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Abstract 

 

Angiopoietins have been shown to regulate the vascular states of development and 

quiescence. Activation of this signalling pathway through their receptor tyrosine kinase, 

Tie2, is involved in angiogenesis and vascular protection. Regulation of this pathway is 

under tight control and has many complex factors which regulate its activation, defects 

in which cause many pathological conditions such as; vascular disease, sepsis and cancer. 

There are several factors which are integrated to control the Tie2 signalling pathway at 

the level of the receptor and these mechanisms are poorly understood. Computational and 

mathematical modelling can be used to understand the regulation of this pathway. 

The aim of this project was to construct a quantitative model of the angiopoietin and Tie 

interactions at the endothelial cell surface. A schematic representation of the interactions 

was produced in the CellDesigner modelling program. Ordinary differential equations 

were used to describe the system and change of states over time. Parameters required for 

the simulation of the model were identified and most were obtained from the literature, 

while others were quantified through experiments. The model was converted for use in 

MATLAB to simulate the angiopoietin time-courses and concentration-dependent 

studies. Quantitative Western blotting was used to measure the relative levels of receptor 

activation in endothelial cells stimulated with angiopoietin(s). Subsequently simulation 

results were compared to experimental data to validate the model.  

In summary this project has established a model similar to physiological conditions which 

is valid for Ang1 and potentially for Ang2 interactions. This simplified model of Ang1 

and Ang2 interactions with Tie2 on the endothelial cell surface provides a foundation on 

which further analysis, and additional receptor modelling can be performed and 

expanded. The model can also be used to test hypotheses, generate new predictions, and 

identify new therapeutic targets for many diseases.   
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Chapter 1: Introduction 

1.1. Angiogenesis 

Angiogenesis is the formation of new blood vessels from pre-existing capillaries. It is 

required for vascular formation during embryonic development, wound healing and the 

reproductive cycle in women. However activation of angiogenesis can also contribute to 

pathological conditions such as tumour growth, chronic inflammation and 

hypoxic/ischemic conditions (Folkman, 1995; Griffioen & Molema, 2000).  

 

1.2. Angiopoietins 

Angiopoietins (Ang) are protein growth factors which play a role in angiogenesis, 

vascular development and quiescence. There are 4 members of the angiopoietin family; 

Ang1, Ang2, Ang3, Ang4. Ang1 and Ang2 are the most studied of this family (Thomas 

& Augustin, 2009) and although they have ~60% homology in their amino acid sequence 

(Maisonpierre et al., 1997) they cause different effects on the cell which will be discussed 

later (Section 1.6) (Fiedler et al., 2003; Maisonpierre et al., 1997; Davis et al., 1996). 

The protein structure of angiopoietins mainly consists of an amino terminal 

superclustering domain, a coiled-coil domain and a carboxy terminal fibrinogen-like 

domain (Figure 1.1) (Moss, 2013). The amino terminal and coiled-coil domains are 

required for angiopoietin superclustering and oligomerisation which are essential for 

receptor activation. A short linker separates this domain from the fibrinogen-like domain 

which contains the receptor binding region (Kim et al., 2005) 
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 Angiopoietins are ligands of the Receptor Tyrosine Kinase, Tie2 (Davis et al., 1996; 

Maisonpierre et al., 1997; Valenzuela et al., 1999). 

 

 

Figure 1.1: Schematic diagram of the protein structure of Ang1 and Ang2 

The domains of Ang1 and Ang2 are highly conserved. It consists of a secretory signal sequence 

(amino acids 1-19 for Ang1 and 1-18 for Ang2), a super clustering domain (amino acids 20-79 

for Ang1 and 19-71 for Ang2), a coiled-coil domain (amino acids 80-263 for Ang1 and 72-257 

for Ang2), a short linker (amino acids 264-284 for Ang1 and 258-282 for Ang2),  and a carboxy-

terminal fibrinogen-like domain (amino acids 285-498 for Ang1 and 283-496 for Ang2) (adapted 

from Moss, 2013). 

 

Angiopoietin-1 

Angiopietin-1 (Ang1) is a 70kDa glycoprotein which binds to its receptor, Tie2, and 

activates the receptor, when present in a tetrameric or higher multimeric form (Davis et 

al., 1996; Kim et al., 2005; Davis et al., 2003). It is expressed in pericytes, smooth muscle 

cells, fibroblasts and tumour cells, (Davis et al., 1996; Stratmann et al., 1998; Sugimachi 

et al., 2003). Over expression of Ang1 in mice has been shown to promote vessel 

formation (Suri et al., 1998), and prevent vascular leakage (Thurston et al., 1999; 

Thurston et al., 2000).  
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Ang1 plays an important role in embryonic angiogenesis where it is needed for the 

organization and maturation of newly formed vessels, whilst in developed vasculature 

Ang1 plays an important role in vascular homeostasis, the maintenance of vessels, and 

protection (Koh, 2013). The vascular protective effects of Ang1 promote the survival of 

blood vessels, and prevent vascular inflammation by inhibition of vascular leakage and 

suppression of inflammatory gene expression (Brindle et al., 2006).  

 

Angiopoietin-2 

Angiopoietin-2 (Ang2) is also a ~70kDa glycoprotein expressed in endothelial cells 

which can bind to Tie2 (Maisonpierre et al., 1997). Ang2 expression is modulated by 

many factors including hypoxia and vascular endothelial growth factor (VEGF), and 

increased during vascular remodelling. It is present at low concentrations in the 

endothelium where the release of Ang2 can cause destabilisation (Fagiani & Christofori, 

2013). 

Ang2 can also activate Tie2 when present at high concentrations or during prolonged 

periods, and is considered to be a partial agonist of Tie2 as its agonist activity is much 

lower than Ang1 (Kim et al., 2000; Teichert-Kuliszewska et al., 2001; Bogdanovic et al., 

2006; Yuan et al., 2009). Moreover as Ang1 and Ang2 can compete for the same site on 

Tie2 (figure 1.2), Ang2 can act as a competitive antagonist to Ang1 by replacing the full 

agonist activity of Ang1 to the partial agonist activity of Ang2 (Bogdanovic et al., 2006; 

Yuan et al., 2007). The opposing effects of Ang2 can destabilize the endothelium 

(Scharpfenecker et al., 2005).  Over expression of Ang2, high serum, and high plasma 

levels of Ang2 have been linked to various types of cancers and inflammation (sepsis) 

(Parikh, 2013; Thurston & Daly, 2012). 
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Ang2 is stored in Weibel–Palade Bodies and released following endothelial cell 

activation or in the presence of phorbol esters, thrombin and histamine (Fiedler et al., 

2004; Fagiani & Christofori, 2013). 

 

Angiopoietin-3 and Angiopoietin-4 

Not much is known about angiopoietin-3 (Ang3) and angiopoietin-4 (Ang4) however 

Ang3 has been found to be an antagonist of the receptor while Ang4 is an agonist (Figure 

1.2) (Valenzuela et al., 1999; Lee et al., 2004; Kim et al., 1999; Nishimura et al., 1999).  

 

Figure 1.2: Tie2 receptor tyrosine kinase and the angiopoietins 

The activity of angiopoietins on binding to Tie2 (+ agonist to Tie2, - antagonist to Tie2). Ang1 

and Ang2 (highlighted in red) are the best characterised of the angiopoietin family. (Adapted 

from Yancopoulos et al., 2000). 
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1.3. Tie receptors 

Tie is a receptor tyrosine kinase with immunoglobulin (Ig) and epidermal growth factor 

homology domains. There are 2 known types of Tie receptors: Tie1 and Tie2, and they 

have ~76% homology in their amino acid sequence (Sato et al., 1993). 

 

Tie1 

Tie1 is an orphan receptor and exists in a preformed complex with Tie2 (Tie1:Tie2) where 

it regulates Tie2 phosphorylation and activation by acting as an inhibitory co-receptor 

(Marron et al., 2000; Marron et al., 2000; Seegar et al., 2010). The extracellular domain 

of Tie1 can be proteolytically cleaved by metalloprotease in response to phorbol ester, 

PMA (phorbol-12-myristate-13-acetate), vascular endothelial growth factor (VEGF), 

tumour necrosis factor-alpha (TNF-α) or shear stress (Yabkowitz et al., 1997; Yabkowitz 

et al., 1999). The remaining truncated form of Tie1 can also be cleaved (by γ-secretase), 

and this intracellular domain may contribute to Tie2 signal transduction (Marron et al., 

2007). Activation of the Tie1 pathway is thought to modulate blood vessel morphogenesis 

(Yuan et al., 2007). Transcription of Tie1 is upregulated during hypoxia and by VEGF 

(known angiogenic stimuli) and in areas of vascular formation; wounds, ovarian follicles 

and tumours (Korhonen et al., 1992; McCarthy et al., 1998). 

 

Tie2 

Tie2 (also called Tek) is the receptor of all 4 angiopoietins. Tie2 is expressed by 

endothelial cells (Schnurch & Risau, 1993), endothelial precursor cells (Dumont et al., 

1992), hematopoietic cells (Shaw et al., 2004), and also in some tumour cells (Brown et 
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al., 2000) where it is upregulated during tumour angiogenesis (Peters et al., 1998; 

Takahama et al., 1999).  

Mice embryos deficient in Tie2 die between embryonic day 10.5 and 12.5 due to defects 

in the remodelling and maturation of the primary capillary plexus (Dumont et al., 1994; 

Sato et al., 1995). Ang1 deficient mice die (E12.5) as a result of a similar vascular 

development problem to Tie2-deficient mice (Suri et al., 1996). Conversely mutations of 

the Tie2 RTK that cause increased Tie2 activity lead to subsequent venous malformations 

(Vikkula et al., 1996). Therefore the Ang1-Tie2 signalling pathway is important in the 

development and maturation of embryonic vasculature. 

In normal physiological conditions Tie2 can also be cleaved by matrix metalloprotease 

(MMP-14) to produce a soluble form of the receptor (Reusch et al., 2001; Onimaru et al., 

2010). Studies have shown that increased concentrations of soluble Tie2 (sTie2) are 

present in many cardiovascular diseases (Chung et al., 2003). It has also been shown in 

mice to inhibit ischemia-induced retinal neovascularisation (Takagi et al., 2003). 

 

1.4. Ang1-Tie2 signalling 

Ang1 must be in a multimeric structure to activate Tie2 (Kim et al., 2005). Multimeric 

Ang1 binds to Tie2 and clusters the receptor to form a tetrameric structure. This 

tetramerisation activates the receptors by transphosphorylation of the kinase domains and 

initiates the Tie2 signalling pathway (Barton et al., 2006). Activation of the Tie2 receptor 
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can stimulate the pathway for either vascular quiescence or angiogenesis which can 

depend on the inter-endothelial cell adhesions (Saharinen et al., 2008). 

In mature vasculature where there are many cell-cell adhesions (i.e. in highly confluent 

cells and quiescent endothelium), binding of Ang1 to Tie2 causes Tie2 to relocate to sites 

of cell-cell contacts. The Ang1 is also able to bind to Tie2 of adjoining cells which results 

in Tie2 trans-association (Fukuhara et al., 2008; Fukuhara et al., 2010). Activation of 

trans-associated Tie2 results in vascular quiescence. In the absence of cell-cell contacts 

(sparse and angiogenic endothelium), characteristic of endothelial cells undergoing 

angiogenesis, Ang1 binds to Tie2 and also to the extracellular matrix (ECM). This 

anchors Tie2 to the ECM (Saharinen et al., 2008; Fukuhara et al., 2008). Activation of 

ECM anchored Tie2 results in angiogenesis. 

 

1.4.1. Activation of trans-associated Tie2 in mature vasculature. 

Ang1 binds to Tie2 inducing tetramerisation and Tie2 autophosphorylation which leads 

to the phosphorylation of the p85 subunit of phosphatidylinositol 3-kinase (PI3K) and 

activation of Akt/PKB (Protein Kinase B). Akt activation can phosphorylate and activate 

the forkhead transcription factor, FOXO-1, a strong inducer of Ang-2 expression. 

Activation of Akt also stimulates the phosphorylation and thereby the inhibition of pro-

apoptotic proteins, including the Bcl-2-associated death promoter (BAD) and procaspase-

9. In addition, Akt promotes cell survival by upregulation of survivin, which is an 

apoptosis inhibitor, Figure 1.3 (Thomas & Augustin, 2009). The anti-inflammatory 
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effects of Ang1 may be mediated by this pathway (Kim et al., 2000; Kim et al., 2002). 

Thus stimulation of the trans-associated Tie2 by Ang1 can maintain vascular quiescence. 

 

Figure 1.3: Activation of trans-associated Tie2 in mature vasculature 

The activation of trans-associated Tie2 in mature vasculature with cell-cell contact. Stimulation 

of the Ang1-Tie2 signalling pathway (via PI3K/Akt activation) maintains vascular quiescence 

and cell survival (adapted from Thomas and Augustin 2009).  
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1.4.2. Activation of ECM-anchored Tie2 during angiogenesis. 

Ang1 can anchor Tie2 to the ECM when endothelial cells lose cell-cell contact. ECM-

anchored Tie2 activation can stimulate the formation of focal adhesion complexes, which 

activate focal adhesion kinase (FAK). FAK promotes cell migration (Thomas & 

Augustin, 2009) (Figure 1.4) and proliferation via the extracellular signal-regulated 

kinase 1/2 (ERK 1/2) pathway (Abdel-Malak et al., 2009). This results in angiogenesis 

(Fukuhara et al., 2008; Saharinen et al., 2008). 

 

Figure 1.4: Activation of ECM-anchored Tie2 during angiogenesis 

The Ang1-Tie2 signalling pathway (via activation of ECM-anchored Tie2) in the absence of cell-

cell contacts which activates focal adhesion kinase (FAK) and cell migration and subsequent 

angiogenesis (adapted from Thomas and Augustin 2009). 
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1.5. Regulation of Tie2 signalling 

There are several factors that can regulate the activation of the Ang-Tie signalling 

pathway at the level of the Tie2 receptor (Singh et al., 2011): 

1. Ang1:Ang2 ratio 

2. Tie1:Tie2 and Tie2:Tie2 balance 

3. Tie1 cleavage status 

4. Tie2 cleavage status 

5. Soluble Tie2 extracellular domain (sTie2) 

 

Ang1 : Ang2 ratio 

One regulator of Tie2 activation is the ratio of its ligands; Ang1 and Ang2. A ratio in 

favour of Ang1, due to constitutive expression of Ang1 and suppression of Ang2, 

activates the Tie2 pathway and maintains vascular quiescence. Whereas a ratio in favour 

of Ang2 following endothelial activation, competes with Ang1 for Tie2 binding and 

decreases the activity of the receptor, this destabilizes the endothelium and increases the 

cell’s response to cytokines. The presence of other stimuli (e.g. VEGF) can determine 

whether the vasculature switches back to a quiescent state or induces an angiogenic 

response (Fiedler & Augustin, 2006). Therefore, the Ang1:Ang2 ratio is important in 

controlling the functional status of the vasculature.  

Studies have shown that Ang2 is up-regulated in highly vascular tumours (Tanaka et al., 

1999; Holash et al., 1999; Holash et al., 1999). This suggests that a ratio in favour of 

Ang-2 may be linked to tumour angiogenesis and plays a role in the angiogenic switch 

between angiogenesis and vascular regression (Tait & Jones, 2004). 
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Tie1:Tie2 vs Tie2:Tie2 

The balance between the homo-oligomeric Tie2:Tie2 and the hetero-oligomeric 

Tie1:Tie2 complex can also regulate Tie2 signalling. The Tie1:Tie2 complex is likely to 

be in equilibrium with free Tie1 and free Tie2 on the endothelial cell membrane.  

Tie1:Tie2 ↔ Tie1 + Tie2 

Binding of Ang1 to Tie2:Tie1 has been shown to dissociate the hetero-oligomeric 

complex and this shifts the equilibrium towards the right allowing more Tie2:Tie2 

clusters to form and stimulate Ang1-Tie2 signalling (Hansen et al., 2010; Seegar et al., 

2010). 

In addition, the presence of Tie1 has been shown to regulate the binding of Ang1 to the 

complexed Tie2. Hansen and colleagues demonstrated that Ang1 and Ang2 bind 

differently to Tie2 at the cell surface due to the presence of Tie1 (Hansen et al., 2010).  

Tie1 can partially occlude Ang1 binding to Tie2 (Marron et al., 2007), thus Ang1 favours 

binding to Tie2 complexes without Tie1 (Hansen et al., 2010). Hence cleavage of Tie1 

and suppression of Tie1 expression increases Ang1 binding to Tie2 (Hansen et al., 2010).  

Conversely Ang2 binding to Tie2 is not affected by the presence of Tie1, however the 

presence of Tie1 can determine the agonist/antagonist role for Ang2 and will be discussed 

further in Section 1.6 (Seegar et al., 2010).  

 



  Chapter 1: Introduction 
 

12 
 

Tie1 cleavage 

As studies have shown that Tie1 acts as an inhibitory co-receptor to Tie2 the cleavage of 

Tie1 can affect Tie2 signalling (Marron et al., 2007; Seegar et al., 2010). The Tie1 

ectodomain can be cleaved by MMP in response to VEGF, inflammatory stimuli 

(e.g.TNF), shear stress and phorbol esters (Yabkowitz et al., 1997; Yabkowitz et al., 

1999). The Tie1 ectodomain is shed from the Tie1:Tie2 complex and increases access of 

Ang1 to Tie2 on the surface of the endothelial cells. Therefore cleavage of Tie1 promotes 

Tie2 activation and Tie2 downstream signalling (Hansen et al., 2010). 

 

Tie2 cleavage 

Cleavage of Tie2 also regulates Tie2 signalling. The extracellular domain of Tie2 can 

also be proteolytically cleaved by MMP in response to VEGF, PMA and activated Akt 

or constitutively cleaved after a certain period of time (Reusch et al., 2001; Findley et al., 

2007; Onimaru et al., 2010). Therefore full-length Tie2 on the endothelial cell membrane 

loses its ability to bind Ang1 or Ang2 and thus produces a lower cell response and vessel 

destabilisation. 

 

Soluble Tie2 extracellular domain 

The cleavage of the Tie2 extracellular domain results in a 75-kDa soluble Tie2 (sTie2) 

protein, which is shed from the cell membrane, and is soluble in the medium surrounding 

the cell (Reusch et al., 2001). This domain can regulate Tie2 signalling as it is able to 

compete with full-length Tie2 to bind to Ang1/Ang2 (Findley et al., 2007). Thus sTie2 

can act as an inhibitor as less Ang1/Ang2 binds to full-length Tie2. 
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1.6. Ang1 and Ang2 opposing effects on Tie2 signalling 

As previously mentioned Ang1 and Ang2 have similar protein structures however they 

have opposing functions on Tie2 signalling. There are five potential factors that can affect 

the functional difference between Ang1 and Ang2; 

1. The binding affinity of the angiopoietin for the Tie2 receptor. 

2. The oligomerisation state of the angiopoietin. 

3. The difference in receptor binding domains. 

4. The molecular structure. 

5. Additional interactions with other receptors or co-receptors.  

 

Binding affinity 

It is widely accepted that Ang1 binds to Tie2 with same affinity as Ang2. Studies have 

shown that Ang1 and Ang2 can bind to the extracellular domain of soluble Tie2 with 

similar binding affinity. 

Davis et al., (1996) estimated the binding affinity (KD) of Ang1 and Ang2 to Tie2 to be 

~3.7 nM whereas Maisonpierre et al., (1997) estimated the binding affinity for both 

ligands to be ~3 nM. 

However Yuan et al. (2009) have demonstrated that Ang2 binds to Tie2 with ~20 fold-

lower affinity when compared to Ang1. Hence it has been suggested that the partial 

agonist activity of Ang2 may be due to its lower binding affinity of Ang2 for Tie2. 
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Oligomerisation 

Oligomerisation of Tie2 clusters the receptor’s kinase domains closer together which 

facilitates trans-phosphorylation and activation of the receptors (Kim et al., 2009). Hence 

an oligomeric angiopoietin is required to aid the oligomerisation of the receptor. The 

oligomeric state of the angiopoietins has been shown to have an effect on the strength of 

Tie2 activation (Cho et al., 2004). 

Native Ang1 predominantly exists in a tetrameric or higher order form which can 

aggregate Tie2 and induces multiple auto- and transphosphorylations to occur at the 

tyrosine kinase domain (Kim et al., 2005; Procopio et al., 1999). Native Ang2 is 

predominantly found in a dimeric form with higher order forms also present at low 

amounts (Procopio et al., 1999; Kim et al., 2005; Kim et al., 2009). 

Studies suggest that a tetrameric or higher form of Ang1 is required to activate Tie2 (Kim 

et al., 2005). Therefore the low oligomeric forms of Ang2 may limit the Ang2 ability to 

activate Tie2 as Ang2 has only been shown to weakly activate Tie2 (Yuan et al., 2009). 

Oligomeric variants of Ang1 and Ang2 have been produced to cluster angiopoietins 

together to form multimeric structures (mainly pentameric forms) (Cho et al., 2004; Kim 

et al., 2009). The amino terminal superclustering and coiled-coil domains of the 

angiopoietin were replaced with a short coiled-coil domain of cartilage oligomeric matrix 

protein (COMP). These variants (COMP-Ang1 and COMP-Ang2) are more potent than 

their native forms at phosphorylating Tie2 and activating downstream signalling in vitro 

and in vivo (Cho et al., 2004; Kim et al., 2009). A comparison of the effects of COMP-

Ang1 and COMP-Ang2 demonstrated similar effects which suggests that the oligomeric 
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state of angiopoietins could be a possible factor for Tie2 activation difference between 

Ang1 and Ang2 (Cho et al., 2004; Kim et al., 2009). 

 

Receptor binding domains 

Ligand binding to most receptor tyrosine kinases induce a structural change in the 

receptor’s ectodomain which promotes oligomerisation and activation of the receptor and 

downstream signalling pathways (Hubbard & Till, 2000). The crystal structure of Ang1 

and Ang2 have recently been compared in studies to analyse the angiopoietin receptor 

binding domain and Tie ligand binding region (Barton et al., 2006; Yu et al., 2013). It 

has been suggested that the binding mechanism of angiopoietins to Tie2 is different to 

most receptor tyrosine kinases in that they use a lock-and-key mechanism for ligand 

recognition (Barton et al., 2006). The angiopoietin and Tie2 binding surfaces are 

complementary and binding does not induce conformational changes or rearrangement 

of domains in either partner (Barton et al., 2006; Yu et al., 2013). 

The crystal structure of Ang1 and Ang2 show that both have similar receptor binding 

domains which consist of three domains; A, B and P. The P domain has been identified 

as the interface of Tie2 binding which allows the angiopoietins to bind to Tie2 in a similar 

manner (Barton et al., 2005; Barton et al., 2006). This suggests that ligand presentation 

does not determine the functional difference between Ang1 and Ang2 (Yu et al., 2013). 
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Molecular structure 

Further examination of the angiopoietin P domain has identified a β6-β7 loop near the 

receptor binding region which could possibly determine the functional difference 

between Ang1 and Ang2 (Yu et al., 2013). The loop in Ang1 contains a TAG sequence 

which is not conserved in Ang2. The study by Yu et al., (2013) constructed an Ang2 

chimera containing the Ang1 loop (with the TAG sequence) and assessed its function in 

cellular assays. The Ang2 chimera was found to behave similar to native Ang1 by 

dissociating the Tie1:Tie2 complex which increases Tie2 clustering and induces Tie2 

signalling (Seegar et al., 2010; Yu et al., 2013). Conversely, the Ang1 chimera containing 

the Ang2 loop (with PQR sequence) did not activate Tie2 signalling. This suggests that 

the β6-β7 loop in the P domain of angiopoietins may be responsible for the differences 

in functional activity. 

 

Additional interactions 

 The additional interactions of angiopoietins and Tie2 with other receptors or co-receptors 

have also been shown to influence the opposing functions of Ang1 and Ang2. 

