-inflammatory stimuli thereby contributing to vascular leakage 

and oedema (Benest et al., 2013). In mice, Ang2 blocking antibody inhibits LPS-

induced vascular permeability (Ziegler et al., 2013). To test the effect of R3-Fc 

on LPS-induced oedema, subcutis thickness of mouse hock sections was 

measured. As expected the increased of subcutaneous thickness was found in 

mice injected with LPS. Interestingly, the subcutis oedema of mice was reduced 

by the co-administration with R3-Fc. This suggests R3-Fc inhibits LPS-induced 

localized oedema in a pathway involving Ang2. Therefore, R3-Fc might block 

Ang2, leading to reduction of inflammation. However, more experiments were 

needed to demonstrate this effect with statistical significant. Additional mice 

controls could examine if any inhibitory effect of R3-Fc can be reversed by giving 

high Ang2 concentrations.  

  

It was of interest to test whether R3-Fc had any effects on markers of 

inflammation. Therefore, another set of experiments was performed. The 
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activation of the alternative pathway of the complement system was evaluated 

by measuring complement protein B and its fragments. Factor B was activated in 

response to LPS (Gardiner et al., 1991, Prakash and Hellman, 2010). Fragments 

Bb and Ba of factor B were reported to be increased following activation of factor 

B. In this experiment, after 2 hours of LPS challenged with and without R3, mouse 

sera were analysed by SDS/PAGE followed by immunoblotting for Factor B and 

its fragments. The blot showed the intact factor B of mouse injected LPS was 

decreased compared to the control mouse, whereas the factor B from the mouse 

injected with LPS and R3 was equivalent to the control. The results suggest that 

the activation of the alternative pathway was activated by LPS and R3 inhibited 

this effect. Surprisingly, the levels of fragment production were not marked 

difference among treated and untreated mice. It is possible that Bb fragment 

might interact and form a complex with other proteins in mouse sera. It will be 

important to repeat this experiment on additional animals in order to test the 

statistical significance of the data. 

 

In a further experiment, the effect of LPS and R3-Fc on the degranulation of mast 

cells was tested. Mast cells play a role in inflammation process (Amin, 2012). 

Activation of mast cells leads to mast cells degranulation, thereby releasing of 

inflammatory mediators from the granules (Theoharides, 2014). Degranulation of 

mast cells can be evaluated as a measure of inflammatory response. After LPS 

stimulation, the largest percentage of degranulated mast cells was expected to 

find in LPS injected mouse hocks. Therefore, quantitation and characterisation 

of mast cells in mouse hock sections was performed by immunohistological 

study. Wright’s staining showed the presence of the degranulation of mast cells 

in inflamed tissue among mice in the one-hour group. Unexpectedly, the greater 

percentage of mast cell degranulation was noted in untreated mouse compared 

to other. This may mean simply that the cells degranulated upon skin injury. 

Surprisingly, a high percentage of mast cell degranulation was observed in 

mouse injected with LPS together with R3 as compared to the matched control. 

For the two-hour group, mast cells of mice injected with LPS degranulated more 

than that of mice injected with LPS plus R3. There was no clear difference in the 

percentage of mast cell degranulation among mice who received R3 or RH 

ectodomain alone or in the needle injured control. The results indicated the extent 
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of mast cell infiltration and degranulation was not correlated with LPS-inflamed 

tissue in the first hour. In contrast in the two-hour group the degranulation of mast 

cells correlated well with tissue exposure to LPS. This suggests that the 

degranulation of mast cells occurred after two hours of applying LPS. It will be 

interested to test another mast cell stain which picks up other types of mast cells. 