As previously discussed, Tie1 can interact with Tie2 to form a heterodimeric Tie1:Tie2 

complex and acts as an inhibitory co-receptor (Marron et al., 2000; Marron et al., 2007; 

Seegar et al., 2010). A study by Marron and colleagues demonstrated that cleavage of the 

Tie1 ectodomain and down regulation of Tie1 can each increase binding of Ang1 to Tie2 

and enhance activation of Tie2 (Marron et al., 2007). Thus the presence of Tie1 can 

regulate Tie2 phosphorylation and activation by inhibiting Ang1 binding to Tie2. A 

further study on the effects of Tie1 on Ang1 and Ang2 regulation demonstrated that the 
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cleavage of the Tie1 ectodomain and down regulation of Tie1 do not affect the ability of 

Ang2 to bind to Tie2 or increase the Ang2 agonist activity (Hansen et al., 2010). 

Furthermore Ang1 has been shown to disrupt the Tie1:Tie2 complex and increase Tie2 

signalling whereas Ang2 has no effect (Seegar et al., 2010; Yu et al., 2013). Hence the 

Tie1 co-inhibitory receptor can be a possible factor for the opposing functions of Ang1 

and Ang2 in Tie2 activation. 

Ang1 and Ang2 can also bind to integrins (Carlson et al., 2001; Saharinen et al., 2005; 

Felcht et al., 2012). Although Ang1 and Ang2 bind to integrins with a lower affinity than 

to Tie2. Angiopoietin binding integrins are involved in different cellular responses to 

stimulation.  

These different types of regulation and factors affecting Ang1 and Ang2 function can 

make it difficult to predict which of these mechanisms are the most important for 

regulating angiogenesis. For that reason computational modelling can be used to model 

and simulate these mechanisms at the level of the Tie2 receptor on endothelial cells. 

 

  



  Chapter 1: Introduction 
 

18 
 

1.7. Computational and mathematical modelling 

Computational modelling is a method which can be used to study the individual reactions 

in a biological system and the effect of the interactions on the behaviour of the system. 

Some of the different types of systems which have been modelled include metabolic 

pathways (Bakker et al., 1997; Papin et al., 2003), functional genomics (Stoll et al., 2001) 

and signalling pathways (Kholodenko et al., 1999). These biological systems can be 

modelled and the equations input and simulated on a computer to study the complex 

interactions of the system (Di Ventura et al., 2006). 

Mathematical modelling is used to make testable predictions and gain insight to a 

biological system’s behaviour (Orton et al., 2005). This analysis of biological systems 

can help us to understand how an individual pathway functions when interacting with 

other pathways, to estimate parameters and validate the proposed mechanism, and also 

to identify major regulatory components and therefore new targets for pharmacological 

intervention (Eungdamrong & Iyengar, 2004). 
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1.8. The Modelling Process 

There are five steps involved in modelling a biological system; identification, definition, 

simulation, validation and analysis (see Figure 1.5) (Orton et al., 2005). 

 

Figure 1.5: The process of modelling a biological system 

The five steps to modelling. The first step is system delimitation which involves identifying the 

system to model. The next step is defining the model using rate equations (mathematical 

modelling) which represent the system. The model is then simulated and the simulation results 

are validated. If the model is valid, it can be analysed further for robustness. If the model is not 

valid then the model is checked for errors and re-defined (adapted from Orton et al., 2005). 

 

System delimitation 

The first step to modelling is identifying the biological system to model. The interactions 

and chemical reactions between the components in the network are drawn as a schematic 

diagram (Kitano et al., 2005). 

 

Definition 

Once the biological system has been identified, a kinetic model using rate equations can 

be produced to represent the behaviour of the system. The most common method of 

modelling biochemical pathways is by a set of coupled ordinary differential equations 

(ODEs) (Aldridge et al., 2006). There are 2 sets of equations that are developed for this 

type of model; a set of ODEs to describe the system behaviour (system kinetic equations) 

and a set of algebraic equations used to describe the rates of change of specific variables 

(rate law equations) (Holmes, 2008). 
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First the set of ODEs are developed to represent the change of substrate concentration 

(e.g. A) over time (t), d[A]/dt. The set of ODEs have specific kinetic reaction rates and 

rate equations which show how the reaction occurs over time (Orton et al., 2005). These 

rate equations are formed using a kinetic rate law, either mass action or Michaelis-Menten 

to model the behaviour of the reactions.  

The law of mass action refers to a process being directly proportional to the concentration 

of the variable. Mass action rate equations are written as a rate constant (k) times the 

concentration of the substrate (S).  

For example, a reaction of A converting to B (A  B) would be described by ODE and 

mass action kinetics as:  

 

Where d[A]/dt is the rate of change in concentration of A. 

 

In the case of cell surface receptor binding models (Lauffenburger and Linderman, 1993), 

where the reversible reaction of the association of the ligand (L) and the receptor (R) 

forms the ligand-receptor complex (LR), the interaction is shown as: 

 

 

Where kon (M
-1min -1) is the association rate constant, and koff (min-1) is the dissociation 

rate constant (Krohn & Link, 2003). 
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At equilibrium when the association rate equals the disassociation rate, the equilibrium 

dissociation constant, KD (M), can be defined as: 

 

(Krohn & Link, 2003) 

Thus, the mass-action equation to describe the ODE of the rate of change of the ligand-

receptor complex over time is: 

 

(Lauffenburger and Linderman, 1993) 

The Michaelis-Menten rate law (see formula below) can be derived from the mass-action 

rate law, and is used for enzymatic kinetic reaction modelling e.g. for phosphorylation 

and dephosphorylation. Where Vmax is the max velocity and Km is the concentration of 

substrate at half Vmax. 

 

The rate equations generate a list of parameters (e.g. rate constants and initial 

concentrations) needed to simulate the model. The values of kinetic parameters are 

obtained from the literature or databases such as the enzyme database, BRaunschweig 

ENzyme Database (BRENDA) (Chang et al., 2009). Parameters can also be determined 

from quantitative experimental data. Once the mathematical model is produced and the 

parameters have been determined a computational model is constructed in modelling 

software (e.g. CellDesigner or MATLAB).  
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CellDesigner is a software with a graphical user interface which allows the modelling 

and simulation of biological networks. Networks can be drawn in CellDesigner based on 

a schematic diagram and the quantitative characteristics of the network e.g. rate equations 

and parameters can be input. The model can then be simulated by changing the parameter 

values and solving the mathematical equations to produce a simulation results plot which 

can help the user to understand the behaviour of the model (Funahashi et al., 2003; 

Funahashi et al., 2008). The model is stored using the Systems Biology Markup 

Language (SBML), a standard for representing models of biochemical and gene-

regulatory networks (Hucka et al., 2003) which makes the model compatible with other 

modelling software, and allows the user to download published models from BioModels 

database for use in CellDesigner (Li et al., 2010). The SBML enables CellDesigner to 

integrate with other simulation software e.g. Complex Pathway Simulator (COPASI) 

(Hoops et al., 2006) and the analysis software, MATLAB (MATrix LABoratory) 

(Schmidt & Jirstrand, 2006; Keating et al., 2006). 

 

Simulation 

Simulation of the model solves the ODEs using the specified parameters e.g. the initial 

concentrations and reaction rates. The simulation can produce simulation results plots on 

the changes in reactant concentration over time (Kriete and Eils, 2005; Funahashi et al., 

2008; Funahashi et al., 2003). The initial parameter values can also be changed to 

simulate different conditions in the system.  
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Validation 

Simulation of the model generates hypotheses and a proposed mechanism which can be 

tested by cellular experiments. This comparison between in silico and in vivo/in vitro 

experiments is needed to validate the model. If the model is valid, it can be analysed 

further; if it is not, the model can be redefined and checked for errors (Figure 1.5) (Orton 

et al., 2005).  

 

Analysis 

Before the proposed mechanism can be accepted, the robustness of the model needs to be 

analysed. Robustness is the insensitivity of a model to changes in parameter values 

(Kitano, 2002; Kitano, 2002; Aldridge et al., 2006). The sensitivity analysis is a technique 

used to determine the robustness of a model in response to parameter variation (Zi, 2011). 

It can be performed in MATLAB, an engineering software package used for numerical 

computation and analysis (Ashino et al., 2000). A sensitivity analysis can be used to 

identify the key parameters which have the greatest influence on the system (Orton et al., 

2008). 

 

1.9. The purpose of robust modelling 

After the model has been validated and refined, more in silico simulation experiments 

can be performed to test hypotheses and generate new predictions. Computational 

modelling also allows the analysis and manipulation of key components and parameters 

in the system. This will enable the user to understand the behaviour of the system without 

having to perform costly experiments (Kell and Knowles, 2006). 
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1.10.  Example of receptor signalling modelling 

Kholodenko and colleagues constructed an ODE-based mathematical model of the 

epidermal growth factor receptor (EGFR) signalling pathway in CellDesigner to quantify 

the short term signalling pattern in isolated rat hepatocytes, see figure 1.6 (Kholodenko 

et al., 1999). Parameters for each kinetic equation were obtained from the literature or 

derived from basic physico-chemical quantities.  

To validate the model, the simulated time courses of EGFR phosphorylation and the 

phosphorylation of their adaptor proteins; Shc (Src homology and collagen homology), 

Grb2 (growth factor receptor bound protein 2) and PLCγ (phospholipase Cγ), were 

compared to laboratory experiments to show that the model represents the system in 

isolated rat hepatocytes and to identify which kinetic constants have the biggest influence 

on the system. The time course results showed that the EGFR phosphorylation and the 

phosphorylation of its adaptor proteins occurred within 15 - 30 seconds after stimulation 

with EGF. Following this activation period, the concentrations of the phosphorylated 

proteins; EGFR, Grb2 co-precipitated with EGFR, and PLCγ decreased over time, 

whereas the levels of Shc and Grb2 co-precipitated with Shc increased.  

Sensitivity analysis of the model showed that it was robust to the changes of many kinetic 

constants and sensitive to the changes of the adaptor proteins concentrations. Principally 

the Shc/Grb2 ratio was suggested to be the key regulator of the EGFR signalling response 

(Kholodenko et al., 1999).  
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The development of this model has made it possible to predict the change in EGFR-

activated proteins concentrations over time and has been used as a foundation for other 

EGFR signalling models e.g. (Resat et al., 2003; Schoeberl et al., 2002). 

 
Figure 1.6: Schematic representation of the EGFR signalling pathway 

The kinetic model of short-term EGFR signalling was based on these 25 protein interactions 

(Kholodenko et al., 1999). 
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1.11. Aim 

The Ang-Tie signalling pathway plays a role in vascular quiescence and angiogenesis, 

and is under complex regulation by multiple factors which are integrated to control its 

activation. To understand the behaviour of this system at the level of the receptor, 

computational and mathematical modelling can be used to model and simulate these 

interactions in silico.  

The aim for this project is to construct a robust quantitative computer model of the Ang-

Tie interactions at the endothelial cell surface.  

First the system to be modelled will be identified by producing a schematic diagram of 

the angiopoietin and Tie interactions and regulatory mechanisms. The system will be 

defined using ODE mathematical modelling and constructed in CellDesigner software. 

All parameters needed to simulate the model will be obtained from the literature or 

quantified using a suitable quantitative detection method (e.g. immunofluorescence or 

Western blotting). The model will be simulated in MATLAB to produce simulation plots 

of the change in state concentration over time. Validation of the model will be analysed 

by measuring Tie2 receptor activation in endothelial cells using the selected quantitative 

method and comparing the results to simulations. 
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Chapter 2: Methods 

2.1. General materials and reagents 

All chemicals were of analytical grade and obtained from Sigma-Aldrich (Poole, UK) or 

Fisher Scientific (Loughborough, UK) unless otherwise stated. 

Tissue culture plastics were obtained from Greiner Bio One or SPL Life Sciences. 

 

2.2. Cell culture 

Human umbilical vein endothelial cells (HUVECs) were obtained from Promocell 

(experiments in Chapter 4) or Invitrogen (experiments in Chapter 5). Promocell HUVECs 

were maintained in Medium 199 supplemented with 20% foetal bovine serum (FBS), 2 

mM L-glutamine, 5units/ml heparin and 100 ug/ml endothelial cell growth supplement. 

Invitrogen HUVECs were maintained in Medium 200 supplemented with Low Serum 

Growth Supplement (Invitrogen); 2% v/v FBS, 1 µg/ml hydrocortisone, 10 ng/ml human 

epidermal growth factor, 3 ng/ml basic fibroblast growth factor, 10 µg/ml heparin. For 

experiments in Chapter 6, Invitrogen HUVECs were maintained on 2% gelatin coated 

flasks with 2% v/v FBS added to the complete medium (Medium 200 with Low Serum 

Growth Supplement). Preliminary experiments suggested that the medium made no 

difference to the cells (data not shown). Cells were incubated at 37oC (Galaxy R+, 

RSBiotech) and passaged when they reached confluency. 
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2.2.1. Passage and plating 

Confluent HUVECs were washed with phosphate buffered saline (PBS) and incubated 

with 2% Trypsin-EDTA for 2 minutes at room temperature. The trypsin was inactivated 

and removed from the cells by adding complete medium and centrifuging the cells at 

180g for 7 minutes (Jouan CR422). The pellet of cells was resuspended in complete 

medium and split into flasks or plated. The splitting of cells from a flask to a 6 well plate 

was performed 18 hours prior to sample preparation. All experiments were performed 

with HUVECs between passages 3-5. 

 

2.2.2. Freezing and storage 

Confluent flasks (80cm2) of HUVECs were washed with PBS and trypsinised (as 

described in section 2.2.1- Passage and plating). Cells were resuspended in freezing 

medium consisting of; 40% complete medium 200, 50% FCS and 10% DMSO, and 

placed into sterile freezing vials (2 vials per flask). The vials were kept in a polystyrene 

box at -80oC for 2 days before finally storing in liquid nitrogen. For culturing cells from 

liquid nitrogen, frozen vials were thawed at 37oC and plated in a flask with complete 

medium. Cells used for experiments in Chapter 6 were plated on 2% gelatin coated flasks 

with 2% FCS added to complete medium. 
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2.3. Immunofluorescence 

Immunofluorescence is a staining method used to label specific antigens in samples using 

primary antibodies. Secondary antibodies bound to fluorochromes can be used to 

visualize the presence and localization of specific antigens using fluorescence 

microscopy, and the levels of fluorescence can be quantified using a combined 

CellR/ScanR system. 

 

2.3.1. Preparing cell samples for immunofluorescence staining 

HUVECs for immunofluorescence were grown to 50% confluency on 22 mm coverslips 

(ThermoScientific) in 6 well plates to characterise the ECM-anchored Tie2 (angiogenic 

state). HUVECs were incubated in serum-free Medium 199 for 4 hours before treatment 

with recombinant human angiopoietin-1 (R&D Systems) for 30 minutes. To fix the 

samples, cells were rinsed with PBS (140 mM NaCl, 2.7 mM KCl, 10 mM NaHPO4, 1.8 

mM KH2PO4, pH 7.3), fixed with 4% w/v paraformaldehyde (in PBS, 1M NaOH, pH 7) 

and incubated for 15 minutes (all incubations were maintain at +37oC, no CO2, unless 

stated otherwise). Samples were then stained by immunofluorescence (section 2.3.2) or 

stored at +4oC.  

 

2.3.2. Immunofluorescence staining 

Fixed samples were washed three times for 5 minutes with tris-buffered saline, TBS, (250 

mM Tris, 144 mM NaCl, pH 7.4). All washes were carried out on a rocker at room 

temperature to remove excess PFA. As the protein to be detected is inside the cell, the 

cell membrane was permeablized with 90% methanol (in TBS) on ice for 30 minutes 
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followed by antigen retrieval with 0.5% v/v SDS (in TBS) for 5 minutes at room 

temperature to enhance the level of immunofluorescence (Robinson & Vandre, 2001). 

After treatment the cells were washed three times with TBS for 5 minutes.  

Free protein binding sites were blocked with 2% w/v bovine serum albumin (BSA) with 

TBS-Tx100 (0.1% v/v Tx-100 in TBS) incubated for 10 minutes to prevent non-specific 

binding. The coverslips were inverted onto parafilm with 50 µl of the primary antibody 

(Affinity-Purified Rabbit Anti-Phospho-Tie-2 (Y992) Antibody (R&D Systems) (1:200 

dilution) and incubated in a moist box for 1 hour at +37oC. The coverslips were returned 

to the wells and washed three times for 5 minutes with TBS. The cells were incubated 

with the secondary fluorescent conjugated antibody, Cy™3-conjugated AffiniPure 

Donkey Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories, Inc), and as before the 

coverslips were inverted onto parafilm with 50 µl of 1:1000 secondary antibody and 

incubated in a moist box for 1 hour at +37oC. The coverslips were returned to the wells 

and washed three times for 10 minutes with TBS-Tx100 to remove excess antibody.  

To visualise individual cell nuclei, the nuclei were counterstained with DAPI (4',6-

diamidino-2-phenylindole) (Sigma-Aldrich), a blue fluorescent probe which binds to the 

minor groove of double stranded DNA.  Coverslips were inverted onto parafilm with 

DAPI (50µl/coverslip of a 1:1000 dilution in PBS) and incubated in a moist box in a dark 

cupboard for 10 minutes. Coverslips were returned to the well and washed three times 

for 2 minutes with TBS. Cells were rinsed with dH2O to prevent crystallization of the 

sample and then mounted onto a slide (Thermo Electron Coroporation, Shandon Double 

Frost Microscope Slides) with anti-fading mounting medium (Vectashield, VectorLabs). 

The edges of the coverslips were sealed with clear nail polish to prolong storage.  
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2.3.3. Detection and quantification of immunofluorescence staining 

Fluorescence of cells was visualised using an inverted fluorescence microscope (Nikon 

Eclipse TE2000-U) with an oil-immersion objective. Cy3 has a red fluorescence and 

excites at 550 nm and emits at 570 nm and DAPI has a blue fluorescence and excites at 

345 nm and emits at 455 nm. Slides were stored in the dark at 4oC.  

 

The levels of fluorescence in the cells were quantified using an Olympus IX81 

microscope and combined CellR/ScanR system. 
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2.4. Cell sample preparation 

Materials: 

Phosphate Buffered Saline (PBS): 140 mM NaCl, 2.7 mM KCl, 10 mM NaHPO4, 1.8 

mM KH2PO4, pH 7.3 

3 x Sample Buffer (3xSB): 50 mM Tris pH 6.8, 2% SDS, 10% Glycerol, 5 mM EDTA 

pH6.8, 0.1% Bromophenol Blue 

2 x SBDTT (Sample Buffer DTT): 3xSB diluted with dH2O, 30 mg 1,4-Dithiothreitol 

(DTT) 

Methods: 

HUVECs were plated on a 6 well plate at either 1x105 or 2x105 (~50-60% confluency) 

cells per well 18 hours prior to cell lysis.  

HUVECs were washed in PBS, lysed with 70 µl 2xSBDTT and sonicated (Soniprep 150 

MSE) for 10 seconds. The cell lysates were boiled at 95oC for 6 minutes and centrifuged 

for 1 minute at 13,000rpm. Cell lysate samples were kept at +4oC until immediate use in 

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) or stored 

at -20oC for prolonged periods. 

2.4.1. Quantification of Tie1 and Tie2 in HUVECs 

For the quantification of Tie experiments, HUVECs were plated and samples were 

collected as describe above (Section 2.4).  

 



  Chapter 2: Methods 
 

33 
 

2.4.2. Ang1 or Ang2-induced Tie2 phosphorylation 

For Ang1 or Ang2-induced phospho-Tie2 western blotting, HUVECs were serum-starved 

with serum-free Medium 199 or Medium 200 incubated for one hour and treated with 1 

mM sodium orthovanadate (vanadate) for 5 minutes (unless stated otherwise), followed 

by stimulation with recombinant human angiopoietin-1 (R&D Systems) (concentration 

as described in experiment) for 15 minutes (or at specified times during time-course 

experiments) prior to collection. Then HUVECs were washed with PBS, lysed, sonicated 

and boiled as described above (Section 2.4). 

 

2.4.3. Ang1 and Ang2 competitive inhibition of Tie2 phosphorylation 

For experiments of Ang1 and Ang2 effects on phospho-Tie2 western blotting, HUVECs 

were serum-starved with serum-free Medium 199 or Medium 200 incubated for one hour 

and treated with recombinant human angiopoietin-2 (R&D Systems) (concentration as 

described in experiment) for 5 minutes, followed by stimulation with recombinant human 

angiopoietin-1 for 15 minutes. To collect the samples from the wells the HUVECs were 

washed with PBS, lysed, sonicated and boiled as described above (Section 2.4). 

 

2.4.4. Ang1 and sTie2 effects on Tie2 phosphorylation 

For experiments of Ang1 and sTie2 effects on phospho-Tie2 western blotting, HUVECs 

were serum-starved with serum-free Medium 199 or Medium 200 incubated for one hour, 

during this time sTie2 was incubated with recombinant human angiopoietin-1 for 15 

minutes. After one hour the cells were treated with 1 mM vanadate for 5 minutes, 

followed by stimulation with the sTie2 (100, 200, 500, or 1000 ng/ml) and 50 ng/ml 
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recombinant human angiopoietin-1 (R&D Systems) for 15 minutes. To collect the 

samples from the wells the HUVECs were washed with PBS, lysed, sonicated and boiled 

as described above (Section 2.4). 

 

2.5. Western Blotting and antibody probing 

2.5.1. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis               

Materials: 

Resolving gel: 1.0 mm or 1.5 mm 

Reagent 7.5% 10% 

30% Acrylamide/Bisacrylamide (Biorad) 5.0 ml 6.7 ml 

2M Tris pH8.8 3.7 ml 9.6 ml 

dH2O 10.9 ml 3.7 ml 

20% Sodium Dodecyl Sulphate (SDS) 100 µl 100 µl 

10% Ammonium Persulphate (APS) 134 µl 134 µl 

Tetramethylethylenediamine (TEMED) (Sigma) 14 µl 14 µl 

 

Stacking gel: 10 lanes or 15 lanes 

Reagent 5% 

30% Acrylamide/Bisacrylamide (Biorad) 3.3 ml 

1M Tris pH6.8 2.5 ml 

dH2O 13.7 ml 

20% Sodium Dodecyl Sulphate (SDS) 100 µl 

10% Ammonium Persulphate (APS) 200 µl 

Tetramethylethylenediamine (TEMED) (Sigma) 20 µl 

 



  Chapter 2: Methods 
 

35 
 

10x Protein Electrophoresis Buffer: 250 mM Glycine, 25 mM Tris-base, 0.1% (w/v) SDS 

Recombinant human Tie-1/FC Chimera (R&D Systems) 

Recombinant human Tie-2/FC Chimera (R&D Systems) 

Precision Plus Protein Kaleidoscope Standard (Biorad) 

Spectra Multicolor broad range protein ladder (Pierce) 

 

Method: 

For quantification of proteins, the cell lysate samples (45 µl) were loaded into a 7.5%, 

1.5 mm gel alongside the Protein Kaleidoscope Standard molecular mass marker (8 µl) 

and various concentrations of recombinant Tie1 or Tie2 (for quantification of Tie 

experiments). The proteins were resolved by sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis (SDS-PAGE) in 1x protein electrophoresis buffer at 100V for 2 hours. 

For detection of phosphorylation, the cell lysate samples were loaded into a 12%, 1.0 mm 

gel (30 µl) alongside the Spectra protein ladder (8 µl). The proteins were resolved by 

SDS-PAGE in 1x protein electrophoresis buffer at 130V for 1 hour and 30 minutes. 
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2.5.2. Western Blotting: Transfer to membrane 

Proteins were transferred onto a nitrocellulose membrane (Hybond™ ECL™, GE 

Healthcare) or PVDF membrane (Hybond-P, GE Healthcare) in 1x Transfer buffer, 

overnight at 0.15 amps.  