Another reason is the R3 treatment has no effect on the percentage of 

degranulated mast cells that do not express Tie2 receptor. Further experiments 

will be needed to test whether R3 affects mast cells degranulation.  
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Chapter 6: General Discussion 
 

 

The activation of Ang1/Tie2 signalling is important for the maintenance of vessel 

function (Brindle et al., 2006, Augustin et al., 2009). Ang2 acts on Tie2 as a 

competitive antagonist for the Ang1 binding site causing attenuation of the action 

of Ang1. As a consequence of Ang2 up-regulation in the number of diseases, the 

vascular protective effects of Ang1 decreases, causing increased vessel 

permeability and destabilizing quiescent endothelial cells. Accumulating 

evidence report that the up-regulation of Ang2 is deleterious, and Ang2 has been 

found to be involved in pathological processes in several diseases such as 

inflammation, vascular remodelling and tumour angiogenesis (Davis et al., 1996, 

Chong et al., 2004, Maisonpierre et al., 1997). Therefore, various therapeutic 

molecules that inhibit Ang2 have been proposed as potential candidates for 

blocking the action of Ang2 such as Ang2 targeting peptides and Ang2 antibody 

(Hashizume et al., 2010, Holopainen et al., 2012). A complementary approach to 

peptides and antibodies for blocking ligands is the ligand trap. This study has 

attempted to create an Ang2-ligand trap by directed evolution of Tie2 ectodomain 

and characterise its binding, cellular and in vivo effects  

 

6.1 Evolution of Tie2 ectodomain  

 

In the work presented in this thesis, Tie2 extracellular domain (residues 1-442), 

was used to evolve the Ang2 trap that bound specifically to Ang2. The directed 

evolution of Tie2 ectodomain used SHM-mediated mutagenesis in DT40 B cells 

to diversify the rearranged gene by random mutation, producing a library of 

mutant Tie2 molecules. This method allows linking of a genotype plus a 

potentially easier approach to multiple rounds of library development. 

Furthermore, as the method used higher eukaryotic cells it is readily applied to 

mammalian proteins. In experiments described in Chapter 3 attempts were made 

to utilize this SHM-driven mutagenesis evolving ectodomain. However, despite 

several attempts, variants with improved specific binding to Ang2 were not 

obtained. It is possible that this screening flow cytometric selection was not 
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sensitive enough to resolve population discrimination. The sort window of Ang2 

binding versus Tie2 expression was used to screen and select high Ang2 binding 

populations. This suggests the screening and conditions that was established is 

not optimal for evolution of mutant Tie2.  

 

Directed evolution of Tie2 ectodomain was performed in parallel by others in the 

group using the same DT40 approach, but a different type of screening was used. 

They used as initial sort window of Ang1 binding versus Tie2 expression to 

screen and select low Ang1 binding population. After 3 iterations the selection 

strategy was changed to obtain cells with the highest Ang2 binding whilst 

maintaining low Ang1binding. After 4 rounds of sorting, significant diversity of 

population were generated between rounds of sorting with lower Ang1 binding 

but high Ang2 binding. The ectodomain that preferentially binds to Ang2 was 

successfully evolved. It suggests that the probability of selecting a cell with 

reduced Ang1 binding as initial followed by selecting population with highest 

Ang2 binding together with low Ang1 binding may be more potential than 

selecting population with improved Ang2 binding.  

 

6.2 Characterisation of evolved Tie2 ectodomain  

 

As described above, an evolved Tie2 ectodomain was not produced. However, 

in parallel experiments performed by others in the group a specific Ang2 binding 

of Tie2 ectodomain was evolved and designated R3. R3 is identical to wild-type 

Tie2 ectodomain (Wt), but has 3 mutations, consisting of Isoleucine in place of 

Phenylalanine 161. In addition Arginine 167 and Histidine 168 are deleted. The 

binding characteristics of R3 were analysed by using soluble evolved Tie2 

ectodomain. 

 

The binding ability of R3-Fc were tested in BLI analysis and ELISA assay. The 

results demonstrate R3-Fc was able to bind Ang2 but not Ang1. Nonetheless, 

R3-Fc has lower maximal binding for Ang2 compared to Wt-Fc. These results 

indicate the three residues changes make a dramatic switch in the binding 

characteristics of R3. Barton et al. (2006) revealed that Ang2 binds and interact 
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at the interface of the Ig2 binding domain (residues 122 -209) by analysing the 

crystal structure of the Ang2-Tie2 complex. This is consistent with the location of 

the mutations of R3 at Ig2 binding domain of the Tie2 receptor. 