 

2.5.3. Western Blotting: Antibody probing 

Materials: 

Amersham Hybond™ ECL™ Nitrocellulose membrane (GE Healthcare Life Sciences) 

Amersham Hybond-P™ PVDF Membrane (GE Healthcare Life Sciences) 

20% Triton X-100 (Tx-100) (Sigma-Aldrich) 

10x Protein Transfer Buffer: 25 mM Tris-HCl pH 8.3, 0.15M Glycine, 20% (v/v) 

Methanol 

TBS-TX100: 50 mM Tris, 150 mM NaCl, 0.1% TritonX-100 

5% Milk: 1g Marvel powdered milk and 20 ml 0.1% Tx-100-TBS  

5% BSA: 1g Bovine Serum Albumin (BSA) and 20 ml 0.1% Tx-100-TBS 

Developer solution: 10 ml of 100 mM Tris-HCl pH 8.5, 22 µl of 90 mM p-Coumaric 

Acid in DMSO, 50 µl of 250 mM Luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione) 

in DMSO, 3 µl 30% H2O2 (added just before use) 

Anti-human Tie-1 extracellular domain-specific goat IgG (R&D Systems) 

Anti- human Tie-2 extracellular domain-specific goat IgG (R&D Systems) 
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p-Tie-2 (Tyr 992) Antibody (Santa Cruz Biotechnology) 

Anti-Goat HRP: Polyclonal Rabbit anti-Goat Immunoglobulins/HRP (Dako) 

Anti-Rabbit HRP: Polyclonal Goat anti-Rabbit Immunoglobulins/HRP (Dako) 

 

Method: 

Non-specific protein-protein interactions were blocked with 5% Marvel powdered milk, 

or 5% BSA (for anti-phospho-Tie2 detection) for 1 hour. The blot was probed with the 

relevant primary antibodies (anti-Tie 1, anti-Tie 2, anti-phospho-Tie2) in their respective 

blocking solutions and incubated on a rocker; at +4oC overnight, or at +37oC for one hour, 

or at room temperature for one hour. Following incubation blots were washed three times 

for 10 minutes per wash with TBS-Tx100 to remove unreacted antibody (all washes were 

carried out on a rocker at room temperature). The immuno-labelled proteins were 

detected with horseradish peroxidise-conjugated secondary antibodies (anti-goat, anti-

mouse, anti-rabbit) all in 5% Marvel powdered milk, which were incubated on a rocker 

at room temperature for 1 hour and then washed three times for 10 minutes (per wash) 

with TBS-Tx100 to remove excess antibody. The blot was left in the developer solution 

for 1 minute then the proteins were detected by chemiluminescence using either film or 

CCD imager (Matthews et al., 1985). 

 

Primary antibody Incubation 
Secondary 

antibody 
Incubation 

Tie1 (R&D 

Systems) 
1:1000 in 5% milk 

4oC overnight or 

37oC for 1 hour 

Goat IgG/HRP 

(Dako) 

1:1000 in 5% milk 

room temperature 

for 1 hour 
Tie2 (R&D 

Systems) 

pY992 Tie2 

(Santa Cruz) 

1:1000 in 5% BSA 

4oC overnight or 

37oC for 1 hour 

Rabbit IgG/HRP 

(Dako) 

1:1000 in 5% milk 

room temperature 

for 1 hour 
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2.5.4. Detection and quantification using film and ImageJ 

For detection using a film, the blot was exposed to film (Thermo Scientific CL-XPosure 

Film) and developed (AGFA Curix 60 Developer machine). The films were scanned (HP 

Scanjet 4500c) at 300dpi and saved in .tif format. The densities of the bands were 

quantified with Wright Cell Imaging Facility Image J software (Schneider et al., 2012). 

The relevant bands were outlined and plots for each lane were generated. The background 

was corrected by marking the baseline of the curve and the area under the curve was 

measured. 

 

2.5.5. Detection and quantification using a CCD imager and MultiGauge 

For detection using a cooled charge-coupled device (CCD) imager, a CCD camera 

(Fujifilm LAS-4000) was used to acquire images of the blots at specified exposure times. 

The blots were imported into MultiGauge Software where the lanes and bands were 

selected and profile plots of the lanes were produced. The background was detected 

automatically and the region intensities of the bands were quantified in linear arbitrary 

units. The values of the region intensities minus the background intensities were used for 

analysis.   

 

2.5.6. Stripping of membrane 

In order to reprobe a blot for an alternative protein, blots were stripped with 1x Stripping 

Mild (10x Stripping Mild (Millipore)) for 10 minutes on a rocker. The membrane was 

then blocked and reprobed with another antibody (as described in Section 2.5.3). Blots 
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originally probed for phosphorylated Tie2 were stripped and reprobed for total Tie2 to 

normalise phosphorylation results. 

 

2.6. Conjugation of pY992-Tie2 to BSA 

A standard of phosphorylated Y992 Tie2 protein was required to produce a standard 

calibration curve to quantify the amount of Tie2 phosphorylation. To do this the primary 

amine (lysine) of the pY992-Tie2 was conjugated to the sulphydryl (cysteine-34) of 

bovine serum albumin (BSA) through the BMPS crosslinker (Thermo-Scientific). 

The pY992 protein was dissolved in conjugation buffer (2 mM EDTA in PBS) and a 

preliminary test was carried out to check the absorbance and fraction number by eluting 

the protein through the column.  The absorbance was measured at 280 nm using a nano-

spectrometer. The BMPS crosslinker was dissolved in DMSO and combined in excess 

with the pY992 protein (so all protein is bound to linkers) and incubated for 30 minutes 

at room temp. Excess cross-linker was removed by running through a desalting column 

(Sephadex-G10, beads were swollen overnight before experiment) and the fractions 

contain protein was determined using nano-spectrophotometer (Abs = 280 nm). The 

pY992-BMPS protein was combined with BSA protein (1:1, 1 BSA bound to protein) 

and incubated overnight at +4oC. To stop the conjugation reaction, a buffer containing 

reduced cysteine was added at a concentration several times greater than the sulphydryls 

of the pY992 protein. Western blotting was used to verify the efficiency of conjugation. 
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2.7. Normalisation of experimental data 

The levels of phosphorylation were normalised to the levels of Tie2 by stripping and 

reprobing the blot for Tie2 (as described in section 2.5.6). 

To normalise the effect of Ang in experiments for comparison with simulation results, 

the basal level of phosphorylation was normalised to zero for the initial level of 

phosphorylation before stimulation with Ang. Hence the basal to maximum 

phosphorylation is relative to the change of time point or concentration. 

 

2.8. Statistical analysis 

Data are expressed as the mean ± standard error of the mean (SEM). 

Statistics were performed using GraphPad Prism 6 Software. A Student’s t test was 

performed to determine the significance of the means of two groups in experiments. A 

one-way analysis of variance (ANOVA) was performed to determine the significance of 

the means of more than two groups to the control in experiments. A two-way ANOVA 

was performed to determine the significance of the experiments to the simulation. A P 

value of <0.05 was considered statistically significant. 

 

2.9. Computational modelling 

Two scripts of the full mathematical model were prepared in MATLAB R2010a (The 

MathWorks). The first script is the main script which contains the parameter values, 

initial concentrations of states and the required simulation plot (time-course of chosen 
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state). The second script contains the equations for the reaction rates and the ordinary 

differential equations (ODE).  

To simulate the model main script was used to modify the parameter values, state 

concentrations, the length of time that the model should simulate, and output details to 

produce the relevant simulated state time-course plot. 

The initial concentrations of the states (Ang1, Ang2 and sTie2) were changed to the 

appropriate values in nanomolar. If a state was not to be included in a simulation this 

value was set as zero. For steady state simulations this was set at 18000 seconds (five 

hours) and for other simulations required for validation this was set at 1800 seconds (30 

minutes). 

When the main script was run, a code included in both scripts linked the two scripts 

together and the equations were integrated using the ODE solver. Once the simulation 

was completed a simulation plot of the state concentration over time was produced. As 

the script was not produced to simulate multiple state concentrations in one run, (e.g. for 

an Ang1 concentration dependent curve) a time-course simulation for each concentration 

was performed, and the concentration of phosphorylated Tie2 was obtained at the 15 

minute time point. These values were plotted manually in GraphPad Prism 6 Software. 

  



     Chapter 3: Computational modelling of the angiopoietin and Tie interactions 
 

42 
 

Chapter 3: Computational modelling of the angiopoietin and 

Tie interactions 

 

3.1. System delimitation 

This project aims to model the angiopoietin-Tie interactions and various regulatory 

features at the endothelial cell surface. Schematic diagrams of the angiopoietin-1 and 

angiopoietin-2 interactions with Tie were produced (figures 3.1 and 3.2) to clarify the 

key reactions to be modelled, which entail the following: 

1. Tie1 and Tie2 in equilibrium with the Tie1:Tie2 heterodimer at initial conditions 

with no ligand interaction. Tie1 and Tie2 cleavage will not be modelled. 

2. Ang1 binds to Tie2 (Ang1.Tie2) and causes tetramerisation of the receptor 

through consecutive free Tie2 bindings; dimerisation, trimerisation and 

tetramerisation (Ang1(Tie2)4). The receptors in the complex are 

autophosphorylated by their tyrosine kinase domain forming a phosphorylated 

Ang1.Tie2 tetramer (Ang1(Tie2)4.P). The activated receptor is downregulated by 

subsequent internalisation and degradation, or by dephosphorylation through the 

human protein tyrosine phosphatase beta (HPTP-β). New internal Tie2 (nTie2) is 

replenished to the cell surface. 

3. Ang2 binds to Tie2 (Ang2.Tie2) in a similar manner as Ang1. There are three 

different oligomeric forms of Ang2; dimeric (Ang2)2, trimeric (Ang2)3, and 

tetrameric (Ang2)4. Each Ang2 binds to Tie2 and subsequently recruits free Tie2 

to form its respective Tie2 oligomeric complex. Only the tetrameric form of Ang2 

can tetramerize Tie2 and therefore become phosphorylated to form a 

phosphorylated Ang2.Tie2 tetramer ((Ang2)4(Tie2)4.P). The phosphorylated 



     Chapter 3: Computational modelling of the angiopoietin and Tie interactions 
 

43 
 

complex is dephosphorylated by HPTP-β. Ang2 oligomeric forms can also bind 

to Tie2 in the preformed Tie1:Tie2 heterodimer. New internal Tie2 (nTie2) is 

replenished to the cell surface. 

4. Ang1 and Ang2 can also bind to soluble Tie2 (sTie2) which is present in the 

medium. 

 

 

Figure 3.1- Schematic diagram of Ang1 interactions and Tie2 reactions to be modelled 

Ang1 (tetramer) can bind to Tie2 to form a monomer. The monomeric complex can recruit free 

Tie2 to form a dimer, trimer and tetramer. Only the tetrameric Ang1-Tie2 complex can be 

phosphorylated and dephosphorylated by human protein tyrosine phosphatase beta (HPTP). All 

Ang1-Tie2 complexes can be internalised following which the phosphorylated form is degraded. 

New Tie2 (nTie2) replenishes Tie2 to the cell surface. Tie1 and Tie2 can heterodimerize to form 

the Tie1:Tie2 complex. Ang1 can also bind to soluble Tie2 (sTie2). 
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Figure 3.2- Schematic diagram of Ang2 interactions and Tie2 reactions to be modelled 

Ang2 is present in 3 forms; dimeric (Ang2)2, trimeric (Ang2)3 and tetrameric (Ang2)4. All forms 

can bind to Tie2 to form a monomer and recruit free Tie2 to form the respective complex of Ang2 

with Tie2. Only the tetrameric (Ang2)4.(Tie2)4 complex can be phosphorylated and 

dephosphorylated by human protein tyrosine phosphatase beta (HPTP). New Tie2 (nTie2) 

replenishes Tie2 to the cell surface. Tie1 and Tie2 can heterodimerize to form the Tie1:Tie2 

complex. All Ang2 forms can also bind to Tie2 in the Tie1:Tie2 complex and to soluble Tie2 

(sTie2). 

 

3.2. The schematic diagram of model reactions 

The schematic diagrams of the angiopoietin-1 and angiopoietin-2-Tie interactions 

(figures 3.1 and 3.2) were used to produce a schematic diagram of the model reactions in 

CellDesigner™ (Figure 3.3). CellDesigner uses this representation of the model as a 

graphical user interface, for simplifying the modification of reactions, states and 

parameters, and the input of rate equations. The three compartments (extracellular, 

extracellular space and intracellular) identify the areas where the reactions take place. 

The model incorporates 32 reactions and 37 different states. 
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Figure 3.3: The schematic diagram produced in CellDesigner™.  

Computational representation of all the model reactions produced in CellDesigner™. This 

diagram shows that there are 37 states (numbered in red) and 32 kinetic reaction rates (numbered 

in black). The 3 compartments identify where the reactions occur. 
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3.3. Model assumptions 

The concentration of states can be variable or fixed. Variable states will be changed in 

experiments and simulations whereas fixed states will not be changed.  

 

3.3.1. Variable states 

Ang1  

Ang1 exists predominantly as higher order multimers and in this model is assumed to be 

present only in the tetrameric form (Procopio et al., 1999). The concentration of this state 

will be varied in the model to reproduce the validation experiments. 

 

Ang2 

Ang2 is present predominantly as a dimer however trimeric and tetrameric forms have 

also been shown to exist (Kim et al., 2005). The relative percentages of Ang2 oligomeric 

forms were calculated to be; 75% dimeric, 16% trimeric and 9% tetrameric. The 

concentration of this state will be varied in the model to reproduce the validation 

experiments. The relative concentrations of each Ang2 oligomeric state for simulation is 

shown in Appendix 1. 

 

Soluble Tie2 

Soluble Tie2 (sTie2) is the soluble truncated extracellular form of Tie2 which can bind 

both Ang1 and Ang2 (Reusch et al., 2001; Findley et al., 2007). The sTie2 used in 
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experiments is a dimeric wildtype produced by Professor Nicholas Brindle and Teonchit 

Nuamchit. The concentration of this state will be varied in the model to reproduce the 

validation experiments. 

 

3.3.2. Fixed states 

Tie1, Tie2, Tie1:Tie2 and internal Tie2 

The concentrations of these states at initial conditions will not be changed in the model 

as the experiments required for validation will use primary cell line HUVECs plated at a 

known fixed amount (2x105 cells per well). Therefore the concentrations of these states 

in the model and in experiments are assumed to be the same at initial conditions. The 

Tie1:Tie2 heterodimer is assumed to be pre-formed as demonstrated in the literature 

(Marron et al., 2000). Cleavage of Tie1 and Tie2 will not be modelled as preliminary 

simulations have shown this induces further complexity to the model. In addition the 

cleavage-inducing factors (VEGF and PMA) will not be incorporated or added to 

experiments. 

 

Intermediate states 

The intermediates states are all the other states in the model apart from Ang1, Ang2, 

soluble Tie2, Tie1, cell surface Tie2, Tie1:Tie2 and internal Tie2. The initial 

concentrations of the states formed after binding and before phosphorylated states will 

be considered as zero. This is due to the model assumption that these states are ligand 

induced. Moreover these states are difficult to quantify experimentally. 
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3.3.3. Kinetic reactions and rate constant parameter values 

There is minimal data on quantified kinetic reaction rates of the Ang-Tie system. Hence 

the EGFR system which is also a previously modelled RTK system will be used as a 

guide for parameter values (Kholodenko et al., 1999). 

 

Ang1 binding to Tie2 

The binding affinity KD for Ang1 binding to Tie2 has been determined in two separate 

studies (Davis et al., 1996; Maisonpierre et al., 1997). The first study examined Ang1 

binding to the extracellular domain of soluble Tie2 and showed the binding affinity KD 

to be ~3.7 nM (Davis et al., 1996). The second study examined an Ang1 variant binding 

to the extracellular domain of soluble Tie2 which was found to be ~3 nM (Maisonpierre 

et al., 1997). 

 

However as the association rate constant (kon) and dissociation rate constant (koff) have 

not been quantified in the literature or were performed in isolation, this model will 

primarily use the equilibrium dissociation constant (KD) and koff determined by Dr 

Kathryn Steele (Steele, 2013). The KD and koff for the angiopoietins binding to Tie2 was 

determined using binding studies for both Ang1 and Ang2 in the chicken B cell line- 

DT40. Moreover the KD values provided are similar to the values described previously 

(Davis et al., 1996; Maisonpierre et al., 1997). 
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The vales for these parameters are shown in Table 3.1. The kon for Ang2 was calculated 

from the KD and koff. As Ang1 and Ang2 both compete for binding to Tie2, the association 

rate for Ang1 was assumed to be the same as Ang2. Using this value and the KD for Ang1 

it was possible to calculate the dissociation constant for Ang1 which was difficult to 

measure in vitro.  

Parameter Value 

Ang2 KD 1.026 ± 0.23 nM 

Ang1 KD 0.456 ± 0.17 nM 

Ang2 koff 0.0096 ± 0.002 s-1 

Table 3.1: Binding kinetics of Ang1 and Ang2 to Tie2 

The dissociation constant (KD) for Ang1 and Ang2, and the dissociation rate constant (koff) for 

Ang2 in the DT40 cell line was determined by Dr Kathryn Steele (Steele, 2013). 

 

 

Tie2 oligomerisation 

The model was initially simulated under the assumption that Tie2 is pre-clustered on the 

cell surface (Bogdanovic et al., 2006). However preliminary simulations indicated that 

the rate of phosphorylation occurred rapidly after binding and peaked earlier than the 15-

20 minutes as demonstrated in the literature (Yuan et al., 2007; Maliba et al., 2008).  

Hence the model was redefined to assume the tetramerisation of monomeric Tie2 which 

would reduce the rate of phosphorylation. 

 

The redefined model for Ang1-Tie2 interactions assumes that binding of tetrameric Ang1 

to Tie2 induces the formation of an Ang1-Tie2 tetramer by receptor clustering (Barton et 

al., 2006). Thus oligomerisation of Tie2 is ligand-induced where one tetrameric Ang1 
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can bind to four Tie2 monomers. The reactions for oligomerisation take place only in the 

extracellular space containing the Tie2 ectodomain, the concentrations of Tie2 for 

oligomerisation reactions need to be scaled up as it is a much smaller volume than the 

medium (refer to section 3.4). The rate at which the Ang1-Tie2 binds to the three 

additional Tie2 monomers is assumed to occur very fast and would depend on the amount 

of Tie2 present in the cell membrane. Therefore the rate of oligomerisation is limited by 

the diffusion of Tie2. The parameters used for the rate equations are the diffusion rates 

for Epidermal Growth Factor Receptor (EGFR) (Kholodenko et al., 1999). There is no 

data in the literature to prove that binding of an additional Tie2 occurs any faster thus the 

same values were used for trimerisation and tetramerisation. 

 

Tie2 phosphorylation and dephosphorylation 

In this model only the tetramerized Tie2 complex can autophosphorylate the receptor 

when induced by tetrameric Ang1 or Ang2, as it has been shown that monomeric and 

dimeric forms of the ligand cannot induce phosphorylation of Tie2 (Barton et al., 2006). 

The kinetics of phosphorylation in this model is assumed to be similar to the EGFR model 

(by Kholodenko and colleagues) where the concentration of ATP is higher than the 

Michaelis constant of receptor tyrosine kinase for ATP (Kholodenko et al., 1999). For 

the phosphorylation reaction, the rate equation is a pseudo-first-order reaction using the 

law of mass-action kinetics, which was also used to model phosphorylation of the EGFR 

(Kholodenko et al., 1999).  
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The dephosphorylation reaction is modelled using Michaelis-Menten kinetics as this is 

an enzymatic reaction catalysed by human protein tyrosine phosphatase beta (HPTP-β) 

and vascular endothelial phosphatase (VE-PTP) which are known to dephosphorylate the 

Tie2 receptor (Yacyshyn et al., 2009; Winderlich et al., 2009). The Vmax and Km 

parameters required for the dephosphorylating reaction are for the HPTP-β using the 

EGFR phosphotyrosyl peptide as a substrate which is assumed to be similar for Tie2 (Cho 

et al., 1993).  

 

Internalised Tie2 states 

A study has shown that Ang1 stimulation induces a fast rate of Tie2 internalisation and 

Ang1 is released back to the extracellular space (Bogdanovic et al., 2006). In this model 

Ang1 binding to Tie2 also induces Tie2 internalisation of each Ang1-Tie2 oligomeric 

complex, whereas Ang2 does not induce internalisation (refer to section 3.9). To simplify 

the model it is assumed that internalisation of the complex does not release Ang1 or Ang2, 

allowing them to bind with another Tie2. Tie2 has been shown to be internalised via 

clathrin-coated pits possibly to down regulate the receptor activation and facilitate 

downstream signalling (Bogdanovic et al., 2009). The internalisation parameter has not 

been determined in the literature for angiopoietins however as the EGFR is also 

internalised through clathrin-coated pits for which there are many parameters available 

in literature the average value for EGFR internalisation will be used (Table 3.2) 

(Waterman & Yarden, 2001). 
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Internalisation 

value 

(mean ± SD) 

Parameter Reference 

0.70 ± 0.09 min-1 0.012 s-1 

(Haigler et al., 1980; Gex-Fabry & 

DeLisi, 1984) 

0.10 ± 0.05 min-1 0.0017 s-1 

(Brown et al., 1979; Gex-Fabry & 

DeLisi, 1984) 

0.001 s-1 0.001 s-1 
(Hatakeyama et al., 2003) 

0.15 min-1 0.0025 s-1 
(Shankaran et al., 2007) 

1.0 min-1 0.017 s-1 (Starbuck & Lauffenburger, 1992) 

 0.00684 s-1 Average of ligand-induced rates 

Table 3.2: Potential internalisation parameters 

Internalisation values for the epidermal growth factor receptor which like Tie2 is also internalised 

into the cell through clathrin-coated pits. Values are the mean ± standard deviation. The average 

values of these parameters will be used for the model. 

 

Degradation of phosphorylated Tie2 

Once the receptor is phosphorylated and internalised it is thought that the Tie2 is 

degraded. It has been suggested that Tie2 degradation may regulate the magnitude and 

duration of Ang1 signalling (Bogdanovic et al., 2006). Degradation is a complex step to 

model mathematically, thus this model will assume that degradation occurs in one step 

which removes the Tie2 from the system. The rate of phosphorylated Tie2 degradation 

has not been quantified in the literature. 

 

Replenishment of cell surface Tie2 

Preliminary experiments by Dr Tariq Tahir showed that the concentration of Tie2 on the 

cell surface is constant at basal conditions, and that the original level of Tie2 is not 

replenished to initial levels even 2 hours after ligand removal. Therefore to maintain this 
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equilibrium in the model the replenishment of new Tie2 (nTie2) is only added to the 

model when there is ligand-induced internalisation or Tie2 degradation. The nTie2 does 

not represent newly synthesized Tie2 but is the Tie2 within the cell already formed at 

initial conditions, and waiting to be transported to the cell surface during ligand 

stimulation. This way the original level of total Tie2 is not increased, and is only replaced 

by preformed internal Tie2. In this model the rate of internalisation is equal to the rate of 

replenishment of Tie2 within the cell, however as the nTie2 is also able to bind ligands 

and be degraded it doesn’t replenish Tie2 back to the initial cell surface concentration. 

 

Tie1:Tie2 heterodimerisation 

There are no studies in the literature which have determined the rate of Tie1 and Tie2 

heterodimerisation and dissociation. Therefore the dissociation constant was assumed to 

be the same as Tie2:Tie2 dissociation, and the association rate will be calculated using 

the rate equation at steady state when Tie1 and Tie2 are in equilibrium with the Tie1:Tie2 

complex. As the dimerisation reaction happens between the ectodomains of Tie1 and Tie2 

(Seegar et al., 2010), this reaction also occurs in the extracellular space similar to 

Tie2:Tie2 oligomerizaton. Hence the state concentrations are scaled to represent the 

reaction between Tie1 and Tie2 occurring in this compartment (refer to section 3.4). 

 

Ang1 binding to sTie2 

The concentrations of sTie2 dimer to be simulated are much higher than the 

concentrations for Ang1 and Ang2 and this saturates the system with sTie2. Hence it is 

assumed that only one Ang1 or Ang2 can bind to one sTie2, and that once bound it can 

no longer bind to Tie2, and any additional binding to sTie2 will not be modelled.  It is 
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assumed that sTie2 has the same binding affinities and rate constants as full length Tie2, 

and can therefore compete with full length Tie2 in binding both ligands. 

 

Ang2 binding to Tie2 and oligomerisation 

The binding affinity KD for Ang2 binding to extracellular soluble Tie2 was shown to be 

similar to Ang1 at ~3.7 nM and 3 nM (Davis et al., 1996; Maisonpierre et al., 1997). The 

KD and dissociation constant for Ang2 binding was also determined by Dr Kathryn Steele 

as shown in Table 3.1. The kon for Ang2 was calculated from the KD and koff. The binding 

of oligomeric Ang2 to Tie2 induces the formation of the respective oligomeric Tie2 

complex, in a similar fashion to Ang1, and only the tetrameric complex can be 

phosphorylated. Furthermore it has been shown that Ang2 induced internalisation is very 

slow, as 90 minutes after stimulation a majority of receptors are still present at the cell 

surface, hence Ang2-induced internalisation will not be modelled (Bogdanovic et al., 

2006). 

 

Ang2 binding to Tie1:Tie2 

It has been suggested that Ang2 can also bind to Tie2 in the Tie1:Tie2 complex, and is 

not affected by Tie1 (Hansen et al., 2010). Therefore it is assumed that this is similar to 

Ang2 binding to a Tie2 monomer. 
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3.4. Scaling of Tie2 in the extracellular space 

The reactions of ligand binding to Tie2 occur in the extracellular medium which has a 

volume of 1x10-3 litres. Once the ligand is bound this induces subsequent binding of free 

Tie2 to form oligomers.  However as the free Tie2 is not freely moving in the extracellular 

medium but is anchored to the cell membrane, this reaction of oligomerisation takes place 

in a much smaller volume (Figure 3.4). Upon ligand binding receptor tyrosine kinases 

have been suggested to oligomerize at the ectodomain (Barton et al., 2006; Hubbard & 

Till, 2000). Therefore the volume that this reaction takes place is in the extracellular space 

outside the cell membrane and within the reach of the Tie2 ectodomain. Figure 3.4 

illustrates the Tie2 ectodomain and its dimensions; 90 x 65 x 50 Å (Barton et al., 2006). 

From this the reach of the Tie2 ectodomain is calculated to be 9nm. The surface area of 

a HUVEC stated in the literature is 400x10-9 m2 (4x1011 nm2) (Bai et al., 2008) and 10,400 

um2 (1x1010 nm2) (Lee et al., 2007), thus for the calculation the area was assumed to be 

4x108 nm2. To calculate the extracellular space volume per cell, the surface area was 

multiplied by the reach of the Tie2 ectodomain (9 nm) and halved, assuming that half the 

cell surface is exposed to the medium. The total volume per well (of a 6 well plate) was 

calculated by multiplying the volume per cell by the total amount of cells per well (2x105 

cells per well), and was converted to litres. The ratio between the extracellular medium 

(1x10-3 L) and extracellular space (3.6x10-10 L) is 2.8x106. Therefore the concentrations 

of Tie2 and Tie1 involved in the oligomerisation reactions (occur in the extracellular 

space) were scaled up by multiplying them by the factor of 2.8x106. 
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Figure 3.4: The extracellular space and Tie2 ectodomain.  

The diagram illustrates the 3 different compartments in the model; the extracellular medium, the 

extra cellular space and the intracellular space. The angiopoietin ligands and soluble Tie2 (sTie2) 

are freely moving in the extracellular medium and the receptors Tie1 and Tie2 are anchored to 

the cell membrane. The Tie2 ectodomain in the extracellular space has the dimensions of 90 x 65 

x 50 Å (Barton et al., 2006). 

 

 

3.5. Derivation of the kinetic model 

3.5.1. Kinetic equations 

A list of kinetic equations to describe the behaviour of the Ang-Tie interactions was 

produced using the schematic diagram (Figure 3.3) and modified ODEs from the 

previously described EGFR model by (Kholodenko et al., 1999) (Table 3.3). Each ODE 

equation for the change in state concentration over time is assigned a reaction rate which 

is either mass-action or Michaelis-Menten kinetics (Table 3.4- Ang1 modelling, Table 

3.5- Ang2 modelling). 
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State 

number 
State 

Time-course for 

concentration 
Kinetic reaction rates 

1 Ang1 d[Ang1]/dt = – V1 

2 Tie2 d[Tie2]/dt = 

– V1 – V2 – V3 – V4 + V13 –

V14 – V16 – V17 – V18 – V19 – 

V20 – V21 – V22 – V23 – V24 

3 Ang1.Tie2 d[Ang1.Tie2]/dt = V1 – V2 – V9 

4 Ang1.(Tie2)2 d[Ang1.(Tie2)2]/dt = V2 – V3 – V10 

5 Ang1.(Tie2)3 d[Ang1.(Tie2)3]/dt = V3 – V4 – V11 

6 Ang1.(Tie2)4 d[Ang1.(Tie2)4]/dt = V4 – V5 + V6 – V12 

7 Ang1.(Tie2)4.P d[Ang1.(Tie2)4.P]/dt = V5 – V6 – V7 

8 i.Ang1.(Tie2)4.P d[i.Ang1.(Tie2)4.P]/dt = V7 – V8 

9 d.Ang1.(Tie2)4.P d[d.Ang1.(Tie2)4.P]/dt = V8 

10 i.Ang1.Tie2 d[i.Ang1.Tie2]/dt = V9 

11 i.Ang1.(Tie2)2 d[i.Ang1.(Tie2)2]/dt = V10 

12 i.Ang1.(Tie2)3 d[i.Ang1.(Tie2)3]/dt = V11 

13 i.Ang1.(Tie2)4 d[i.Ang1.(Tie2)4]/dt = V12 

14 nTie2 d[nTie2]/dt = – V13 

15 Tie1 d[Tie1]/dt = – V14 

16 Tie1:Tie2 d[Tie1:Tie2]/dt = V14 – V27 – V28 – V29 

17 sTie2 d[sTie2]/dt = V15 – V30 – V31 – V32 

18 Ang1.sTie2 d[Ang1.sTie2]/dt = V15 

19 (Ang2)2 d[(Ang2)2]/dt = – V16 – V27 – V30 

20 (Ang2)2.Tie2 d[(Ang2)2.Tie2]/dt = – V16 – V17 

21 (Ang2)2.(Tie2)2 d[(Ang2)2.(Tie2)2]/dt = V17 

22 (Ang2)3 d[(Ang2)3]/dt = – V18 – V28 – V31 

23 (Ang2)3.Tie2 d[(Ang2)3.Tie2]/dt = V18 – V19 

24 (Ang2)3.(Tie2)2 d[(Ang2)3.(Tie2)2]/dt = V19 – V20 

25 (Ang2)3.(Tie2)3 d[(Ang2)3.(Tie2)3]/dt = V20 
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26 (Ang2)4 d[(Ang2)4]/dt = – V21 – V29 – V32 

27 (Ang2)4.Tie2 d[(Ang2)4.Tie2]/dt = V21 – V22 

28 (Ang2)4.(Tie2)2 d[(Ang2)4.(Tie2)2]/dt = V22 – V23 

29 (Ang2)4.(Tie2)3 d[(Ang2)4.(Tie2)3]/dt = V23 – V24 

30 (Ang2)4.(Tie2)4 d[(Ang2)4.(Tie2)4]/dt = V24 – V25 + V26 

31 (Ang2)4.(Tie2)4.P d[(Ang2)4.(Tie2)4.P]/dt = V25 – V26 

32 (Ang2)2.Tie1:Tie2 d[(Ang2)2.Tie1 :Tie2]/dt = V27 

33 (Ang2)3.Tie1:Tie2 d[(Ang2)3.Tie1 :Tie2]/dt = V28 

34 (Ang2)4.Tie1:Tie2 d[(Ang2)4.Tie1 :Tie2]/dt = V29 

35 (Ang2)2.sTie2 d[(Ang2)2.sTie2]/dt = V30 

36 (Ang2)3.sTie2 d[(Ang2)3.sTie2]/dt = V31 

37 (Ang2)4.sTie2 d[(Ang2)4.sTie2]/dt = V32 

Table 3.3: Kinetic equations comprising the computational model 

ODE equations which form the mathematical model and describe the behaviour of the system. 

The time-courses of the different state concentrations are governed by kinetic reaction rates which 

are full described by their rate equations. Reactions for Ang1 modelling are in black and reactions 

for Ang2 modelling are in blue. 
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Reaction Rate Equation Parameter 

V1 Ang1 binds to Tie2 

k1[Ang1][Tie2] 

                             -k-1[Ang1.Tie2] 

 

k1 

k-1 

V2 Formation of Ang1.Tie2 dimer 

k2([Ang1.Tie2]*2800000)*([Tie2]*2800000) 

                                                                 -k-2[Ang1.(Tie2)2] 

 

k2 

k-2 

V3 Formation of Ang1.Tie2 trimer 

k3[Ang1.(Tie2)2]*([Tie2]*2800000) 

                                                                 -k-3[Ang1.(Tie2)3] 

 

k3 

k-3 

V4 Formation of Ang1.Tie2 tetramer 

k4[Ang1.(Tie2)3]*([Tie2]*2800000) 

                                                                 -k-4[Ang1.(Tie2)4] 

 

k4 

k-4 

V5 Phosphorylation of Ang1.Tie2 tetramer 

k5[Ang1.(Tie2)4] 

                                -k-5[Ang1.(Tie2)4.P] 

 

k5 

k-5 

V6 Dephosphorylation of Ang1.Tie2 tetramer 

   kv6   (Ang1.(Tie2)4.P) 

 k7 + (Ang1.(Tie2)4.P) 

 

kv6 

k6  

V7 Internalisation of the phosphorylated Tie2 tetramer 

k7[i.Ang1.(Tie2)4.P] 

 

k7 

V8 Degradation of the internalised phosphorylated Tie2 

tetramer 

k8[d.Ang1.(Tie2)4.P] 

 

k8 

V9 Internalisation of Tie2 monomer 

k9[i.Ang1.(Tie2)] 

 

k9 

V10 Internalisation of Tie2 dimer 

k10[i.Ang1.(Tie2)2] 

 

k10 

V11 Internalisation of Tie2 trimer 

k11[i.Ang1.(Tie2)3] 

 

k11 

V12 Internalisation of Tie2 tetramer 

k12[i.Ang1.(Tie2)4] 

 

k12 

V13 Replenishment of cell surface Tie2 

k13[nTie2] 

 

k13 

V14 Formation of Tie1.Tie2 heterodimer 

k14([Tie1] *2800000) * ([Tie2] *2800000) 

                                                                      -k-14[Tie1:Tie2] 

 

k14 

k-14 

V15 Ang1 binds to sTie2 

k15[Ang1][sTie2] 

                              -k-15[Ang1.sTie2] 

 

k15 

k-15 

Table 3.4: Rate equations for the kinetic reaction rates for Ang1 model interactions 

The rate equations for each kinetic reaction rate of the system identified in chapter 3.1. The 

dephosphorylation equations use Michaelis-Menten kinetics whereas the rest are mass-action 

kinetics. Each equation has parameters which need to be quantified. 
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 Rate Equation Parameter 

V16 (Ang2)2 binds to Tie2 

k16[(Ang2)2][Tie2] 

                                   -k-16[(Ang2)2.Tie2] 

 

k16 

k-16 

V17 Formation of (Ang2)2.Tie2 dimer 

k17([(Ang2)2.Tie2]*2800000)*([Tie2]*2800000) 

                                                               -k-17[(Ang2)2.(Tie2)2] 

 

k17 

k-17 

V18 (Ang2)3 binds to Tie2 

k18[(Ang2)3][Tie2] 

                                   -k-18[(Ang2)3.Tie2] 

 

k18 

k-18 

V19 Formation of (Ang2)3.Tie2 dimer 

k19([(Ang2)3.Tie2]*2800000)*([Tie2]*2800000) 

                                                               -k-19[(Ang2)3.(Tie2)2] 

 

k19 

k-19 

V20 Formation of (Ang2)3.Tie2 trimer 

k20[(Ang2)3.(Tie2)2]*([Tie2]*2800000) 

                                                              -k-20[(Ang2)3.(Tie2)3] 

 

k20 

k-20 

V21 (Ang2)4 binds to Tie2 

k21[(Ang2)4][Tie2] 

                                 -k-21[(Ang2)4.Tie2] 

 

k21 

k-21 

V22 Formation of (Ang2)4.Tie2 dimer 

k22([(Ang2)4.Tie2]*2800000)*([Tie2]*2800000) 

                                                               -k-22[(Ang2)4.(Tie2)2] 

 

k22 

k-22 

V23 Formation of (Ang2)4.Tie2 trimer 

k23[(Ang2)4.(Tie2)2]*([Tie2]*2800000) 

                                                               -k-23[(Ang2)4.(Tie2)3] 

 

k23 

k-23 

V24 Formation of (Ang2)4.Tie2 tetramer 

k24[(Ang2)4.(Tie2)3]*([Tie2]*2800000) 

                                                              -k-24[(Ang2)4.(Tie2)4] 

 

k24 

k-24 

V25 Phosphorylation of (Ang2)4.Tie2 tetramer 

k25[(Ang2)4.(Tie2)4] 

                                      -k-25[(Ang2)4.(Tie2)4.P] 

 

k25 

k-25 

V26 Dephosphorylation of (Ang2)4.Tie2 tetramer 

   kv26   ((Ang2)4.(Tie2)4.P) 

 k26 + ((Ang2)4.(Tie2)4.P) 

 

kv26 

k26  

 V27 (Ang2)2 binds to Tie1:Tie2 

k27[(Ang2)2][Tie1:Tie2] 

                                            -k-27[(Ang2)2.Tie1:Tie2] 

 

k27 

k-27 

V28 (Ang2)3 binds to Tie1:Tie2 

k28[(Ang2)3][Tie1:Tie2] 

                                           -k-28[(Ang2)3.Tie1:Tie2] 

 

k28 

k-28 

V29 (Ang2)4 binds to Tie1:Tie2 

k29[(Ang2)4][Tie1:Tie2] 

                                           -k-29[(Ang2)4.Tie1:Tie2] 

 

k29 

k-29 

V30 (Ang2)2 binds to sTie2 

k30[(Ang2)2][sTie2] 

                                   -k-30[(Ang2)2.sTie2] 

 

k30 

k-30 

V31 (Ang2)3 binds to sTie2 

k31[(Ang2)3][sTie2] 

                                    -k-31[(Ang2)3.sTie2] 

 

k31 

k-31 
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V32 (Ang2)4 binds to sTie2 

k32[(Ang2)4][sTie2] 

                                    -k-32[(Ang2)4.sTie2] 

 

k32 

k-32 

Table 3.5: Rate equations for the kinetic reaction rates for Ang2 model interactions 

The rate equations for each kinetic reaction rate of the system identified in chapter 3.1. The 

dephosphorylation equations use Michaelis-Menten kinetics whereas the rest are mass-action 

kinetics. Each equation has parameters which need to be quantified. Oligomeric forms of Ang2; 

(Ang2)2 dimeric, (Ang2)3 trimeric, (Ang2)4 tetrameric. 

 

 

 

3.5.2. Parameters 

The list of rate equations generates a set of parameters which need to be quantified before 

the model can be simulated. The rate constants for each reaction and the concentrations 

of the different states at initial conditions were obtained from the literature and are 

described in Table 3.6 for modelling Ang1 interactions and Table 3.7 for modelling Ang2 

interactions. Parameters and state concentrations which are not available in the literature 

or in databases will need to be determined by quantitative experiments and these are 

indicated in Table 3.8. 
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Parameters (kinetic rate constants) for modelling Ang1 interactions 

Reaction Notation Value Units References 

Ang1.Tie2 binding 

Monomer 

k1 0.0094 nM-1s-1 Experimental data 

Dr K. Steele (Steele, 2013) k-1 0.0043 s-1 

Ang1.(Tie2)2  

Dimer 

k2 0.5 nM-1s-1 

(Kholodenko et al., 1999)          

Diffusion limit 

k-2 0.1 s-1 

Ang1.(Tie2)3  

Trimer 

k3 0.5 nM-1s-1 

k-3 0.1 s-1 

Ang1.(Tie2)4 

Tetramer 

k4 0.5 nM-1s-1 

k-4 0.1 s-1 

Ang1.Tie2.P 

phosphorylation 

k5 1 nM-1s-1 (Kholodenko et al., 1999)          
k-5 0.01 s-1 

Ang1.Tie2.P 

dephosphorylation 

kv6 43 
µmol/ 

min/mg 
(Cho et al., 1993) 

HPTP-β k-6 104000 nM 

Ang1.Tie2.P 

internalisation 
k7 0.00684 s-1 

Average parameter value for 

multiple references 

Tie2.P degradation k8 ?   

Tie2 

internalisation 
k9 0.00684 s-1 

Average parameter value for 

multiple references 

(Tie2)2  

internalisation 
k10 0.00684 [s-1 

(Tie2)3  

internalisation 
k11 0.00684 s-1 

(Tie2)4 

internalisation 
k12 0.00684 s-1 

nTie2 

replenishment 
k13 0.00684 s-1 Same as internalisation 

Tie1:Tie2 
k14 ?  

 
k-14 ?  

Ang1 binding 

sTie2 

k15 0.0094 nM-1s-1 Same as Ang1 binding to 

Tie2 k-15 0.0043 s-1 

Table 3.6: Reaction constants for Ang1 modelling 

Values for each of the reaction constants were taken from the literature. “?” indicates missing 

data. 
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Parameters (kinetic rate constants) for modelling Ang2 interactions 

Reaction Notation Value Units References 

(Ang2)2.Tie2 

binding Monomer 

k16 0.0094 nM-1s-1 Experimental data 

Dr K. Steele  (Steele, 2013) k-16 0.0096 s-1 

(Ang2)2.(Tie2)2  

Dimer 

k17 0.5 nM-1s-1 (Kholodenko et al., 1999) 

Diffusion limit k-17 0.1 s-1 

(Ang2)3.Tie2 

binding Monomer 

k18 0.0094 nM-1s-1 Experimental data 

Dr K. Steele  (Steele, 2013) k-18 0.0096 s-1 

(Ang2)3.(Tie2)2  

Dimer 

k19 0.5 nM-1s-1 (Kholodenko et al., 1999) 

Diffusion limit k-19 0.1 s-1 

(Ang2)3.(Tie2)3  

Trimer 

k20 0.5 nM-1s-1 (Kholodenko et al., 1999) 

Diffusion limit k-20 0.1 s-1 

(Ang2)4.Tie2 

binding Monomer 

k21 0.0094 nM-1s-1 Experimental data 

Dr K. Steele  (Steele, 2013) k-21 0.0096 s-1 

(Ang2)4.(Tie2)2  

Dimer 

k22 0.5 nM-1s-1 

(Kholodenko et al., 1999) 

Diffusion limit 

k-22 0.1 s-1 

(Ang2)4.(Tie2)3  

Trimer 

k23 0.5 nM-1s-1 

k-23 0.1 s-1 

(Ang2)4.(Tie2)4 

Tetramer 

k24 0.5 nM-1s-1 

k-24 0.1 s-1 

(Ang2)4.Tie2.P 

phosphorylation 

k25 1 nM-1s-1 (Kholodenko et al., 1999) 
k-25 0.01 s-1 

(Ang2)4.Tie2.P 

dephosphorylation 

kv26 43 
µmol/ 

min/mg 
(Cho et al., 1993) 

HPTP-β k-26 104000 nM 

(Ang2)2 binding to 

Tie1:Tie2 

k27 0.0094 nM-1s-1 

Same as Ang2 binding to 

Tie2 

Experimental data 

Dr K. Steele  (Steele, 2013) 

k-27 0.0096 s-1 

(Ang2)3 binding to 

Tie1:Tie2 

k28 0.0094 nM-1s-1 

k-28 0.0096 s-1 

(Ang2)4 binding to 

Tie1:Tie2 

k29 0.0094 nM-1s-1 

k-29 0.0096 s-1 

(Ang2)2 binding to 

sTie2 

k30 0.0094 nM-1s-1 

k-30 0.0096 s-1 

(Ang2)3 binding to 

sTie2 

k31 0.0094 nM-1s-1 

k-31 0.0096 s-1 

(Ang2)4 binding to 

sTie2 

k32 0.0094 nM-1s-1 

k-32 0.0096 s-1 

Table 3.7: Reaction constants for Ang2 modelling 

Values for each of the reaction constants were taken from the literature. “?” indicates missing 

data.  
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The initial main states in the model are; Ang1, Ang2 (dimer, trimer and tetramer), Tie1, 

Tie2, Tie1:Tie2, nTie2 and sTie2 (Table 3.8). The states which can be changed 

experimentally are also variable in simulations, therefore the initial concentrations of 

Ang1, Ang2 (all forms) and sTie2 depend on the simulation and experiment to be 

performed. The initial concentrations of Tie1, Tie2, Tie1:Tie2 and nTie2 per HUVEC are 

not available in the literature or databases and will need to be quantified. 

 

State 
Concentration 

(nM) 

Ang1 Experimental value 

Tie1 ? 

Tie2 ? 

Tie1:Tie2 ? 

nTie2 ? 

sTie2 Experimental value 

(Ang2)2 Experimental value 

(Ang2)3 Experimental value 

(Ang2)4 Experimental value 

Table 3.8: State concentrations to be determined 

The initial concentrations for the variable states need to be determined to simulate the model. “?” 

indicates concentration of states which are not available in the literature and need to be quantified 

at initial conditions for input into the model. 
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3.6. Discussion 

This chapter aimed to identify the reactions to be modelled and produce a mathematical 

model which can be simulated by a computer. As the system is very complex many 

assumptions had to be made to simplify the model. After numerous preliminary attempts 

to model the system this chapter presents the simplified mathematical model. 

To mathematically describe the behaviour of the system a list of kinetic equations was 

produced, and these equations which are governed by the kinetic reaction rates were fully 

described by the corresponding list of rate equations. The rate equations identified a list 

of parameters the values of which many were obtained from various literature data and 

previous models. 

Some of these parameters are not specific to the angiopoietin and Tie system in HUVECs 

and are therefore used as a guide value for simulations. As these values are not accurate 

it is possible to change and re-define the parameters in future simulations to fit the 

simulation results to experimental data. 

Furthermore the parameter values and state concentrations which are not available in the 

literature have been identified and must be quantified before the model can be simulated. 
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Chapter 4: Experimental quantification and derivation of 

parameters 

In Chapter 3 the mathematical model was constructed and identified a list of rate 

constants and state concentrations which remain to be quantified before the model can be 

simulated. This chapter aims to determine and quantify these parameters which are not 

available in the literature (Tables 3.7 and 3.8) prior to simulating the model.  

 

4.1. Quantification of Tie1 and Tie2 receptors in HUVECs 

To quantify the concentration of Tie1 and Tie2 receptors, whole cell lysate samples were 

compared to a standard calibration curve of recombinant Tie. There are two methods 

which will be used to detect and quantify the optical densities of the proteins from a 

western blot. The first method is by using film detection and quantification using Image 

J software. The second method is by using a cooled charge-coupled device (CCD) camera 

to capture the chemiluminescent light from the blot and converting this to an electrical 

signal and finally to a digital signal which can be quantified using MultiGauge ver2.0 

software (Young, 2009).  

HUVECs were plated at a known amount (1x105 cells per well) and prepared as described 

in Chapter 2.21. Five concentrations of recombinant Tie were prepared between the 

ranges of 0-750 ng/ml. The cell lysates and recombinant Tie (Tie1 or Tie2) were resolved 

by SDS-PAGE, blotted and probed, with Tie1 or Tie2 primary antibody (R&D Systems) 

and secondary anti-goat-HRP (Dako) to detect the protein using enhanced 

chemiluminescence. Figure 4.1 shows the blots for Tie1 and Tie2, and the bands of 

protein present at their respective sizes of 125 kDa for mature Tie1 (top band) and 150 
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kDa for Tie2. Chemiluminescence was detected using film or a CCD imager. The bands 

were quantified by densitometry using ImageJ software for film or MultiGauge ver2.0 

software for CCD images.  