 

The receptor-binding interfaces of Ang1 and Ang2 are related. Examination of 

crystal structures have been reported, Ang2 in complex with Tie2 and Ang1 in 

complex with Tie2 are very similar. Ang2 binds Ig2 domain of Tie2 without major 

conformational changes or domain rearrangement in either receptor or ligand 

utilizing a lock and key mode for receptor-ligand binding. 

 

To gain further insight into the contribution of each mutation, individual binding 

effects of the F161I substitution and double deletion of R167 and H168, ELISA 

was used to test for Ang1 and Ang2 binding. It has been found that angiopoietin-

binding ability between the F161I substitution and Wt-Fc was similar, whereas 

angiopoietin-binding ability of the double deletion of R167 and H168 was 

abolished. Generally, the replacement of Phenylalanine with Isoleucine is unlikely 

to substantially change properties as they are structurally similar being relatively 

large and hydrophobic. In addition, they often play a major role in binding 

recognition. As determined from the crystal structure of the Ang2-Tie2 complex, 

the F161I substitution conserves the hydrophobic character of this position but 

this mutation may alter aromatic stacking between Phe-161 in Tie2 and Phe-469 

in Ang2. Thus, this mutation is unlikely to affect binding affinity to angiopoietin 

ligands (Barton et al., 2006, Brindle et al., 2013). 

 

Double deletion of R167 and H168 blocked binding of ectodomain to Ang1 and 

Ang2, demonstrating a major impact of these binding residues on receptor-ligand 

binding domain. The crystal structure shows R167 in Tie2 forms a salt bridge with 

Ang2 and Ang1, whereas H168 in Tie2 forms a hydrogen bond with Ang2, and 

also interacts with another residue in ANG2 (Barton et al., 2006). The formation 

of hydrogen bonds and salt bridges between Tie2 and Ang1 as well as Ang2 

create a stabilization of the ligand-receptor complex that is efficient for Ang1 and 

Ang2 binding (Barton et al., 2006, Yu et al., 2013, Brindle et al., 2013). The 

possibility of the double deletion of R167 and H168 affects the binding of Ang1 

as well as Ang2. It is concluded that specific Ang2 binding requires the 
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combination of mutation of three residues. An understanding of the mechanism 

for specific Ang2 binding of R3 will be important to determine the structure of R3 

in the future.  

 

The potential of R3-Fc was tested for inhibitory effects on Ang2 in endothelial 

cells using cellular and functional assay. Examination of the effect of R3 on Ang1 

and Ang2 effects on Akt phosphorylation was performed. The R3-Fc has been 

found to inhibit both agonist and antagonist effects of Ang2 on Akt signalling. 

Importantly, R3-Fc did not interfere Ang1 signalling. In addition to blocking the 

effects of Ang2 on signalling, R3-Fc also inhibited Ang2 effects on endothelial 

migration. These data are consistent with the ability of R3-Fc to bind specifically 

to Ang2 and block the Ang2 binding to cellular Tie2 receptor. 

 

In order to characterise R3-Fc effects more comprehensively it will be necessary 

to perform additional experiments on cell signalling and function. These 

experiments should include complete concentration dependent effects on the 

ability of Ang2 to antagonize Ang1 as well as Ang2 agonist effects on other 

endothelial signalling pathways such as Erk1/2, Dok2. Similarly, it will be 

important to test its effects on other endothelial functions such as permeability 

and apoptosis. In this study, effects on non-endothelial cells were not test. It 

would be of interest to examine effects of R3-Fc on Ang2 stimulated function in 

Tie2 expressing monocytes for example. 

 

6.3 Modification of R3, Integrin binding and in vivo activity 

 

6.3.1 Decreasing R3 size 

 

Although 80 kDa of R3, consisting of Tie2 receptor binding domain that contains 

residues 1-442 with three mutation changes, is smaller than full-length antibodies 

(150 kDa), it may be possible to further decrease the size of R3 for improving 

tissue penetration. The truncated form of R3 with residues 1-210, comprising Ig1 

and Ig2 was created since the binding site of the receptor-ligand interaction 



136 
 

locates on Ig2 binding domain (Barton et al 2006). pCEP-Wt-Fc containing 

residues 1-210 was used to introduce mutations according to the mutation of R3 

by site directed mutagenesis. Following the creation of R3-210, R3-210 soluble 

form was produced after transfection and purification. The characterisation of R3-

210 did not proceed due to the amount of protein produced being very low. 