Probing for Tie1 produces a doublet band consisting of an upper band which is the fully 

glycosylated surface-expressed Tie1 and the lower band which is the partially 

glycosylated intracellular Tie1 (Marron et al., 2007). Thus for Tie1 only the top band in 

the cell lysates samples were quantified as this is the mature form. These results were 

analysed from 4 experiments using Film (Figure 4.1A), and 5 experiments using the CCD 

imager (Figure 4.2A). 

A graph was plotted of the known concentrations of recombinant Tie against their relative 

optical densities (Figures 4.1B, 4.2B). The optical densities of Tie1 and Tie2 in the whole 

cell lysate samples were compared to the standard calibration curve to determine the 

concentration of protein in the sample analysed per track. 
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4.1.1. Quantification using ImageJ 

A 

 

 

 

B 

 

Figure 4.1: Quantification of Tie1 and Tie2 using film detection. 

HUVECs were lysed and the proteins from the cell lysates (1-3) and recombinant Tie (0-750 

ng/ml) were separated by SDS-PAGE. Tie antibodies were used to detect Tie1 and Tie2 proteins. 

Bands for mature Tie1 are ~125 kDa (top band for cell lysates) and ~150 kDa for mature Tie2. 

The bands were quantified by densitometry.  

Densitometry was used to quantify the optical densities of bands for Tie1 and Tie2 in the samples 

of recombinant Tie (of known concentrations) and the cell lysates (unknown concentrations). 

This graph shows a standard calibration of the recombinant Tie1 (blue) and Tie2 (red) against 

their relative optical densities. The concentrations of analysed Tie1 and Tie2 in the cell lysates 

were obtained from the graph using their optical densities. These results are representative of 1 

experiment (n = 4). 
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4.1.2. Quantification using CCD imager 

A 

 

 

 B 
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Figure 4.2: Quantification of Tie1 and Tie2 using CCD imaging detection. 

A. HUVECs were lysed and the proteins from the cell lysates (1-4) and recombinant Tie1 (0-400 

ng/ml) or recombinant Tie2 (0-750 ng/ml) were resolved by SDS-PAGE. Antibodies were used 

to detect Tie1 or Tie2 protein. Chemiluminescence was detected by the CCD imager and the 

bands for mature Tie1 (~125 kDa) or Tie2 (~150 kDa) were quantified by densitometry using 

MultiGauge software.  

B. Densitometry using MultiGauge software was performed to quantify the standard region 

intensities of bands for Tie1 or Tie2 in the samples of recombinant Tie1 or recombinant Tie2 (of 

known concentrations) and the cell lysates (unknown concentrations). This graph shows a 

standard calibration of the recombinant Tie1 or Tie2 against the relative standard region intensity. 

The concentrations of analysed Tie1 or Tie2 in the cell lysates were obtained from the graph using 

their standard region intensity. These results are representative of 1 experiment (n=5). 
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4.1.3. Calculation of Tie1 and Tie2 in HUVECs 

To analyse Tie protein in HUVECs, the concentrations of analysed Tie for the cell lysates 

were calculated to find: i) the total concentration in whole cell lysate sample, ii) amount 

of Tie1 and Tie2 receptors per cell, and iii) their molar concentrations. 

i) The concentrations in ng/ml were converted to g/L, multiplied by the amount of 

recombinant Tie loaded per track, and converted to the total concentration in 

whole cell lysate sample of 1x105 HUVECs. 

ii) The total concentration of Tie per cell was divided by their molecular mass of 

Tie1 (125 kDa) or Tie2 (150 kDa) to calculate the amount in moles per cell, and 

multiplied by Avogadro’s constant (6x1023) to calculate the amount of Tie 

molecules per cell.  

iii) To calculate the molar concentration; the amount of Tie molecules was multiplied 

by the number of cells per well, then divided by Avogadro’s constant (6x1023) 

and multiplied by 1000 to give the molar concentration per litre. 
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4.1.4. Results of Tie quantification using both methods 

Using the Film/ImageJ method for quantification, the results show that per HUVEC it is 

estimated to have a total of ~300,000 (5.22*10-7 nmol/L) Tie1, and ~700,000 (1.14*10-6 

nmol/L) Tie2 (Table 4.1).  

 

Using the CCD imager/MultiGauge method for quantification, the results show that per 

HUVEC it is estimated to have a total of ~75,000 (1.55*10-7 nmol/L) Tie1 and ~180,000 

(2.99*10-7 nmol/L) Tie2 (Table 4.2). 

 

Receptor 

Mean no. of 

Tie per 

HUVEC 

SEM 

Mean [Tie] 

per HUVEC 

(nmol/L) 

SEM 

(nmol/L) 
n 

Tie1 314305 83231 5.22*10-7  1.38*10-7   4 

Tie2 684498 138096 1.14*10-6  2.29*10-7   4 

Table 4.1: Quantification of Tie1 and Tie2 in HUVECs using ImageJ. 

The mean number of Tie1 and Tie2 per HUVEC and their standard error of the mean (SEM), and 

the mean concentration of Tie in a HUVEC and SEM were calculated. There are more Tie1 than 

Tie2 receptors in HUVECs. These results were taken from 4 experiments of Tie1 quantification 

and 4 experiments of Tie2 quantification. 

 

Receptor 

Mean no. of 

Tie per 

HUVEC 

SEM 

Mean [Tie] 

per HUVEC 

(nmol/L) 

SEM 

(nmol/L) 
n 

Tie1 74774 44674 1.55*10-7  7.42*10-8  4 

Tie2 179880 12202 2.99*10-7  2.03*10-8  5 

Table 4.2: Quantification of Tie1 and Tie2 in HUVECs using CCD imager. 

The mean number of Tie1 and Tie2 per HUVEC and their standard error of the mean (SEM), and 

the mean concentration of Tie in a HUVEC and SEM were calculated. There are more Tie2 than 

Tie1 receptors in HUVECs. These results were taken from 4 x Tie1, and 5 x Tie2 experiments. 
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A comparison of the values from the two methods shows that there is a major difference 

in quantification, although the ratio of Tie1 and Tie2 is similar. Film based detection has 

many drawbacks due to the threshold level with low levels of signal and saturation effects 

with high levels of signal. Film only has a dynamic range of 5x102 (500). Therefore film 

has a smaller limited linear range over which proteins can be quantified. On the other 

hand CCD detection has a huge dynamic range of 103 -105 (1000-100,000) and therefore 

allows accurate quantification. 

 

4.2. Assessing the Film and CCD imaging methods for accuracy in 

quantification 

To determine the most accurate method for quantification, HUVECs were lysed and three 

cell lysate samples were spiked with a known concentration of recombinant Tie2 (200 

ng/ml). Separate gels were loaded with cell lysate samples and the standard calibration 

of recombinant Tie2; one for detection by film and another for detection by CCD imager. 

Proteins were resolved by SDS-PAGE, probed for Tie2 and detected using each method. 

The region intensities (optical densities) of the protein bands were quantified (Figure 4.3).  

 

The concentrations of Tie2 in the cell lysates per track were obtained from the standard 

calibration curve using their region intensity. The mean average concentration of spiked 

cell lysate samples was calculated. The expected concentration of the spiked samples was 

calculated by adding the region intensity of the concentration of cell lysate (control) to 

the region intensity of the concentration of Tie2 (200 ng/ml) used to spike the samples 

(Table 4.3). The percentage difference between the average sample value and expected 

value was calculated as the percentage error. 
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A 

 
 

 

B 
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Figure 4.3: Assessing film and CCD imaging methods for accuracy in quantification 

A. HUVECs were lysed (cell lysates 1-4) and 3 lysate samples were spiked with 200 ng/ml Tie2. 

All cell lysate samples and a standard calibration of recombinant Tie2 (0 - 600 ng/ml) were 

resolved by SDS-PAGE. Tie antibodies were used to detect Tie2 protein. Bands for Tie2 

(~150kDa) were quantified by densitometry; ImageJ software for Film and MultiGauge software 

for CCD images. 

B. Densitometry using Film and ImageJ software, or CCD imaging with MultiGauge software 

was performed to quantify the optical densities of bands for Tie2 in the samples of recombinant 

Tie2 (of known concentrations) and the cell lysates. This graph shows a standard calibration of 

the recombinant Tie2 against the optical density. The concentrations of Tie2 in the cell lysates 

per track were obtained from the graph using their optical density. These results are representative 

of 1 experiment. 
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ImageJ 

Sample OD Tie2 ng/ml 

Cell lysate 1 85.19 199.25 

200 ng/ml Tie2 65.56 163.47 

Spiked cell lysate 2 406.08 784.17 

Spiked cell lysate 3 402.54 777.71 

Spiked cell lysate 4 369.47 717.44 

Average of  spiked cell lysates 759.78 

Expected spiked concentration 362.72 

Standard error of the mean (SEM) 21.25 

Percentage difference (error) 109.47 

 

CCD imager 

Sample OD Tie2 ng/ml 

Cell lysate 1 966073 151.11 

200 ng/ml Tie2 1276418 202.91 

Spiked cell lysate 2 2126975 344.88 

Spiked cell lysate 3 1905687 307.94 

Spiked cell lysate 4 2178456 353.47 

Average of spiked cell lysates 335.43 

Expected spiked concentration 354.02 

Standard error of the mean (SEM) 13.97 

Percentage difference (Error) -5.25% 

 
Table 4.3: Assessing film and CCD imaging methods for accuracy in quantification. 

Quantification of Tie2 samples was performed using film detection with ImageJ densitometry, 

and CCD imaging detection with MultiGauge densitometry. The concentrations of Tie2 in the 

cell lysates per track were obtained from the graph using their optical density. The mean average 

concentration of spiked cell lysate samples was calculated. The expected spiked concentration is 

the concentration of cell lysate plus the concentration of Tie2 used to spike the samples. The 

standard error of the mean and the percentage difference between the average sample value and 

expected value (percentage error) was also calculated. These results are representative of 1 

experiment. 

 

Overall, this experiment repeated three times independently showed a consistently higher 

than expected amount of Tie2 (>200 ng/ml) in the spiked samples when using film, 

whereas the CCD imager detects spiked cell lysate concentrations of Tie2 that are much 

closer to the actual expected amount. Quantification using film had an average error of 

141% whereas the CCD imager had an average error of 10.8%. Therefore this study 
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suggests that using the CCD imager for quantification is a more accurate and reliable 

method than using Film. Future experiments for quantification were conducted using 

CCD imaging detection and MultiGauge Software for densitometry. 

 

4.3. Cell surface concentrations of Tie1, Tie2 and Tie1:Tie2 

Preliminary experiments performed by Dr Tariq Tahir show that 90% of total Tie1 and 

50% of total Tie2 is on the cell surface of HUVECs. Using the values of total Tie1 and 

Tie2 per HUVEC this was calculated to be 0.0224 nM for Tie1 and 0.0299 nM for Tie2. 

A study by Marron and colleagues estimated that 80% of Tie2 exists in complex with 

Tie1 (Marron et al., 2000). However as the Tie1 concentration is less than 80% of Tie2 

it is assumed that 50% of cell surface Tie2 is also in complex with the cell surface Tie1. 

The cell surface concentrations for Tie1, Tie2 and Tie1:Tie2 are 0.00745, 0.01495, 

0.01495 nM respectively (Table 4.4). 

 

4.4. Internal concentration of Tie2  

The remaining Tie2 is 50% (0.0299 nM) which is within the cell. The internal new Tie2 

(nTie2) is assumed to be transported to the cell surface during ligand stimulation (Table 

4.4). As the internal Tie1 (10%) is a very low concentration the replenishment for Tie1 

will not be modelled. 
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4.5. Dephosphorylation of Tie2 

The Vmax of HPTP-β is assumed to be 43 µmol/min/mg (as discussed in Chapter 3.3.3). 

This was recalculated using the concentration of Tie2 to give the Vmax in nM.s-1.             

kv6 = 13030.3 nM.s-1 (Table 4.5). 

 

4.6. The rate of phosphorylated Tie2 degradation 

The process of internalisation to degradation is a complex step to model, and a difficult 

parameter to quantify. Thus the model assumes that degradation occurs to decrease the 

internal phosphorylated Tie2 along with dephosphorylation, and thereby down regulating 

Tie2 activation. However it is assumed to be a slow process, 10 fold slower than 

internalisation and replenishment, k8 = 0.000684 s-1 (Table 4.5). 

 

4.7. The rate of Tie1:Tie2 heterodimerisation and dissociation 

As the rate of Tie1:Tie2 association and dissociation are difficult to quantify 

experimentally it is assumed that the dissociation rate is the same as Tie2:Tie2 

dissociation (0.1 s-1). To determine the parameter for Tie1 and Tie2 association, the 

equilibrium of Tie1, Tie2 and Tie1:Tie2 needs to be balanced at initial conditions. Hence 

the concentrations of the states (scaled to account for the smaller volume of the 

extracellular space) and dissociation parameter can be substituted into the equation [4.6].  
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[4.6] 

The parameter for Tie1:Tie2 heterodimerisation is 1.71x10-12 nM-1s-1 (Table 4.5). 

 

4.8. Quantified parameter values and state concentrations 

The quantified state concentrations and calculated parameter values summarised in tables 

4.4 and 4.5 were input in to the scripts to prepare the model simulation. 

State 
Concentration 

(nM) 

Tie1 0.00745 

Tie2 0.01495 

Tie1:Tie2 0.01495 

nTie2 0.0299 

Table 4.4: Quantified state concentrations. 

The initial concentrations for the variable states were quantified and calculated to give the 

concentrations of Tie1, Tie2 and Tie1:Tie2 on the cell surface and the concentration of Tie2 

within the cell, nTie2. 

 

Reaction Parameter Value Reference 

pTie2 

dephosphorylation 
kv6 13030.3 nM.s-1 

Calculated 

(Cho et al., 1993) 

pTie2 degradation k8 0.000684 s-1 
Estimated from average 

internalisation value 

Tie1:Tie2 

k14 1.71x10-12 nM-1s-1 
Calculated from    

equation [4.6] 

k-14 0.1 s-1 (Kholodenko et al., 1999) 

Table 4.5: Calculated parameter values. 

The parameter values for phosphorylated Tie2 dephosphorylation and degradation, Tie1 and Tie2 

heterodimerisation and Tie1:Tie2 dissociation were calculated. 
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4.9. Discussion 

This chapter presents the quantified parameters; rate constants and state concentrations 

at initial conditions which are required to complete the model. 

 

The concentration of Tie1 and Tie2 in HUVECs was quantified as accurately as possible 

using Western blotting and a CCD camera to digitally image the blots and facilitate 

quantification of region intensities using the MultiGauge quantification software. 

 

From these values and using data provided by Dr Tariq Tahir, the cell surface 

concentrations of Tie1, Tie2, Tie1:Tie2 and nTie2 were also derived. 

 

The rate constants for degradation of phosphorylated Tie2 and for Tie1:Tie2 

heterodimerisation were also determined. However as these values were not directly 

quantified in HUVECs it is possible to change and re-define the parameters in future 

simulations to fit the simulation results to experimental data. 

 

In conclusion all the parameters have been quantified and the model is ready to be 

simulated and validated. 
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Chapter 5: Model simulations and validation without 

dephosphorylation 

In order to validate the model, in silico simulation results need to be compared to 

experimental results. This model uses the activation of Tie2 as an indicator for the levels 

of Tie2 signalling thus the levels of Tie2 activation in experiments needs to be measured. 

Activation of Tie2 signalling can be determined by measuring Y992 or Y1108 Tie2 

phosphorylation, which correlates with receptor activity. Autophosphorylation of the 

receptor begins with phosphorylation of Y992 on the activation loop followed by the 

phosphorylation of Y1108 on the C-terminal tail (Murray et al., 2001). 

In preliminary experiments it was difficult to measure the levels of Tie2 phosphorylation 

stimulated by low levels of Ang1 in the presence of full phosphatase activity. Sodium 

orthovanadate (vanadate) is a phosphatase inhibitor which has been used as a pre-

treatment in many Tie2 studies to reduce phosphatase activity (Kontos et al., 1998; 

Teichert-Kuliszewska et al., 2001; Jones et al., 2003; Tsai & Lee, 2009; Yacyshyn et al., 

2009). Therefore in the following experiments a pre-treatment with vanadate was used 

for the preservation of phosphorylation and to facilitate the detection of Tie2 

phosphorylation in cells stimulated with Ang1. To account for the inhibition of 

phosphatase activity in the model, the dephosphorylation reaction was removed, and all 

parts of the model were validated except the dephosphorylation reaction. 

Two commonly used procedures to measure phosphorylation are Western blotting and 

immunofluorescence. The advantages of Western blotting are that the proteins in the cell 

lysate are resolved and the specific protein can be quantified at its respective mass (kDa). 



     Chapter 5: Model simulations and validation without dephosphorylation 
 

82 
 

However the results produce limited information as it cannot be used for individual cells, 

only the population of cells. Alternatively, fluorescence microscopy can monitor 

thousands of single cells and therefore generate results of the variation in individual cells, 

although a specific high quality antibody is needed to discriminate between specific and 

non-specific protein and produce accurate results. Both techniques allow multiple 

measuring of state parameters e.g. activated and total receptor. 

Preliminary experiments were performed to test whether these techniques can be used to 

quantify receptor activation for model validation. 

 

5.1. Immunofluorescence detection of Ang1 induced Tie2 activation 

Immunofluorescence was performed to quantify the concentration-dependent effect of 

Ang1 on the levels and localisation of activated Y992 Tie2 (phosphorylated Tie2).  

 

HUVECs were grown to 50% confluency on coverslips, serum starved for 4 hours and 

treated with Ang1 (200 ng/ml) for 30 minutes before fixing, permeablizing with 90% 

methanol and 0.5% SDS for antigen retrieval, then blocking and staining as described in 

Chapter 2.3. An antibody for phosphorylated Tie2 (R&D Systems) was used to label the 

phosphorylated Y992 of Tie2. This was detected using the Cy3 fluorochrome and the 

nuclei were counter-stained with DAPI. Immunofluorescence microscopy was used to 

visualise and localise phosphorylated Tie2 in HUVECs (Figure 5.1). 
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The images show an increased fluorescence in Ang1 treated samples, representative of 

three experiments. The cells are defined and staining is mainly found around the cell 

membrane with low staining in the nucleus. Attempts to quantify the levels of 

fluorescence for each cell did not differentiate between phospho-immunofluorescence 

signal and non-specific signals as the ScanR analysis quantification software provided by 

Advanced Imaging Facility could not detect the membrane of single cells, and therefore 

quantify membrane only fluorescence. Despite a number of attempts and due to poor 

quantification results, immunofluorescence could not be used for further experiments and 

immunoblotting was used instead. 
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Figure 5.1: Immunofluorescence detection of phospho-Y992 Tie2. 

HUVECs were serum starved and treated with Ang1. The control and Ang1-treated samples were 

stained with phospho-Y992 Tie2 primary antibody and Cy3 secondary antibody (red fluorescence). 

All samples were counterstained with DAPI (blue fluorescence). Immunofluorecence was 

detected using an inverted fluorescence microscope. Results are representative of 3 experiments 

(100x magnification). 
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5.2. Immunoblotting of Ang1-induced Tie2 activation 

To test whether blotting could be used to quantify Tie2 activation, HUVECs were grown 

to 50% confluency, serum-starved for one hour and treated with vanadate, followed by 

the different concentrations of Ang1 for 15 minutes. The samples were prepared (as 

described in Chapter 2 4.1.2), resolved by SDS-PAGE and blotted. The blots were probed 

with anti-phospho-Tie2 pY992 (figure 5.2A). To quantitatively analyse this blot, the 

intensities of phospho-Tie2 protein were quantified using a CCD imager and MultiGauge 

software. The blots were reprobed for Tie2 and also quantified to normalise the results 

for phosphorylation against Tie2. The results show that Ang1 induced a concentration 

dependent increase in Tie2 phosphorylation indicated by the increasing intensity of the 

145 kDa band of phospho-Tie2 as shown in figure 5.2. 

The percentages of maximal phosphorylation calculated using the optical densities of the 

bands for phospho-Tie2 were plotted against their relative concentrations of Ang1 

treatment (Figure 5.2B). The graph in figure 5.2B shows that Ang1 induces an increase 

in phospho-Tie2 which can be quantified.  Hence immunoblotting proved to be an 

effective method to quantify phosphorylation. 
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A 

 

B 

 
Figure 5.2: Phosphorylation of Y992 Tie2 in HUVECs treated with Ang1. 

A. Western blotting was used to resolve and identify phospho-Tie2 in HUVECs treated with 

various concentrations of Ang1. The blots shows that Ang1 induces an increase in phosphorylated 

Tie2. The blot was reprobed for Tie2 to normalize the results. 

B. Phospho-Tie2 protein from the blot was quantified using MultiGauge. The percentage of 

maximal phosphorylation of Tie2 was calculated and plotted against the respective concentration. 
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5.3. Conjugation of pY992 protein 

To quantify the absolute amount of phosphorylated Tie2 in HUVECs, a standard 

calibration of phospho-Tie2 will be required. The phosphorylation of the Y992 tyrosine 

on Tie2 is the activating tyrosine therefore it will be used to determine the amount of 

phosphorylated (activated) receptor. Currently no Tie2-pY992 protein is available hence a 

standard protein of pY992, the primary phosphorylated Tyrosine of Tie2 needs to be 

synthesized (Chapter 2, 5).  

 

The pY992 containing peptide for Tie2 is:  

GQEVY*VKKTMG Y* = Phosphorylated tyrosine  Molecular mass = 1319.438 

 

This peptide sequence for pY992 was synthesized and the primary amine (lysine) of pY992
-

Tie2 was conjugated to the single available sulphydryl (cysteine-34) of bovine serum 

albumin (BSA) to make it easier to resolve and allow the peptide to bind to the 

nitrocellulose membrane. The BMPS (N-beta-maleimidopropyl-oxysuccinimide ester) 

cross-linking reagent which is a non-cleavable short amine-to-sulphydryl cross-linker 

was used to bind BSA to the synthesized peptide. 

 

Different amounts of the constructed protein were resolved using SDS-PAGE to 

determine whether the protein has been successfully conjugated to BSA and is present at 

the correct protein mass. The blots were probed with anti-pY992 Tie2 (Figure 5.3). 

 

Figure 5.3 shows that protein is present predominantly at ~69 kDa. The presence of higher 

bands suggests that the protein may be conjugated to more than one BSA. However mass 

spectrometry was unable to measure relative amounts of peptide conjugated to BSA and 
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unconjugated BSA. After using the protein in a series of experiments it was observed that 

the stability of the conjugated protein was poor. Thus the conjugated pY992 Tie2 was not 

used in future experiments as a standard for calibration, and instead the relative activation 

was measured. 

 

Figure 5.3: Blot of conjugated pY992-Tie2-BSA. 

The pY992-Tie2 peptide sequence was synthesized and conjugated to bovine serum albumin using 

the BMPS crosslinker. Different amounts of the protein were resolved using SDS-PAGE and 

probed for the new protein. The blot shows that there are concentrated bands present at 69 kDa 

which corresponds to the conjugated protein. Higher bands suggest that the protein has been 

conjugated to more than one BSA. 
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5.4. The effect of vanadate over time 

In preliminary experiments to examine Tie2 phosphorylation using Ang1 (below 50 

ng/ml) it was difficult to quantify the low levels of phosphorylation. Thus to stop the 

dephosphorylation of Tie2, vanadate, a phosphatase inhibitor was used to preserve 

phosphorylation in samples. Conversely it may also induce phosphorylation. To 

determine whether vanadate has an effect on phosphorylation, an experiment was 

performed to monitor the effect of vanadate on Y992-Tie2 phosphorylation and the basal 

activity of phosphatases. 

 

HUVECs were prepared as previously described (Chapter 2.4). Cells were treated with 

and without vanadate, and without Ang1 stimulation over a time-course. The cells were 

lysed for each time-point and protein samples were resolved using SDS-PAGE and 

probed for phospho-Tie2 (Y992). Chemiluminescence was detected using a CCD imager 

(Figure 5.4A).  

 

The results in figure 5.4 show that in the cells treated with vanadate there is an increase 

of phosphorylation which is evident at 60 minutes. Whereas cells not treated with 

vanadate maintain a very low basal level of phosphorylation. 