Previously, the product yield of R3 has been consistently obtained by the same 

protocol as described in Section 2.5. R3-210 and R3 were expressed from 

different vectors. The larger size of R3-210 expression vector may affect the 

expression of the R3-210 in HEK293 cells. The effects of the vector on the 

production of secreted soluble R3-210-Fc could be proved by re-cloning R3-210 

into the same vector of R3 (pcDNA 3.1) vector. Then the protein production both 

full size and truncated could be compared. However, work to decrease the size 

of R3 and its characterisation will need to be continued.  

 

6.3.2 Ang2 integrin binding  

 

Ang2 has been reported to bind integrins (Felcht et al., 2012). It has been found 

that integrin vβ3 is exclusively expressed on angiogenic endothelial cells and It 

is also expressed by platelets (Cowden Dahl et al., 2005). A recent study reported 

Ang2 also bind directly to vβ3 integrin (Felcht et al., 2012). In this study, the 

ability of R3 for blocking Ang2 binding to integrin was tested by ELISA binding 

assay. This assay was found to be insufficiently sensitive to measure integrin-

Ang2 binding. Therefore, the determination of the ability of R3 to interfere with 

integrin signalling was not possible. These results are in contrast to those of 

Felcht et al. (2013) that showed Ang2-integrin binding by ELISA assay under the 

same condition. Optimisation of the ELISA assay condition further is required to 

confirm this binding activity in the future. However, our ELISA results indicate the 

Ang2 binding of R3 in pH 4.5 was significantly higher than that of the wild-type. 

This suggests the Ang2 binding of R3 is higher in low pH, enhancing the potential 

of R3 for therapeutic exploitation in inhibition of Ang2 under acidic circumstances, 

such as in tumour growth. 
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As an alternative strategy, an immunoprecipitation assay in a cell-free system 

was applied to test the ability of R3 to inhibit Ang2-integrin binding. Our finding 

demonstrated that Ang2 was able to bind to the vβ3 integrin in a co-

immunoprecipitation assay using an anti-integrin immunoprecipitating antibodies 

together with Ang2 detection, but this assay could not be extended to determine 

the effect of R3 on Ang2-integrin binding because of high background staining of 

blots with His-tagged R3 when probing for His-tagged Ang2. Whilst additional 

immunoprecipitation experiments were attempted to probe for Ang2-integrin 

binding with 3 different integrin antibodies, none of the antibodies was able to 

detect the integrin in blots. If a suitable anti-integrin antibody for blotting cannot 

be found it may be possible to immunoprecipitate with anti-integrin and detect 

Ang2 with an anti-Ang2 antibody. 

 

6.3.3 In vivo activities study  

 

The in vivo activity of R3 in vivo was examined by using a mouse model of LPS-

induced localized oedema. Ang2 has been shown to mediate LPS-induced 

vascular leakage (Mofarrahi et al., 2008). The results suggested that R3 was able 

to inhibit the formation of oedema compared to control using the measurement 

of subcutis thickness of mouse hock sections. Despite the consistent effects of 

R3 for its inhibitory actions on local oedema in two independent times with the 

same stock of LPS, more experiments are needed for statistical analysis. 

Additional mice controls in these experiments could examine if any inhibitory 

effect of R3 can be reversed by giving high Ang2 concentration.  

 

Other set of experiments were performed to measure the effects on markers of  

inflammation in mouse serum using immunoblotting analysis for Factor B. Factor 

B was selected to test the inhibitory effect of R3 on inflammation. It is known that 

complement protein B is cleaved into its fragment in response to the activation of 

alternative pathway of complement system (Gardiner et al., 1991, Prakash and 

Hellman, 2010). In general, cleavage of Factor B is not a marker of inflammation. 

However, as shown in Figure 5.13 LPS did stimulate cleavage of Factor B in this 
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study. The results show the degradation of the intact Factor B induced by LPS 

can be reversed by co-injection with R3. However, if this was due to decreased 

cleavage it would be expected that Bb levels should also decrease and this was 

not found. It is possible that complexes of Bb fragment with other proteins in 

mouse sera occurred after the cleaved of the intact factor B. However, R3 is likely 

to have an inhibitory effect on local oedema in vivo model. Again, these findings 

should be confirmed by adding more experiments with more mice to each group. 

 

The effect of R3 and LPS on the degranulation of mast cells was examined using 

Wright’s staining of mouse hock sections. The results indicate intact and 

degranulated mast cells infiltration was not correlated with inflamed tissues after 

one hour of injection of LPS, while in two-hour group the extent of mast cells 

correlated well with tissue exposure to LPS. These consistent to Qiao et al. 

(2006) that demonstrated the acute effect of LPS was not related to mast cell 

degranulation within one hour after applied LPS (Qiao et al., 2006). Therefore, it 

may be possible to confirm this finding by designing the measurement of 

inflammation with many time points and these will compare each time point with 

the 0 point. Alternatively, another mast cell stain should be used to confirm the 

results. Importantly, the effects of R3 on mast cells degranulation with more 

samples should be investigated in the future.  

 

6.4 Conclusion 

The work presented in this thesis demonstrates SHM-driven directed evolution 

combined with cell surface display enables evolution of a mutant of Tie2 

ectodomain with specific binding of Ang2. This evolved ectodomain was 

produced as a soluble fusion protein and demonstrate to bind Ang2 but not Ang1 

and Ang4. Moreover, this mutant ectodomain had lower maximal binding for 

Ang2 compared to Wt-Fc. In addition, the evolved Tie2 ectodomain could inhibit 

Ang2 action on endothelial cell signalling and inhibit functional effects of Ang2 

without interfering with Ang1. The preliminary work with an in vivo model 

demonstrated the evolved Tie2 ectodomain was able to inhibit the formation of 

local oedema.  
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Appendix One: List of Primers 
 

Primers for Chick AID (ggAID) 

Primer 

 

Sequence (5' -> 3') Tm (C) 

Forward  AGAAGATCTATGGACAGCCTCTTGATGAAGAGG 68.2 

Reverse  GCAGAATTCTCAAAGTCCCAGAGTTTTAAAGGC 67 

 

 

Primers for Tie2 

Primer Sequence (5' -> 3') Tm (C) 

Forward  CACCGCTAGCATGGACTCTTTAGCCAGCTT 69.5 

Reverse  GGAATTCTTAACAGAAATGTTGAAGGGCT 62.94 

 

 

Primers for F/I mutation 

Primer 

 

Sequence (5' -> 3') Tm 

(C) 

Forward  GATTTACAAAAATGGTTCCATCATCCATTCAGTGCCCC

G 

66 

Reverse  CGGGGCACTGAATGGATGGATGATGGAACCATTTTTG

TAAATC 

67 

 

  



141 
 

Primers for RH deletion 

 

Primer 

 

Sequence (5' -> 3') Tm 

(C) 

Forward  CCTTCATCCATTCAGTGCCTGAAGTACCTGATATTCTA 78.37 

Reverse  TAGAATATCAGGTACTTCAGGCACTGAATGGATGAAG

G 

78.37 
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Appendix Two: Amplification conditions 
 
 

Primers Tie2 ggAID 

Initial 

duration 

Temp(C) 

Duration (min) 

94 95 

3 3 

Denaturation  Temp(C) 

Duration (min) 

94 95 

1 1 

Annealing  Temp(C) 

Duration (min) 

60 55 

1 1 

Extension  Temp(C) 

Duration (min) 

72 72 

1 1 

 Cycles 30 30 

Final 

extension 

Temp(C) 72 72 

Duration (min) 10 10 
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Appendix Three: Set up reactions for site directed mutagenesis into pCEP-Wt-

Tie2-Fc 

 
 