 

As vanadate has no noticeable effect on phosphorylation in cells stimulated for 30 

minutes, all future experiments treated with vanadate were not stimulated for longer than 

30 minutes. 

 

However as vanadate inhibits phosphatases the dephosphorylation step must be removed 

from the model to recreate this effect. 
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Figure 5.4: Time-course of the effect of vanadate. 

Cells were serum-starved and treated with vanadate for different time-points; 0, 30, 60, 80, 100 

and 120 minutes. The protein was resolved using SDS-PAGE and probed for phosphorylated Y992 

Tie2. Chemiluminescence was detected using a CCD imager. The blot shows that in the cells 

treated with vanadate there is a steady increase of phosphorylation over 120 minutes, whereas 

cells not treated with vanadate have very low phosphorylation. 

 

  



     Chapter 5: Model simulations and validation without dephosphorylation 
 

91 
 

Validation of model 

5.5. Steady-state analysis 

A steady state simulation was performed to determine whether the model is in equilibrium 

without any angiopoietin stimulation. Any errors in the reactions, initial state 

concentrations or parameter values will be identified if the model is found not to be in 

equilibrium. The model was simulated for 5 hours (ten times the length of the usual 

simulation) without adding initial concentrations of Ang1, Ang2, soluble Tie2 (sTie2) 

and new Tie2 (nTie2), which is only used to replace Tie2 during Ang1 or Ang2 induced 

simulations. The simulation plots in Figure 5.5 show that Tie1, Tie2 and Tie1:Tie2 

remain at the steady initial concentration throughout the simulation. The other states in 

the model remained at zero as there was no ligand present in the system to induce the 

formations of those states. The analysis suggests that the model is in equilibrium. 
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Figure 5.5: Simulation plots at steady-state. 

Simulation of the model was performed for 18000 seconds (5 hours) without the addition of Ang1 

or new Tie2 (nTie2).  

Plot A, shows the concentrations of Tie1 and Tie2 over time.  

Plot B, shows the concentration of Tie1:Tie2 over time.  
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5.6. The effect of Ang1 on Tie1, Tie2 and Tie1:Tie2 equilibrium. 

A simulation was performed to examine how the equilibrium between Tie1, Tie2 and 

Tie1:Tie2 is affected by adding Ang1 and the Tie2 replenishment reaction to the model. 

The model was simulated for 30 minutes with 50 ng/ml (0.179 nM) Ang1, and the initial 

concentration of new Tie2. The simulation plots in Figure 5.6 show that Ang1 induces 

dissociation of the Tie1:Tie2 complex, increases the amount of free Tie1 and decreases 

the amount of free Tie2. Adding the Tie2 replenishment reaction to the model shows that 

the concentration of nTie2 gradually decreases over time however the concentration of 

free Tie2 is not replenished to the initial concentration. This analysis suggests that on the 

addition of Ang1 the equilibrium between Tie1, Tie2 and Tie1:Tie2 shifts to favour free 

Tie1 and Tie2 by dissociating the Tie1:Tie2 heterodimer. 
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Figure 5.6: Simulation plots of the Ang1-induced effect on the Tie1, Tie2, Tie1:Tie2 

equilibrium. 

Simulation of the model was performed for 1800 seconds (30 minutes) with the addition of 0.179 

nM (50 ng/ml) Ang1 and 0.299 nM new Tie2 (nTie2).  

Plot A, shows the concentrations of Tie1 (blue), Tie2 (red) and Tie1:Tie2 (green) over time. The 

concentrations of Tie1:Tie2 complex and Tie2 decreases while Tie1 increases.  

Plot B, shows that the concentration of nTie2 gradually decreases over time.  
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5.7. The effect of Ang2 on Tie1, Tie2 and Tie1:Tie2 equilibrium. 

A simulation was performed to examine how the equilibrium between Tie1, Tie2 and 

Tie1:Tie2 is affected by adding Ang2 and the Tie2 replenishment reaction to the model. 

The model was simulated for 30 minutes with 200 ng/ml Ang2, and the initial 

concentration of new Tie2.  

The simulation plots in Figure 5.7 show that similar to Ang1, Ang2 induces dissociation 

of the Tie1:Tie2 complex, increases the amount of free Tie1 and decreases the amount of 

free Tie2. Adding the Tie2 replenishment reaction to the model shows that the 

concentration of nTie2 gradually decreases over time however the concentration of free 

Tie2 is not replenished to the initial concentration. The concentrations of Ang2 binding 

to Tie1:Tie2 rapidly increases during the initial 100 seconds of simulation then gradually 

decreases; furthermore the concentrations of complex formed are low.  

This analysis suggests that on the addition of Ang2 the equilibrium between Tie1, Tie2 

and Tie1:Tie2 shifts to favour free Tie1 and Tie2 by dissociating the Tie1:Tie2 

heterodimer. 
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Figure 5.7: Simulation plots of the Ang2-induced effect on the Tie1, Tie2, Tie1:Tie2 

equilibrium. 

Simulation of the model was performed for 1800 seconds (30 minutes) with the addition of 200 

ng/ml Ang2 and 0.299 nM new Tie2 (nTie2).  

Plot A, shows the concentrations of Tie1 (blue), Tie2 (red) and Tie1:Tie2 (green) over time. The 

concentrations of Tie1:Tie2 complex and Tie2 decreases while Tie1 increases.  

Plot B, shows that the concentration of nTie2 gradually decreases over time.  

Plot C, shows that the concentration of Ang2 (dimeric in red, trimeric in blue and tetrameric in 

green) bound to Tie1:Tie2. There is a rapid increase in concentration during the initial 100 

seconds followed by a gradual decrease over time.  
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5.8. Validating the effects of Ang1 on Tie2 activation (without 

dephosphorylation). 

In order to validate the model, in-silico simulations need to be compared to in-vitro 

experiments. The ways used to validate the model are to compare; 1) the rate of receptor 

activation for each ligand, and 2) the effect of increasing ligand concentration on receptor 

activation. 

 

5.8.1. Time-course of Tie2 activation with low Ang1. 

5.8.1.1. Simulations 

Simulations of the full model were performed by including 50 ng/ml (0.179 nM) of Ang1 

and running the model to simulate 1800 seconds (30 minutes) stimulation with Ang1 

(Appendix 2). The simulation plot (Figure 5.8A) shows how the concentration of 

phosphorylated Tie2 changes over time. The different states of phosphorylated Tie2 are 

shown as; cell surface phosphorylated Tie2 (Ang1-pTie2 in red), internalised 

phosphorylated Tie2 (i-pTie2 in blue) and degraded phosphorylated Tie2 (d-pTie2 in 

green). 

The model suggests that activated Tie2 on the cell surface peaks at 200 seconds. The 

amount of phosphorylated Tie2 on the cell surface decreases as the majority of activated 

Tie2 is internalised into the cell, and is then gradually degraded at a constant rate.  

The total amount of phosphorylated Tie2 (cell surface and internalised) at each time-point 

was calculated as a percentage of maximal phosphorylation. The rate of percentage 
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change in phosphorylation is shown over time in minutes (Figure 5.8B). Simulation of 

the model suggests that maximum phosphorylation is reached at 15 minutes with 50 

ng/ml Ang1 stimulation. 

A 

 
B 

 
Figure 5.8: Simulation- Time-course for low concentration Ang1-induced Tie2 

phosphorylation (excluding the dephosphorylation reaction). 

A. The model was simulated with 50 ng/ml Ang1 for 1800 seconds. The plot shows the change 

in concentrations of cell surface phosphorylated Tie2 (Ang1-pTie2 in red), internalised 

phosphorylated Tie2 (i-pTie2 in blue) and degraded phosphorylated Tie2 (d-pTie2 in green). The 

level of Tie2 phosphorylation on the cell surface peaks after 200 seconds stimulation. Most of the 

phosphorylated Tie2 is internalised into the cell and gradually degraded.  

B. Total phosphorylated Tie2 was calculated by adding cell surface pTie2 to internalised pTie. 

The percentage of maximal phosphorylation was plotted against the time-point in minutes. 

Maximum phosphorylation of Tie2 is reached at 15 minutes of stimulation. 
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5.8.1.2. Experiments 

Experiments were performed to determine the time-course for Tie2 phosphorylation and 

the best time-point for stimulation experiments with a low concentration of Ang1. 

HUVECs were grown on a 6-well plate to a density of 2x105 cells per well (6 samples). 

A 30 minute time-course was performed at four different time points; 0, 5, 15 and 30 

minutes. Cells were serum-starved for one hour and treated with vanadate (10 mM) for 5 

minutes, before stimulation with a low concentration of Ang1 (50 ng/ml). After Ang1 

stimulation for each time-point the cells were lysed. Proteins were resolved using SDS-

PAGE and probed for phospho-Y992 Tie2. Chemiluminescence was detected using a CCD 

imager (Fujifilm LAS-4000) (Figure 5.9A) and the relevant bands on the image were 

quantified using the MultiGauge software. The results were normalised to total Tie2 by 

stripping and reprobing the blots for Tie2. 

 

To monitor how the percentage phosphorylation changes over time, the percentage 

phosphorylation for each time point was calculated and plotted. The time course plot 

(Figure 5.9B) shows that cells have 40% basal phosphorylation which rapidly increases 

after stimulation with Ang1. Maximal phosphorylation occurs at 15 minutes and 

decreases slowly afterwards. This decrease in phosphorylation may be due to 

dephosphorylation which was not suppressed by vanadate or the degradation of 

phosphorylated Tie2. 
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Figure 5.9: Experiment- Time-course for low concentration Ang1-induced Tie2 

phosphorylation (with vanadate). 

A. Cells were serum-starved, treated with vanadate and the stimulated with 50 ng/ml Ang1 for 

different time-points; 0, 5, 15 and 30 minutes. The protein was resolved using SDS-PAGE and 

probed for phosphorylated Y992 Tie2. Chemiluminescence was detected using a CCD imager. 

The blot shows a steady increase of phosphorylation until 15 minutes then decreases. The blot 

was reprobed for Tie2 to normalize results. 

B. The percentage phosphorylation of Y992-Tie2 was calculated and plotted against the relevant 

time-point. The plot shows the change of percentage phosphorylation over one hour stimulation 

with Ang1. There is 40% basal phosphorylation and maximum phosphorylation at 15 minutes, 

after which the level of phosphorylation decreases. Phosphorylation is normalized to Tie2 and is 

shown as a percentage of maximal phosphorylation. Data is presented as mean and SEM of 

relative maximal phosphorylation (n=4). All data is significant to control (p<0.05), One-way 

ANOVA. 
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5.8.1.3. Comparison of simulation and experimental time-courses for low 

Ang1-induced Tie2 phosphorylation (without dephosphorylation). 

The total percentage phosphorylation from the normalised experimental data was 

compared to the simulation data and a graph was plotted of the percentage change in Tie2 

phosphorylation over time for both sets of data. Figure 5.10 shows that the simulation 

data closely resembles the experimental data and maximum phosphorylation in both the 

experiment and simulation occurs after 15 minutes of stimulation. This suggests that the 

model is identical to the experiments for the 30 minute time-course of stimulation with a 

low concentration of Ang1. 

 
Figure 5.10: Comparison- Time-course for low concentration Ang1-induced Tie2 

phosphorylation. 

Experimental and simulation data of the time-course for low Ang1 (50 ng/ml) induced Tie2 

phosphorylation were compared. The percentages of phosphorylated Tie2 in both the 

experimental and simulation data are very similar, and both peak at 15 minutes. Experimental 

data is presented as mean and SEM of relative maximal phosphorylation (n=4). The comparison 

of experiment to simulation is not significant (p<0.05), Two-way ANOVA. 
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5.8.2. Time-course of Tie2 activation with high Ang1. 

5.8.2.1. Simulations  

Simulations of the full model were performed by including 200 ng/ml of Ang1 (0.714 

nM) and running the model to simulate 30 minutes (1800 seconds) stimulation with 

Ang1.  

Figure 5.11A shows how the concentration of total phosphorylated Tie2 changes over 

time. The model suggests that activated Tie2 on the cell surface peaks at 100 seconds, 

and similar to the previous simulation of low Ang1, the majority of activated Tie2 is 

internalised and gradually degraded at a constant rate. The amount of phosphorylated 

Tie2 induced by 200 ng/ml Ang1 stimulation is higher than for 50 ng/ml Ang1 

stimulation. 

The total amount of phosphorylated Tie2 (cell surface and internalised) at each time-point 

was calculated as a percentage of maximal phosphorylation. The rate of percentage 

change in phosphorylation is shown over time in minutes (Figure 5.11B). Simulation of 

the model suggests that maximum phosphorylation is reached at 5 minutes with 200 

ng/ml Ang1 stimulation. 
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Figure 5.11: Simulation- Time-course for high concentration Ang1-induced Tie2 

phosphorylation (excluding the dephosphorylation reaction). 

A. The model was simulated with 200 ng/ml Ang1 for 1800 seconds. The time-course plot shows 

the change in concentrations of phosphorylated Tie2 (Ang1-pTie2), internalised phosphorylated 

Tie2 (i-pTie2) and degraded phosphorylated Tie2 (d-pTie2). The level of Tie2 phosphorylation 

on the cell surface peaks after 100 seconds stimulation. Most of the phosphorylated Tie2 is 

internalised into the cell and gradually degraded. 

B. Total phosphorylated Tie2 (cell surface and internalised) was calculated as a percentage of 

maximal phosphorylation and plotted against the time-point in minutes. Maximum 

phosphorylation of Tie2 is reached at 5 minutes of stimulation. 
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5.8.2.2. Experiments 

To determine the time-course of Tie2 activation induced by a high concentration of Ang1, 

cells were prepared as previously described in Chapter 2.4. Cells were serum-starved for 

thirty minutes at different times and treated with vanadate (10 mM) for 5 minutes before 

stimulation with a high concentration of Ang1 (200 ng/ml). Subsequently the cells were 

lysed for each time-point. Proteins were resolved using SDS-PAGE, probed for phospho-

Y992 Tie2 and detected as before (Figure 5.12A). The phospho-Tie2 results were 

normalized to total Tie2. The percentage phosphorylation over time was calculated and 

plotted. The experiment was repeated 5 times. 

The time course plot (Figure 5.12B) shows that cells have 35% basal phosphorylation 

which reaches maximum phosphorylation after 5 minutes stimulation with a high 

concentration of Ang1. 
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Figure 5.12: Experiment- Time-course for high concentration Ang1-induced Tie2 

phosphorylation (with vanadate). 

A. Cells were serum-starved, treated with vanadate and stimulated with 200 ng/ml Ang1 for 

different time-points; 0, 5, 15, 30 minutes. The protein was resolved using SDS-PAGE and 

probed for phosphorylated Y992 Tie2. Chemiluminescence was detected using a CCD imager. 

The blot shows a rapid increase of phosphorylation at 5 minutes then slowly decreases. The blot 

was reprobed for Tie2 to normalize results. 

B. The percentage phosphorylation of Y992-Tie2 was calculated and plotted against the relevant 

time-point. The plot shows the change of percentage phosphorylation over 30 minutes stimulation 

with Ang1. There is 35% basal phosphorylation, and maximum phosphorylation at 5 minutes, 

after which the level of phosphorylation slowly decreases. Phosphorylation is normalized to Tie2 

and is shown as a percentage of maximal phosphorylation. Data is presented as mean and SEM 

of relative maximal phosphorylation (n=5). All data is significant to control (p<0.05), One-way 

ANOVA. 
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5.8.2.3. Comparison of simulation and experimental time-courses for high 

Ang1-induced Tie2 phosphorylation (without dephosphorylation). 

The total percentage phosphorylation from the normalised experimental data with high 

Ang1 (200 ng/ml) was compared to the simulation data and a graph was plotted of the 

percentage change in Tie2 phosphorylation over time for both sets of data. Figure 5.13 

shows the simulation data closely resembles the experimental data and maximum 

phosphorylation occurs after 5 minutes of stimulation. This suggests that the model is 

identical to the experiments and is valid for the 30 minute time-course with a high 

concentration of Ang1. 

 
Figure 5.13: Comparison- Time-course for high concentration Ang1-induced Tie2 

phosphorylation. 

Experimental and simulation data of the time-course for high Ang1 (200 ng/ml) induced Tie2 

phosphorylation were compared. The percentages of phosphorylated Tie2 in both the 

experimental and simulation data are very similar, and both peak at 5 minutes. Experimental data 

is presented as mean and SEM of relative maximal phosphorylation (n=5). The comparison of 

experiment to simulation is not significant (p<0.05), Two-way ANOVA. 
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5.8.3. The concentration dependent effect of Ang1 on Tie2 activation. 

5.8.3.1. Simulations 

The effect of increasing concentrations of Ang1 on the levels of Tie2 phosphorylation is 

the second approach used to validate the Ang1 model. The model was simulated for 30 

minutes each time with an increasing concentration of Ang1; 0.0357 nM (10 ng/ml), 

0.0893 nM (25 ng/ml), 0.179 nM (50 ng/ml), 0.357 nM (100 ng/ml), 0.714 nM (200 

ng/ml). The total concentration of phosphorylated Tie2 (surface and internalised) was 

quantified after 15 minutes. This time-point was previously determined to give maximum 

phosphorylation with low and high concentrations of Ang1 (Figures 5.9, 5.10, 5.11, 5.12, 

5.13). 

The percentage of maximal Tie2 phosphorylation was calculated for each Ang1 

concentration with 200 ng/ml Ang1 being 100% phosphorylation. The total percentage 

phosphorylation was plotted against the Ang1 concentration to produce the 

concentration-dependent curve (Figure 5.14). The simulation results suggest that 

phosphorylation increases with up to 50 ng/ml Ang1 treatment and then plateaus after 

100 ng/ml Ang1.  
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Figure 5.14: Simulation- The concentration dependent effect of Ang1 on Tie2 

phosphorylation (excluding the dephosphorylation reaction). 

The model was simulated with various concentrations of Ang1 and the concentration of Tie2 

phosphorylated was quantified after 15 minutes of stimulation. The percentage of maximal Tie2 

phosphorylation was calculated for each Ang1 concentration. The graph shows that the 

percentage of Tie2 phosphorylation increases with Ang1 and plateaus after stimulation with 100 

ng/ml Ang1. 
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5.8.3.2. Experiments 

To determine the relative effect of Ang1 concentration on Tie2 activation, HUVECs were 

prepared as described in Chapter 2.2.4. serum-starved for one hour and treated with the 

different concentrations of Ang1 for 15 minutes. The samples were prepared (as 

described in Chapter 2.2.1), resolved by SDS-PAGE and blotted. The blots were probed 

for phospho-Tie2 (pY992). To quantitatively analyse this blot, the intensities of phospho-

Tie2 protein were quantified by densitometry using a CCD imager and MultiGauge 

software. The results show that Ang1 induced a concentration dependent increase in Tie2 

phosphorylation indicated by the increasing intensity of the 145 kDa band of 

phosphorylated Tie2 as shown in figure 5.15A. 

The intensities of the phospho-Tie2 bands were expressed as a percentage of maximal 

phosphorylation and were plotted against their relative concentrations of Ang1 treatment 

(Figure 5.15B). The graph in Figure 5.15 shows that there is an increase in 

phosphorylated Tie2 in samples treated up to 50 ng/ml Ang1 and then the level of 

phosphorylation begins to plateau. 
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Figure 5.15: Experiment- The concentration dependent effect of Ang1 on Tie2 

phosphorylation (with vanadate). 

A. Western blotting was used to resolve and identify phosphorylated Y992 Tie2 in HUVECs 

treated vanadate and various concentrations of Ang1; 10, 25, 50, 100 and 200 ng/ml. Tie2 

phosphorylation increases as the concentration of Ang1 treatment increases. The blot was 

reprobed for Tie2 to normalize the results. 

B. Phospho-Tie2 protein from the blot was quantified using MultiGauge. The percentage of 

maximal Tie2 phosphorylation (200 ng/ml is 100% phosphorylation) was calculated and plotted 

against the respective concentration. There is an increase of activated receptors in samples treated 

with 0-200 ng/ml. Phosphorylation is normalized to Tie2 and is shown as a percentage of maximal 

phosphorylation. Data is presented as mean and SEM of relative maximal phosphorylation (n=3). 

Data is significant for 25, 50, 100 and 200 ng/ml Ang1 in comparison to no Ang1 (p<0.05), One-

way ANOVA. 
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5.8.3.3. Comparison of simulation and experimental concentration 

dependence curves of Ang1-induced Tie2 phosphorylation (without 

dephosphorylation). 

The percentage change in Tie2 phosphorylation over the concentration of Ang1 from the 

simulation data and experimental data were compared. Figure 5.16 shows that both data 

sets have a concentration dependent increase in Tie2 phosphorylation until 50 ng/ml, 

where the levels begin to plateau. However the percentage of phosphorylation is different. 

Overall both concentration-dependence curves are similar however there is a difference 

in the percentages of phosphorylation. This discrepancy may be due to the initial 

concentration of Tie2 phosphorylation which is higher for the experiment because of the 

basal level phosphorylation; this is not accounted for in the simulation. Another reason 

may be the effect of vanadate treatment. The statistical analysis suggests that the 

difference between the experiments and simulation is significant. 

 
Figure 5.16: Comparison- The concentration dependent effect of Ang1 on Tie2 

phosphorylation. 

Experimental (red) and simulation (blue) data of the Ang1 concentration-dependent effect on 

Tie2 phosphorylation were compared. Both methods show an increase in phosphorylation which 

is not as pronounced after 50ng/ml. However the percentages of phosphorylated Tie2 are 

different. Experimental data is presented as mean and SEM of relative maximal phosphorylation 

(n=3). The comparison of experiment to simulation is significant (p<0.05), Two-way ANOVA. 
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5.9. Validating the effect of soluble Tie2 on Ang1-induced Tie2 

activation (without dephosphorylation).                                              

To validate the sTie2 interactions in the model, the effect of increasing sTie2 

concentrations on the levels of 50 ng/ml Ang1-induced Tie2 phosphorylation was 

performed in-silico and by experiments.  

 

5.9.1. Simulations 

The model was simulated for 30 minutes with 50 ng/ml Ang1 for each simulation with 

an increasing concentration of sTie2 (100, 200, 500 and 1000 ng/ml). The total 

concentration of phosphorylated Tie2 (surface and internalised) was quantified after 15 

minutes. 

The total percentage phosphorylation for each concentration of sTie2 added was 

calculated with Ang1-only induced Tie2 activation being 100% phosphorylation. Figure 

5.17 shows the concentration-dependent curve of percentage phosphorylation for each 

concentration of sTie2. The simulation predicts that sTie2 has an inhibitory effect on 

Ang1-induced Tie2 phosphorylation. 
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Figure 5.17: Simulation- The concentration dependent effect of sTie2 on Tie2 

phosphorylation (excluding the dephosphorylation reaction). 

The model was simulated with 50 ng/ml Ang1 and various concentrations of sTie2; 100, 200, 

500, 1000 ng/ml. The concentrations of total Tie2 phosphorylation (cell surface and internalised) 

were quantified after 15 minutes of stimulation. The results show that sTie2 has a concentration 

dependent inhibitory effect on Ang1-induced Tie2 phosphorylation. 
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5.9.2. Experiments 

The wild-type ectodomain of Tie2 was produced by Professor Nicholas Brindle and 

Teonchit Nuamchit, and used in further experiments as soluble Tie2. 

The HUVECs were setup as previously described, serum-starved for one hour and treated 

with vanadate for 5 minutes. During this period different concentrations of sTie2 wild-

type and Ang1 (50 ng/ml) were incubated together for 15 minutes (at room temperature). 

The solutions were added to the cells and incubated for 15 minutes at 37oC. The blots 

were probed for pY992-Tie2 and chemiluminescence was detected using a CCD imager. 

Following this the blot was stripped and reprobed for ectodomain Tie2 

chemiluminescence and detected with a CCD imager to normalize results as in previous 

experiments. This experiment was repeated 4 times. 