Primers F/I mutation RH mutation 

Initial 

duration 

Temp(C) 

Duration (min) 

95 95 

5 5 

Denaturation  Temp(C) 

Duration (min) 

95 95 

0.5 0.5 

Annealing  Temp(C) 

Duration (min) 

60 60 

0.5 0.5 

Extension  Temp(C) 

Duration (min) 

68 68 

5.5 5.5 

 Cycles 18 18 

Final 

extension 

Temp(C) 

Duration (min) 

72 72 

7 7 

 

 

Cool for 2 mins on ice then add 10 units DPN1 below the oil and incubate for 1-

2 hour at 37C 

Transform 10 µl into competent cells 

PCEP stock concentration= 158 ng/ µl; so 0.5 µl + 15.3 µl water 
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Appendix Four: Reaction components for amplification  
 
 

Fwd primer 

Rev primer 

Tie2 

Tie2 

ggAID 

ggAID 

BIOTAQ 10x NH4 buffer 

                   50mM MgCl2 

                   Biotaq 

- 

- 

- 

2.5µl 

2.0µl 

0.25µl 

Phusion    5xHF buffer 

                   Phusion 

10µl 

0.5µl 

- 

- 

All              10mM dNTPs 

                   Primer 

                   Primer 

                   100% DMSO 

                   DNA 

                   H2O 

1µl 

0.5µl 

0.5µl 

0.5µl 

30ng, 5µl 

to 50µl 

0.5µl 

0.5µl 

0.5µl 

0.5µl 

5µl 

to 25µl 
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Appendix Five: Reaction components for site directed mutagenesis 
 

Make up oligo’s: make to 100pmol/ µl as per sheet in 10mM T/E, then dilute 1.25 

µl and 48.75 µl water 

 

Components F/I  mutation RH mutation 

Fwd primer 1µl 1µl 

Rev primer 1 µl 1 µl 

dNTP mix(10 mM) 0.4 µl 50mM 0.4 µl 50mM 

PCR buffer(5x) 5 µl  5 µl  

water 14.85 µl 14.85 µl 

DMSO (5%) 1.25 µl 1.25 µl 

template DNA 1 µl (5ng) 1 µl (5ng) 

Phusion high fidelity Taq 

polymerase 

0.5 µl 0.5 µl 
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Appendix Six: Nucleotide and Amino Acid sequence alignment of AID 

 

Cloning AID in the PEF6/V5 His TOPO vector 

atg gac agc ctc ttg atg aac cgg agg aag ttt ctt tac caa ttc aaa aat gtc cgc tgg gct 

aag ggt cgg cgt gag acc tac ctg tgc tac gta gtg aag agg cgt gac agt gct aca tcc 

ttt tca ctg gac ttt ggt tat ctt cgc aat aag aac ggc tgc cac gtg gaa ttg ctc ttc ctc 

cgc tac atc tcg gac tgg gac cta gac cct ggc cgc tgc tac cgc gtc acc tgg ttc acc 

tcc tgg agc ccc tgc tac gac tgt gcc cga cat gtg gcc gac ttt ctg cga ggg aac ccc 

aac ctc agt ctg agg atc ttc acc gcg cgc ctc tac ttc tgt gag gac cgc aag gct gag 

ccc gag ggg ctg cgg cgg ctg cac cgc gcc ggg gtg caa ata gcc atc atg acc ttc aaa 

gat tat ttt tac tgc tgg aat act ttt gta gaa aac cac gaa aga act ttc aaa gcc tgg gaa 

ggg ctg cat gaa aat tca gtt cgt ctc tcc aga cag ctt cgg cgc atc ctt ttg ccc ctg tat 

gag gtt gat gac tta cga gac gca ttt cgt act ttg gga ctt tga 

 

MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRN

KNGCHVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNP

NSLRIFTARLYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHE

RTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL 
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Appendix Seven: Cloning 

7.1 pcDNA™3.1D/V5-His-TOPO®expression vector 
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7.2 pHypermut2 vector 
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7.3 pCEP4 
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7.4 pEF6/V5-His-TOPO® 
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