The results (Figure 5.18A), show that there is a decrease in phosphorylated Tie2 when 

soluble Tie2 is increased. The reprobed blot for Tie2 shows full length cellular Tie2 at 

~150 kDa and residual sTie2 wild-type at ~100 kDa. 

Quantification and normalisation of phosphorylated Tie2 to total Tie2 shows an obvious 

decrease in phosphorylation when the sTie2 concentration is increased. The overall effect 

of sTie2 on Ang1-induced phosphorylation from 4 independent experiments show that 

phosphorylation is inhibited to 50% with 200 ng/ml sTie2, and maximal inhibition with 

1000 ng/ml sTie2 (Figure 5.18C). 
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Figure 5.18: Experiment- The concentration dependent effect of sTie2 on Tie2 

phosphorylation (with vanadate). 

A. HUVECs were serum starved for 1 hour after which vanadate was added for 5 minutes. sTie2 

was incubated with Ang1 together for 15 minutes then added to the cells for a further 15 minutes. 

Cell lysates were collected and protein was resolved by SDS-PAGE. The blot was probed for 

pY992 Tie2 then stripped and reprobed for Tie2 for normalisation. Chemiluminescence was 

detected using a CCD imager. The blots show that increasing the concentration of sTie2 decreases 

Ang1-induced Tie2 phosphorylation. 

B. Quantification of chemiluminescence for pY992 was normalised to Tie2 and is shown as a 

percentage of maximal phosphorylation. The percentage change of Tie2 phosphorylation shows 

that phosphorylation decreases as sTie2 is increased. Phosphorylation is inhibited to 50% with 

200 ng/ml sTie2. Maximum inhibition occurs with 1000 ng/ml sTie2. The data is presented as 

mean and SEM of relative maximal phosphorylation (n=4). All data is significant to Ang1 

(p<0.05), One-way ANOVA. 
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5.9.3. Comparison of simulation and experimental concentration dependence 

curves of sTie2 on Ang1-induced Tie2 phosphorylation (without 

dephosphoryation).  

The percentage change in total Tie2 phosphorylation over the concentration of sTie2 from 

the simulation data and experimental data were compared. Figure 5.19 shows that the 

simulation results are close to the results from experiments for the lower values for sTie2. 

However there is a difference between both data when treated with over 200 ng/ml sTie2. 

In the experiments the levels of total phosphorylation plateaus whilst the level in the 

simulation gradually decreases. 50% inhibition of phosphorylation is achieved with 200 

ng/ml sTie2 in experiments and 240 ng/ml sTie2 in the simulation. However the 

comparison using the two-way ANOVA statistical analysis suggests that there is no 

significant difference between the experiments and simulation. 

 

Figure 5.19: Comparison- The concentration dependent effect of sTie2 on Tie2 

phosphorylation. 

Experimental and simulation data of the sTie2 concentration-dependent effect on Ang1-induced 

Tie2 phosphorylation were compared. The percentages of phosphorylated Tie2 are similar for 

sTie2 treatment below 200 ng/ml, and the levels are very different with higher concentrations of 

sTie2. Experimental data is presented as mean and SEM of relative maximal phosphorylation 

(n=4). The comparison of experiment to simulation is not significant (p<0.05), Two-way 

ANOVA.  
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5.10. Validating the effect of Ang2 on Tie2 activation (without 

dephosphorylation).                                                                              

Ang2 has been shown to be a partial agonist for Tie2 (Bogdanovic et al., 2006; Yuan et 

al., 2009). The effect of Ang2 on Tie2 phosphorylation in a concentration-dependent 

manner was simulated and compared to experimental results. 

 

5.10.1. Simulations 

The model was simulated with increasing concentrations of Ang2; 50, 100, 200, 500, 800 

and 1000 ng/ml (Appendix 1). The amount of Ang2-induced phosphorylation was 

quantified after 15 minutes of stimulation. The percentage change in total phosphorylated 

Tie2 was calculated and plotted. 

The graph of percentage change of phosphorylated Tie2 over increasing Ang2 (Figure 

5.20A) suggests that Ang2 induces Tie2 phosphorylation. Half maximum 

phosphorylation is reached with 30 ng/ml of Ang2 and maximum phosphorylation with 

400 ng/ml of Ang2 

To examine the agonist activity of Ang2 in comparison to the agonist activity of Ang1 

the levels of Ang1-induced and Ang2-induced Tie2 phosphorylation from both Ang1 and 

Ang2-induced simulations (in Figures 5.14 and 5.20A) were compared. Figure 5.20B 

shows the percentage Tie2 phosphorylation induced by increasing concentrations of 

Ang1 and Ang2. The percentages of phosphorylation are shown as a percentage of 

maximal Ang1-induced phosphorylation. The comparison with Ang1 shows that Ang2 
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has a partial agonist effect which is 25% of the maximum Ang1-induced Tie2 

phosphorylation.  

A 

 
 

B 

 
Figure 5.20: Simulation- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (excluding the dephosphorylation reaction). 

A. The model was simulated for various concentrations of Ang2; 50, 100, 200, 500, 800 and 1000 

ng/ml, and the effects on Tie2 phosphorylation at 15 minutes were quantified. The simulations 

show an increase in phosphorylation, and maximum phosphorylation being reached with 400 

ng/ml Ang2. With higher concentrations of Ang2 the levels of phosphorylation remains at 

maximum suggesting saturation of Tie2.  

B. The percentage Tie2 phosphorylation induced by increasing concentrations of Ang1 (from 

previous simulations) and Ang2 were compared. The percentages of phosphorylation are shown 

as a percentage of maximal Ang1-induced phosphorylation. Ang2 has a partial agonist effect 

which is 25% of maximum Ang1-induced Tie2 phosphorylation. 
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5.10.2. Experiments 

To determine the relative effect of Ang2 concentration on Tie2 activation in vitro, 

HUVECs were prepared as described (Chapter 2.4), serum-starved for one hour, treated 

with 10mM vanadate for 5 minutes, and stimulated with different concentrations of Ang2 

for 15 minutes. In some experiments an additional sample was treated with 50 ng/ml 

Ang1 for 15 minutes to observe the difference between Ang1 and Ang2 induced Tie2 

phosphorylation (three independent experiments). The samples were prepared (as 

described in Chapter 2.2.1), resolved by SDS-PAGE and blotted. The blots were probed 

for phospho-Tie2 (pY992) and reprobed for Tie2 to normalize the results (Figure 5.21A). 

To quantitatively analyse this blot, the intensities of phospho-Tie2 protein were 

quantified by densitometry using a CCD imager and MultiGauge software. The results 

show that Ang2 induced an increase in Tie2 phosphorylation as shown in Figure 5.21A. 

The percentages of maximal phosphorylation calculated using the region intensities of 

the bands for phospho-Tie2 were plotted against their relative concentrations of Ang1 

treatment. The graph in Figure 5.21B shows that there is an increase in Tie2 

phosphorylation in samples, which reaches maximum phosphorylation with 100 ng/ml 

before slightly decreasing. Half maximal phosphorylation of Tie2 is reached with a 

treatment of 25 ng/ml Ang2. 

To examine the agonist activity of Ang2 in experiments in comparison to the agonist 

activity of Ang1 the percentage phosphorylation from both Ang1 and Ang2-induced 

samples were compared. Figure 5.21C shows the percentage Tie2 phosphorylation 

induced by Ang1 and Ang2. The percentages of Ang2-induced phosphorylation are 

shown as a percentage of maximal Ang1-induced phosphorylation. The results show that 
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Ang2 has a partial agonist effect which is 35% of the Ang1-induced Tie2 

phosphorylation. 

 

A 

 

B 
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C 

 
Figure 5.21: Experiment- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (with vanadate). 

A. Cells were serum-starved, treated with vanadate, and stimulated with Ang1 or increasing 

concentrations of Ang2 for 15 minutes. The protein was resolved using SDS-PAGE and probed 

for phosphorylated Y992 Tie2. Chemiluminescence was detected using a CCD imager. The blot 

shows an increase of phosphorylation with low concentrations of Ang2. The blot was reprobed 

for Tie2 to normalize results. 

B. The percentage phosphorylation of Y992-Tie2 was calculated and normalized to Tie2. The 

results are shown as a percentage of maximal phosphorylation (induced by 100 ng/ml Ang2). The 

plot shows the change of percentage phosphorylation over increasing Ang2. The cells initially 

have 45% basal phosphorylation, and reaches maximum phosphorylation with 100ng/ml Ang2, 

after which the level of phosphorylation plateaus and slightly decreases. Data is presented as the 

mean and SEM of relative maximal phosphorylation (n=5). Data is significant for 100, 200 and 

500 ng/ml Ang2 in comparison to no Ang2 (p<0.05), One-way ANOVA. 

C. The percentage Tie2 phosphorylation induced by 50 ng/ml Ang1 and 50 ng/ml Ang2 were 

compared. The percentages of Ang2-induced phosphorylation are shown as a percentage of 

Ang1-induced phosphorylation. Ang2 has a partial agonist effect which is 35% of Ang1-induced 

Tie2 phosphorylation. Data is presented as the mean and SEM (n=3) and is significant, p<0.05, 

Students t test. 
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5.10.3. Comparison of simulation and experimental concentration dependence 

curves of Ang2-induced Tie2 phosphorylation (without dephosphorylation). 

The simulation results of increasing Ang2 were compared to the normalised experimental 

results (Figure 5.22). Both methods show that Ang2 induces Tie2 phosphorylation with 

similar concentrations of Ang2 (30 ng/ml in simulations and 25 ng/ml in HUVECs) for 

half maximum phosphorylation. In simulations the maximum phosphorylation is reached 

with 200 ng/ml Ang2 as opposed to 100 ng/ml Ang2 in experiments. Furthermore after 

maximum phosphorylation is reached the model suggests a saturation and plateau effect 

with higher concentrations of Ang2, and does not predict the actual lower level of 

phosphorylation as shown in HUVECs. However the comparison using the two-way 

ANOVA statistical analysis suggests that there is no significant difference between the 

experiments and simulation. 

 
Figure 5.22: Comparison- The concentration dependent effect of Ang2 on Tie2 

phosphorylation. 

The simulation effect of increasing Ang2 on Tie2 phosphorylation was compared to the effect in 

HUVEC experiments. Both methods show an increase in phosphorylation however maximum 

phosphorylation is reached at different Ang2 concentrations; 200 ng/ml in simulations and 100 

ng/ml in experiments. After maximum phosphorylation is achieved the model suggests that Tie2 

phosphorylation is saturated with higher concentrations of Ang2 and therefore plateaus, whereas 

the experimental data shows that Tie2 phosphorylation decreases. Experimental data is presented 

as mean and SEM of relative maximal phosphorylation (n=5). The comparison of experiment to 

simulation is not significant (p<0.05), Two-way ANOVA. 
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5.11. The effect of vanadate on Ang2-induced Tie2 phosphorylation. 

Experiments monitoring the effect of Ang2 on Ang1-induced Tie2 activation using 

vanadate produced inconsistent results showing the effects of Ang2 being both an agonist 

and antagonist of Tie2 for different concentrations. This may be because phosphorylated 

Tie2 only produces two- to threefold changes when stimulated (Yu et al., 2013), and the 

pY992-Tie2 antibody may not be sensitive enough to detect the subtle changes of Tie2 

phosphorylation in response to Ang2. As vanadate is well known to increase the levels 

of phosphorylation by inhibiting phosphatases (thus stopping dephosphorylation) the use 

of vanadate may be a problem as any slight changes in phosphorylation due to Ang2 may 

not be detected (Yacyshyn et al., 2009). 

 

Experiments were performed to determine the effect of Ang2 on Tie2 phosphorylation 

with and without the presence of vanadate. HUVECs were prepared and serum-starved 

as in previous experiments. Cells were treated with or without vanadate for 5 minutes and 

challenged with either 50 ng/ml Ang1 or 200 ng/ml Ang2 for 15 minutes. Figure 5.23A 

shows that vanadate increases the levels of Ang1 and Ang2-induced Tie2 

phosphorylation. The blot was stripped and reprobed for Tie2 to normalise the amount of 

phosphorylation. Tie2 phosphorylation was calculated as a percentage of maximal Ang1-

induced Tie2 phosphorylation for samples with and without vanadate. Samples treated 

with vanadate show an 11% difference in Ang1 and Ang2-induced Tie2 phosphorylation 

whereas samples without vanadate show a 48% difference (Figure 5.23B). This may 

suggest that the use of vanadate may mask the true effect of Ang2 on Tie2 

phosphorylation.  
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A 

 

 

 

B 

 

 
 

Figure 5.23: The effect of vanadate on Ang1 and Ang2-induced Tie2 phosphorylation. 

A. Cells were serum-starved, treated with or without vanadate, and stimulated with Ang1 or Ang2 

for 15 minutes. The protein was resolved using SDS-PAGE and probed for phosphorylated Y992 

Tie2. Chemiluminescence was detected using a CCD imager. The blot shows that vanadate 

treated samples increase the levels of phosphorylation. 

B. The percentage Tie2 phosphorylation was calculated for samples with and without vanadate. 

Samples with vanadate treatment show an 11% difference between Ang1 and Ang2 induced Tie2 

phosphorylation. Samples without vanadate treatment show a 48% difference between Ang1 and 

Ang2 induced Tie2 phosphorylation. The results show that the difference between Ang1-induced 

phosphorylation and Ang2-induced phosphorylation is greater in samples without vanadate. 

Phosphorylation is normalized to Tie2 and is shown as a percentage of maximal Ang1-induced 

Tie2 phosphorylation. 
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5.12.  Discussion 

This chapter aimed to simulate and validate the model by comparing the simulation 

results to experimental results. 

Prior to the model simulation and validation a suitable method to measure receptor 

activation was required for the accurate experimental detection and quantification of 

phosphorylated Tie2. Immunofluorescence was the first method of choice as it can 

generate results on the variation in individual cells. However the phospho-Tie2 antibody 

used could not discriminate between specific and non-specific protein and furthermore 

the levels of phosphorylation on the cell membrane could not be quantified. Therefore 

Western blotting was shown to be the more effective method when coupled with a CCD 

imager and quantification software.  

Conversely the method used for quantitative Western blotting in this study is not 

completely accurate. Aside from the general problem of potential protein loss during the 

transfer step and non-specific protein detection, the stripping of the membrane to reprobe 

for Tie2 is a greater problem in regards to the accuracy of protein quantification. It is 

inevitable that some protein is lost from the membrane during the stripping process and 

may not be evenly stripped across the membrane. An alternative to this process could be 

the use of a quantitative imagining scanner such as the LI-COR Odyssey infrared imaging 

system which allows for highly sensitive two-colour fluorescence detection and 

quantification (Schutz-Geschwender et al., 2004). Hence the feature of dual staining will 

remove the need for stripping and reprobing membranes. 
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Another problem with the quantification method in experiments is that the actual 

concentration of phosphorylated Tie2 cannot be obtained from experiments as there is no 

standard Tie2 tyrosine 992 protein available to produce a standard calibration curve. Thus 

the validation is only focussed on the relative levels of phosphorylation changes in respect 

to maximum phosphorylation.  

Simulations of the model were performed to assess the equilibrium between Tie1, Tie2 

and Tie1:Tie2. At steady state without the addition of ligand the model showed that the 

concentrations of states remain constant over an extended time and hence suggests that 

the model is valid for the steady-state equilibrium.  

The addition of Ang1 to the system induces the dissociation of the Tie1:Tie2 heterodimer 

favouring free Tie1 and Tie2. This has also been demonstrated by Seegar and colleagues 

(2010) who used an in vivo fluorescence resonance energy transfer-based proximity assay 

with confocal microscopy to monitor the association of Tie1 and Tie2 (Seegar et al., 

2010). Conversely the addition of Ang2 in the system was shown by Seegar and 

colleagues (2010) not to have any effect on the Tie1:Tie2 heterodimer. However the 

simulation of the model suggests that the Tie1:Tie2 heterodimer also dissociates in the 

presence of Ang2. A reason for this discrepancy could be that Ang2 has a different 

binding affinity between Tie2 and Tie2 in complex with Tie1. The model assumes that 

Ang2 can bind to either Tie2 or Tie1:Tie2 with similar affinities. As the concentrations 

of free Tie2 and Tie1:Tie2 on the cell surface are the same, the free Tie2 will be recruited 

to form oligomeric Tie2 complexes, and as a consequence could shift the equilibrium to 

favour Tie1:Tie2 dissociation to free more Tie2 for binding and oligomerisation. This 

could suggest that the model is not valid for Tie1:Tie2 initial concentrations or the 
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parameters for Ang2 binding to Tie2/Tie1:Tie2. However it is difficult to experimentally 

measure the concentrations of Tie1:Tie2 on the cell surface due to dissociation (even 

when crosslinked) and the differences in Ang2 binding have not been reported in the 

literature. 

Validation of the model for Ang1 simulations suggest that the model is valid for time-

courses as the simulations match the experimental data for both low and high 

concentrations of Ang1. However the model does not produce similar results to 

experiments for the concentration dependent effect on Tie2 phosphorylation. This may 

be due to the high concentration of basal phosphorylation and the use of vanadate which 

reduces dephosphorylation of Tie2. On the other hand as the level of phosphorylation in 

experiments does not plateau after 50 ng/ml Ang1 treatment as shown in the simulation 

this could suggest that the vanadate may not be fully effective at blocking 

dephosphorylation, thus allowing a low level of dephosphorylation to occur and not 

saturate Tie2 with lower concentrations of Ang1.  

Validation of model for sTie2 effects on Ang1-induced Tie2 phosphorylation suggests 

that the model is valid. However the model seems to be sensitive to high concentrations 

of sTie2 and thus inhibits Tie2 phosphorylation more than as demonstrated in the 

experiments. The reason for this could also be related to the concentration dependent 

effect on Ang1 which may be due to the binding parameters, although this is not the case 

for the time-course.  

Furthermore a comparison of the Ang2 concentration dependent effect on Tie2 

phosphorylation suggested that the model is possibly valid for concentrations below 400 
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ng/ml, however experiments suggest a decrease in phosphorylation with higher 

concentrations of Ang2. Further experiments would be necessary to confirm the validity 

of Ang2 modelling e.g. Ang2 concentration dependent effect on phosphorylation in the 

presence of Ang1. 

The reason for lower levels of phosphorylation with higher concentrations of Ang2 in 

experiments could be a result of Ang2 binding to integrins; αvβ3, αvβ5, α5β1. Although 

Ang2 binds to integrins with a lower affinity than to Tie2 (Felcht et al., 2012). 

Another reason could be that Ang2 binding association and or dissociation parameters 

may be different for the various oligomeric Ang2 forms. Although there is no data 

available to suggest that dimeric Ang2 binds faster to Tie2 than tetrameric Ang2.  

The experiment with Ang2 produced fluctuating levels of phosphorylation as shown by 

the large error bars in Figure 5.21. After many months of optimising the experiments for 

Ang2 the problem was found to be the poor state and batch of the cells and the presence 

of vanadate. The examination of the effect of vanadate on Ang2 suggests that the use of 

vanadate may disguise the true effect of Ang2 on Tie2 phosphorylation by reducing the 

receptors sensitivity to changes in Tie2 phosphorylation. 

In a study by Bogdanovic and colleagues, the treatment of cells with pervanadate was 

shown to increase the levels of tyrosine phosphorylation and also enhance the release of 

Ang1 and Ang2 from Tie2 (Bogdanovic et al., 2006). Although this study used 

pervanadate which is an irreversible inhibitor of phosphatases and formed in the presence 
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of hydrogen peroxide, it could be possible that sodium orthovanadate used in the 

experiments produces a similar effect (Huyer et al., 1997). 

Overall this chapter proposes that the modelling of high concentrations of Ang1 and Ang2 

is not valid as the results do not represent the experiments. This could possibly be due to 

the usage of vanadate in experiments. Hence the validation will need to be repeated in 

experiment with a stable batch of HUVECs without the presence of vanadate, and with 

the dephosphorylation reaction included in the simulations. 
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Chapter 6: Model simulations and validation with 

dephosphorylation 

The use of vanadate in experiments and excluding dephosphorylation from the model 

does not produce a model which is similar to physiological conditions.  Furthermore data 

in Chapter 5 suggests that vanadate may have an effect on Ang2 in experiments. It is 

important to establish and validate a model closer to physiological conditions. Therefore 

simulations were performed again including the dephosphorylation reaction. Due to the 

time constraints of the project, the experiments for the Ang1 validation were performed 

by Dr Tariq Tahir who used a new batch of HUVECs and was able to detect Tie2 

phosphorylation in the absence of vanadate. 

 

6.1.  Validating the effects of Ang1 on Tie2 activation (with 

dephosphorylation) 

6.1.1. Time-course of Tie2 activation with low Ang1 

6.1.1.1. Simulations 

Simulations of the full model including the dephosphorylation reaction were performed 

by running the model to simulate 1800 seconds (30 minutes) stimulation with 50 ng/ml 

of Ang1 (0.179 nM) (Appendix 3). The simulation plot (Figure 6.1A) shows how the 

concentration of total phosphorylated Tie2 changes over time. 

The model suggests that activated Tie2 on the cell surface peaks at 200 seconds. The 

majority of activated Tie2 is internalised into the cell (decreasing the amount of pTie2 on 
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the cell surface) and is gradually degraded at a constant rate. Maximum total 

phosphorylation occurs at 900 seconds (15 minutes). 

The total amount of phosphorylated Tie2 (cell surface and internalised) at each time-point 

was calculated as a percentage of maximal phosphorylation. The rate of percentage 

change in phosphorylation is shown over time in minutes (Figure 6.1B). Simulation of 

the model suggests that maximum phosphorylation is reached at 15 minutes with 50 

ng/ml Ang1 stimulation. 
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Figure 6.1: Simulation- Time-course for low concentration Ang1-induced Tie2 

phosphorylation (including the dephosphorylation reaction). 

A. The model including the dephosphorylation reaction was simulated with 50 ng/ml (0.179 nM) 

Ang1 for 1800 seconds. The plot shows the change in concentrations of cell surface 

phosphorylated Tie2 (Ang1-pTie2), internalised phosphorylated Tie2 (i-pTie2) and degraded 

phosphorylated Tie2 (d-pTie2). The level of Tie2 phosphorylation on the cell surface peaks at 

200 seconds of stimulation with maximum total phosphorylation at 900 seconds. Most of the 

phosphorylated Tie2 is internalised into the cell and gradually degraded.  

B. Total phosphorylated Tie2 (cell surface and internalised) was calculated as a percentage of 

maximal phosphorylation and plotted against the time-point in minutes. Maximum 

phosphorylation of Tie2 is reached at 15 minutes of stimulation. 
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6.1.1.2. Experiments 

The rate of Tie2 activation with a low Ang1 concentration (50 ng/ml Ang1) was repeated 

again as described in Chapter 5.6.1.2 only this time without the addition of vanadate. Due 

to the time constraints of the project, the experiments were performed by Dr Tariq Tahir. 

The percentage Tie2 phosphorylation (normalized to Tie2 and as a percentage of maximal 

phosphorylation) at each time point was plotted to show the change of percentage 

phosphorylation over 30 minutes stimulation (Figure 6.2). Tie2 phosphorylation reaches 

a maximum at 10 minutes then slightly decreases. 

 

 

 
Figure 6.2: Experiment- Time-course for low concentration Ang1-induced Tie2 

phosphorylation (without vanadate). 

A. The time-course for 50 ng/ml Ang1 induced Tie2 phosphorylation without vanadate was 

performed in HUVECs (by Dr Tariq Tahir). The plot shows the change of percentage 

phosphorylation over 30 minutes stimulation. Maximum phosphorylation is reached at 10 

minutes and then decreases. Phosphorylation is normalized to Tie2 and is shown as a percentage 

of maximal phosphorylation. Data is presented as mean and SEM of relative maximal 

phosphorylation (n=4). All data is significant to control (p<0.05), One-way ANOVA. 
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6.1.1.3. Comparison of simulation and experimental time-courses for low 

Ang1-induced Tie2 phosphorylation (with dephosphorylation). 

The total percentage phosphorylation from the normalised experimental data was 

compared to the simulation data and a graph was plotted of the percentage change in Tie2 

phosphorylation over time for both sets of data. Figure 6.3 shows that maximum 

phosphorylation is reached at 10 minutes in experiments and at 15 minutes in the 

simulation. Following this both levels of phosphorylation decrease and at 30 minutes both 

methods have similar percentages of phosphorylation. This suggests that the model has 

similar percentages of phosphorylation to the experiments at 10 minutes and at 30 

minutes after stimulation with a low concentration of Ang1.  

 
Figure 6.3: Comparison- Time-course for low concentration Ang1-induced Tie2 

phosphorylation (including the dephosphorylation reaction). 

Normalised experimental and simulation data of the time-course for low Ang1 (50ng/ml) induced 

Tie2 phosphorylation were compared. Initially the percentages of phosphorylated Tie2 are 

different, however they are similar at 10 and 30 minutes. Maximum phosphorylation is reached 

at 10 minutes in the experiment and at 15 minutes in the simulation. Experimental data is 

presented as mean and SEM of relative maximal phosphorylation (n=4). The comparison of 

experiment to simulation is not significant (p<0.05), Two-way ANOVA. 
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6.1.2. Time-course of Tie2 activation with high Ang1. 

6.1.2.1. Simulations  

Simulations of the full model including the dephosphorylation reaction were performed 

by running the model to simulate 30 minutes (1800 seconds) stimulation with 200 ng/ml 

of Ang1 (0.714 nM).  

Figure 6.4A shows how the concentration of total phosphorylated Tie2 changes over 

time. The model suggests that activated Tie2 on the cell surface peaks at 100 seconds, 

and total phosphorylation reaches maximum at 600 seconds. The majority of activated 

Tie2 is internalised and is gradually degraded at a constant rate. The concentration of 

phosphorylated Tie2 induced by 200 ng/ml Ang1 stimulation is higher than for 50 ng/ml 

Ang1 stimulation.  

The total amount of phosphorylated Tie2 (cell surface and internalised) at each time-point 

was calculated as a percentage of maximal phosphorylation. The rate of percentage 

change in phosphorylation is shown over time in minutes (Figure 6.4B). Simulation of 

the model suggests that maximum phosphorylation is reached at 10 minutes with 200 

ng/ml Ang1 stimulation. 
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Figure 6.4: Simulation- Time-course for high concentration Ang1-induced Tie2 

phosphorylation (including the dephosphorylation reaction). 

A. The model including the dephosphorylation reaction was simulated with 200 ng/ml Ang1 for 

1800 seconds. The time-course plot shows the change in concentrations of phosphorylated Tie2 

(Ang1-pTie2), internalised phosphorylated Tie2 (i-pTie2) and degraded phosphorylated Tie2 (d-

pTie2). The level of Tie2 phosphorylation on the cell surface peaks after 100 seconds stimulation 

with maximum total phosphorylation at 600 seconds. Most of the phosphorylated Tie2 is 

internalised into the cell and gradually degraded.  

B. Total phosphorylated Tie2 (cell surface and internalised) was calculated as a percentage of 

maximal phosphorylation and plotted against the time-point in minutes. Maximum 

phosphorylation of Tie2 is reached at 10 minutes of stimulation. 
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6.1.2.2. Experiments 

The rate of Tie2 activation with a high Ang1 concentration (200 ng/ml Ang1) was 

repeated again as described in Chapter 5.6.2.2 only this time without the addition of 

vanadate. Due to the time constraints of the project, the experiments were performed by 

Dr Tariq Tahir. Tie2 phosphorylation was normalized to Tie2 and the percentage 

phosphorylation was calculated as a percentage of maximal phosphorylation at each time 

point. Figure 6.5 shows the change of percentage phosphorylation over 30 minutes 

stimulation. Tie2 phosphorylation reaches a maximum at 15 minutes and plateaus. 

 

 

 
Figure 6.5: Experiment- Time-course for high concentration Ang1-induced Tie2 

phosphorylation (without vanadate reaction). 

A. The time-course for 200 ng/ml Ang1 induced Tie2 phosphorylation without vanadate was 

performed in HUVECs (by Dr Tariq Tahir). The plot shows the change of percentage 

phosphorylation over 30 minutes stimulation. A plateau is reached at 5 minutes with maximum 

phosphorylation at 15 minutes. Phosphorylation is normalized to Tie2 and is shown as a 

percentage of maximal phosphorylation. Data is presented as mean and SEM of relative maximal 

phosphorylation (n=4). All data is significant to control (p<0.05), One-way ANOVA. 
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6.1.2.3. Comparison of simulation and experimental time-courses for high 

Ang1-induced Tie2 phosphorylation (with dephosphorylation) 

The total percentage phosphorylation from the experimental data was compared to the 

simulation data and a graph was plotted of the percentage change in Tie2 phosphorylation 

over time for both sets of data. Figure 6.6 shows that maximum phosphorylation is 

reached at 15 minutes in experiments and at 10 minutes in the simulation. After 10 

minutes the level of phosphorylation in experiments remains the same while the levels in 

the simulation begin to decrease. However at 15 minutes the level of phosphorylation in 

the simulation is within the SEM range of the experiment. This suggests that the model 

is similar to the experiments for the first 15 minutes of stimulation with a high 

concentration of Ang1. Although there is a slight decrease in phosphorylation at 10 

minutes in experiments. 

 
Figure 6.6: Comparison- Time-course for high concentration Ang1-induced Tie2 

phosphorylation (including the dephosphorylation reaction). 

Experimental and simulation data of the time-course for high Ang1 (200 ng/ml) induced Tie2 

phosphorylation were compared. Initially the percentages of phosphorylated Tie2 are similar, 

however maximum phosphorylation is reached at 15 minutes in the experiment and at 10 minutes 

in the simulation. After 15 minutes the level of phosphorylation in experiments remains the same 

while the levels in the simulation begin to decrease. However at 15 minutes the level of 

phosphorylation in the simulation is within the SEM of the experiment. Phosphorylation is 

normalized to Tie2 and is shown as a percentage of maximal phosphorylation. Experimental data 

is presented as mean and SEM of relative maximal phosphorylation (n=4). The comparison of 

experiment to simulation is not significant (p<0.05), Two-way ANOVA. 
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6.1.3. The concentration-dependent effect of Ang1 on Tie2 activation 

6.1.3.1. Simulation 

The model was simulated for 30 minutes each time with an increasing concentration of 

Ang1; 0.0357 nM (10 ng/ml), 0.0893 nM (25 ng/ml), 0.179 nM (50 ng/ml), 0.357 nM 

(100 ng/ml), 0.714 nM (200 ng/ml). The total concentration of phosphorylated Tie2 

(surface and internalised) was quantified after 15 minutes. 

The percentage of maximal Tie2 phosphorylation was calculated for each Ang1 

concentration with 200 ng/ml Ang1 being 100% phosphorylation. The total percentage 

phosphorylation was plotted against the Ang1 concentration to produce the 

concentration-dependent curve (Figure 6.7). The simulation results suggest that 

phosphorylation increases with up to 50 ng/ml Ang1 treatment and then plateaus after 

100 ng/ml Ang1.  

 
Figure 6.7: Simulation- The concentration dependent effect of Ang1 on Tie2 

phosphorylation (including the dephosphorylation reaction). 

The model was simulated with various concentrations of Ang1 and the concentration of Tie2 

phosphorylated was quantified after 15 minutes of stimulation. The percentage of maximal Tie2 

phosphorylation was calculated for each Ang1 concentration. The graph shows that the 

percentage of Tie2 phosphorylation increases with Ang1 and plateaus after stimulation with 100 

ng/ml Ang1. 



     Chapter 6: Model simulations and validation with dephosphorylation 
 

141 
 

6.1.3.2. Experiments 

The experiments to determine the concentration dependent effect of Ang1 on Tie2 

activation was repeated again. The experiments were performed as described in Chapter 

5.6.3.2 (without the addition of vanadate) by Dr Tariq Tahir.  

Tie2 phosphorylation in samples was expressed as a percentage of maximal 

phosphorylation and were plotted against the relative concentrations of Ang1 treatment 

(Figure 6.8). The graph in Figure 6.8 shows that there is an increase in phosphorylated 

Tie2 in samples treated up to 25 ng/ml Ang1 and then the level of phosphorylation 

plateaus. There is a second increase in phosphorylation after 50 ng/ml Ang1 which 

plateaus at 100 ng/ml Ang1. 

 
Figure 6.8: Experiment- The concentration dependent effect of Ang1 on Tie2 

phosphorylation (without vanadate). 

The concentration dependent effect of Ang1 on Tie2 phosphorylation without vanadate was 

performed in HUVECs (by Dr Tariq Tahir). The percentage of maximal Tie2 phosphorylation 

(200 ng/ml is 100% phosphorylation) was calculated and plotted against the respective 

concentration. There is an increase of phosphorylated Tie2 in samples treated with 0 - 200 ng/ml. 

However there is a plateau at 50 ng/ml Ang1. Phosphorylation is normalized to Tie2 and is shown 

as a percentage of maximal phosphorylation. Data is presented as mean and SEM of relative 

maximal phosphorylation (n=3). All data is significant to no Ang1 (p<0.05), One-way ANOVA. 
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6.1.3.3. Comparison of simulation and experimental concentration 

dependence curves of Ang1-induced Tie2 phosphorylation (with 

dephosphorylation).  

The relative effect of Ang1 concentration on Tie2 activation without the addition of 

vanadate in experiments (normalised data) and simulations was compared. The 

percentage change of Tie2 phosphorylation over the concentration of Ang1 from the 

simulation data and experimental data are shown in Figure 6.9. Both methods show a 

concentration dependent increase in Tie2 phosphorylation with maximum 

phosphorylation being achieved with 200 ng/ml Ang1. The levels of phosphorylation are 

similar for 25, 100 and 200 ng/ml Ang1 stimulation. 

 
Figure 6.9: Comparison- The concentration dependent effect of Ang1 on Tie2 

phosphorylation (including the dephosphorylation reaction). 

Experimental and simulation data of the Ang1 concentration dependent curve of Tie2 

phosphorylation with dephosphorylation was compared. The plot shows the change of percentage 

phosphorylation with increasing Ang1 stimulation. The percentage phosphorylation in both 

methods is similar for 25, 100 and 200 ng/ml Ang1. Maximum phosphorylation is attained with 

200 ng/ml Ang1 in both the experiment and simulation Phosphorylation is normalized to Tie2 

and is shown as a percentage of maximal phosphorylation. Experimental data is presented as 

mean and SEM of relative maximal phosphorylation (n=3). The comparison of experiment to 

simulation is not significant (p<0.05), Two-way ANOVA. 
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6.2.  Validating the effects of Ang2 on Tie2 activation (with 

dephosphorylation) 

6.2.1. The concentration-dependent effect of Ang2 on Tie2 phosphorylation 

6.2.1.1. Simulation 

A simulation of the model was performed to validate the concentration-dependent effect 

of Ang2 on Tie2 phosphorylation. The model was simulated (including the 

dephosphorylation reaction) each time with various concentrations of Ang2; 50, 100, 200, 

500, 800 and 1000 ng/ml. The percentage change of Tie2 phosphorylation was calculated 

and plotted (Figure 6.10). The simulation shows an increase in phosphorylation and a 

plateau after reaching maximum phosphorylation with 200 ng/ml Ang2.  

 
Figure 6.10: Simulation- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (including the dephosphorylation reaction). 

The model was simulated each time with various concentrations of Ang2; 50, 100, 200, 500, 800 

and 1000 ng/ml. The amount of Tie2 phosphorylated at 15 minutes was quantified and the 

percentage of maximal phosphorylation was calculated. The simulations show an increase in 

phosphorylation with a plateau in phosphorylation being reached with 200ng/ml Ang2. With 

higher concentrations of Ang2 the levels of phosphorylation remains at maximum suggesting 

saturation of Tie2. Phosphorylation is shown as a percentage of maximal phosphorylation. 
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6.2.1.2. Experiment 

The experiments to determine the relative effect of Ang2 concentration on Tie2 activation 

was repeated again. The experiments were performed as described in Chapter 5.8.1.2 

(without the addition of vanadate). In this experiment the Supersignal ECL solution 

(Pierce) was used to detect picomolar levels of protein.  The CCD imager failed to detect 

phospho-Tie2 specific bands.  This may be due to the low levels of Ang2-induced 

phosphorylation and rapid dephosphorylation as no vanadate was used to inhibit 

dephosphorylation and preserve phosphorylation. Thus validation of the concentration-

dependent effect of Ang2 on Tie2 phosphorylation and the time-course of Ang2 on Tie2 

phosphorylation could not be performed. 

Alternatively a study by Bogdanovic and colleagues has demonstrated that Ang2 

phosphorylates Tie2 in a concentration dependent manner with maximal phosphorylation 

being observed at 800 ng/ml (Bogdanovic et al., 2006). However this study was 

performed using a different method and will be discussed further in section 6.4.2. 
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6.3. Validating the effect of Ang2 on Ang1-induced Tie2 activation 

(with dephosphorylation)       

6.3.1. Simulation 

To validate the effect of Ang2 on Ang1-induced Tie2 phosphorylation the model was 

simulated with 50 ng/ml Ang1 and increasing concentrations of Ang2. 

 

Figure 6.11 shows the change in total Tie2 phosphorylation over the concentration of 

Ang2 for each simulation. The model simulation suggests that Ang1-induced Tie2 

phosphorylation is reduced by over 50% with 200 ng/ml Ang2 treatment. This effect 

plateaus after treatment with 500 ng/ml Ang2. 

 

Figure 6.11: Simulation- The concentration dependent effect of Ang2 on Ang1-induced Tie2 

phosphorylation (including the dephosphorylation reaction). 

The model was simulated for 1800 seconds with 50 ng/ml and increasing concentrations of Ang2. 

The total concentration of Tie2 phosphorylation was calculated after 15 minutes of simulation. 

The graph shows that treatment with 200 ng/ml Ang2 decreases Tie2 phosphorylation by over 

50%. The inhibitory effect of Ang2 plateaus with concentrations greater than 500 ng/ml Ang2. 
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6.3.2. Experiments 

As shown in previous experiments Ang1 stimulation produces quantifiable levels of Tie2 

phosphorylation in HUVECs. Hence if Ang1 is used to increase Tie2 phosphorylation the 

levels of phosphorylation should be high enough to detect the effects of Ang2. This effect 

of Ang2 on Ang-induced Tie2 phosphorylation in experiments can be used to validate the 

model. 

 

Experiments were performed to determine the effect of Ang2 on Ang1-induced Tie2 

phosphorylation, and also to validate this in the model. HUVECs were prepared (as 

described in Chapter 2.4), serum-starved for one hour, treated with increasing 

concentrations of Ang2 for 5 minutes (no vanadate treatment), and followed by 

stimulation with a low concentration of Ang1 for 15 minutes. Samples were collected 

and proteins were resolved and blotted as described previously. The membrane was 

probed for phosphorylated Y992-Tie2 and reprobed for Tie2.  As Ang1 is present in the 

samples the levels of phosphorylated Tie2 was high enough to detect. 

 

The results in Figure 6.12 show that Ang2 has a slight antagonist effect on Ang1 induced 

phosphorylation. 
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A 

 

B 

 

Figure 6.12: Experiment- The concentration dependent effect of Ang2 on Ang1-induced 

Tie2 phosphorylation (without vanadate). 

A. Cells were serum-starved, treated with vanadate, and stimulated with Ang1 and increasing 

concentrations of Ang2 for 15 minutes. The protein was resolved using SDS-PAGE and probed 

for phosphorylated Y992 Tie2. Chemiluminescence was detected using a CCD imager. The blot 

shows a slight decrease in phosphorylation with increasing concentrations of Ang2. The blot was 

reprobed for Tie2 to normalize results. 

B. The percentage phosphorylation of Y992-Tie2 was calculated and plotted to show the change 

of percentage phosphorylation over increasing Ang2 for 4 experiments. The graph shows that the 

level of phosphorylation gradually decreases. Phosphorylation is normalized to Tie2 and is shown 

as a percentage of maximal phosphorylation. Data is presented as mean and SEM of relative 

maximal phosphorylation (n=4). Data is significant for 800 and 1000 ng/ml in comparison to 

Ang1 only (p<0.05), One-way ANOVA. 
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6.3.3. Comparison of simulation and experimental effects of Ang2 on Ang1-

induced Tie2 phosphorylation (with dephosphorylation).  

The experimental results (normalised) were compared to the simulation results to 

determine whether the model is valid for effects of combined Ang1 and Ang2 treatment 

on Tie2 phosphorylation. Figure 6.13 shows that the levels of phosphorylation in both 

methods are different. Although both methods show that Ang2 plays an inhibitory role, 

Ang2 in experiments does not have a major inhibitory effect on Tie2 phosphorylation 

unlike Ang2 in the model, which inhibits phosphorylation by over 50% with 200ng/ml 

treatment. 

 

 

Figure 6.13: Comparison- The concentration dependent effect of Ang2 on Ang1-induced 

Tie2 phosphorylation (including the dephosphorylation reaction). 

The simulation effect of increasing Ang2 on Ang1 and Ang2-induced Tie2 phosphorylation 

(blue) was compared to the effect in experiments (red). The simulation and experiments show 

that Ang2 inhibits Tie2 phosphorylation however the model simulations suggest that Ang2 has a 

bigger effect than shown in experiments. Experimental data is presented as mean and SEM of 

relative maximal phosphorylation and normalized to Tie2 (n=4). The comparison of experiment 

to simulation is significant (p<0.05), Two-way ANOVA. 
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The simulation shows that Ang2 has a greater effect on Tie2 phosphorylation than in 

experiments. This suggests that the binding of Ang2 to Tie2 is too high and therefore 

binds more Tie2 which decreases the amount of free Tie2 required for Ang1-induced 

Tie2 phosphorylation. Hence the binding affinity and binding association parameters 

used in the model produces simulation results which do not fit the experimental data. 

To address this the value for Ang2 kon was changed and used in simulations until the 

simulation plot matched the experimental data (Figure 6.14). The koff remained at 0.0096 

s-1 as this is an experimentally measured value (Steele, 2013). The values substituted for 

kon were; 0.0094 (original value), 0.006, 0.00094, 0.0006 nM-1s-1. 

Figure 6.4 shows that the results produce a near perfect fit when kon is 0.0006 nM-1s-1 and 

koff is 0.0096 s-1. However using these values increases the KD to 16 nM which is higher 

than the measured values; 1.026 ± 0.22 nM (Steele, 2013) and 3 nM (Maisonpierre et al., 

1997). Moreover as the measured values were determined in vitro from DT40 cells with 

the over expression of Tie2 these values may differ from the actual in vivo values. 
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Figure 6.14: Comparison- The concentration dependent effect of Ang2 on Ang1-induced 

Tie2 phosphorylation (including the dephosphorylation reaction, using various 

parameters). 

The model was simulated for 30 minutes with 50 ng/ml Ang1 and increasing concentrations of 

Ang2. The Ang2 kon binding parameters for Ang2 was changed each time; 0.0094 nM-1s-1 (blue), 

0.006 nM-1s-1 (purple), 0.00094 nM-1s-1 (green) and 0.0006 nM-1s-1 (black). The koff parameter 

remained at 0.0096 s-1. The percentage phosphorylation was compared to the experiments (red). 

The plot shows that decreasing the kon parameter decreases the effect of Ang2 on Tie2 

phosphorylation. The 0.0006 nM-1s-1 kon parameter produces the best fit with the experimental 

data. Experimental data is presented as mean and SEM of relative maximal phosphorylation and 

normalized to Tie2 (n=3). 

 

The parameters were modified again using the KD of 3 nM and kon as 0.0006 nM-1s-1. 

From these values the koff was calculated to be 0.0018 s-1. This koff parameter has a 2-fold 

difference to that of Ang1 (koff is 0.0043 s-1). Furthermore this parameter is suitable to 

use as it has been shown that Ang2 is released faster than Ang1 after binding (Bogdanovic 

et al., 2006). 

The model was simulated with the new parameter values and the results were compared 

to the experimental data (Figure 6.15). The simulation results are similar to the 

experimental results even though the KD and koff have changed.  
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Figure 6.15: Comparison- The concentration dependent effect of Ang2 on Ang1-induced 

Tie2 phosphorylation (including the dephosphorylation reaction, with new parameters). 

The model was simulated using the new parameters for Ang2 binding; KD is 3 nM, kon is 0.0006 

nM-1s-1, koff is 0.0018 s-1. The simulation effect of increasing Ang2 on Ang1-induced Tie2 

phosphorylation (blue) was compared to the effect in HUVEC experiments (red). The model and 

experiment are very similar and show that Ang2 inhibits Tie2 phosphorylation in a concentration 

dependent manner. Phosphorylation is shown as a percentage of maximal phosphorylation. 

Experimental data is presented as mean and SEM of relative maximal phosphorylation and 

normalized to Tie2 (n=3). The comparison of experiment to simulation is not significant (p<0.05), 

Two-way ANOVA. 
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6.4. The re-analysed concentration-dependent effect of Ang2 on Tie2 

activation (with dephosphorylation). 

In order to redefine the model and test whether the new binding parameter values are 

correct the Ang2 section of the model was reanalysed for validation. 

 

6.4.1. Simulation using new binding parameter values. 

The model was simulated including the dephosphorylation reaction as previously 

described in section 6.2.1.1., and also using new binding parameter values. The 

concentrations of Ang2 used in each simulation were; 50, 100, 200, 500, 800 and 1000 

ng/ml. The percentage change of Tie2 phosphorylation was calculated and plotted (Figure 

6.16). The simulation shows a concentration dependent increase in phosphorylation.  

 

Figure 6.16: Simulation- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (including the dephosphorylation reaction and new binding parameters). 

The model was simulated each time with various concentrations of Ang2; 50, 100, 200, 500, 800 

and 1000 ng/ml. The amount of Tie2 phosphorylated at 15 minutes was quantified and the 

percentage of maximal phosphorylation was calculated. The simulations show an increase in 

phosphorylation with increasing concentrations of Ang2. 

  



     Chapter 6: Model simulations and validation with dephosphorylation 
 

153 
 

6.4.2. Comparison of simulation and literature data on Ang2 –induced Tie2 

activation (with dephosphorylation).  

As mentioned in section 6.2.1.2, a study on the Ang2 concentration dependent effect on 

Tie2 activation has been published by Bogdanovic and colleagues (Bogdanovic et al., 

2006). This study also used HUVECs stimulated for 15 minutes with increasing 

concentrations of Ang2. Although the cells were lysed with radio immunoprecipitation 

lysis buffer and samples were immunoprecipitated for Tie2 before resolving the proteins 

by SDS-PAGE. The blot was probed for anti-phosphotyrosine antibody 4G10 (Upstate) 

and not the specific phosphorylated tyrosine 992 (Bogdanovic et al., 2006). 

 

The simulation results were compared to the data in the study by Bogdanovic and 

colleagues to determine whether the model could potentially be valid for effects of Ang2 

treatment on Tie2 phosphorylation. Figure 6.17 shows Ang2 phosphorylates Tie2 in a 

concentration dependent manner. Furthermore the levels of phosphorylation for each 

simulated Ang2 concentration is close to the percentage phosphorylation demonstrated 

by Bogdanovic and colleagues.  

 

However as this study was performed using a different method, this comparison does not 

fully confirm the validity of the model. It can only imply that the model could potentially 

be valid for the Ang2 concentration dependent effect on Tie2 activation. 
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Figure 6.17: Comparison of simulation and literature on the concentration dependent effect 

of Ang2 on Tie2 phosphorylation (including the dephosphorylation reaction and new 

binding parameters). 

The effect of increasing Ang2 on Tie2 phosphorylation in the simulation (blue) was compared to 

the effect demonstrated in a study by (Bogdanovic et al., 2006) (red). The model simulation 

results show that the percentage of maximum phosphorylation for each Ang2 concentration is 

close to the percentage phosphorylation demonstrated by Bogdanovic and colleagues. 

Phosphorylation is shown as a percentage of maximal phosphorylation. The comparison of 

literature to simulation is not significant (p<0.05), Two-way ANOVA. 
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6.5. The re-analysed concentration-dependent effect of Ang2 on Tie2 

activation (without dephosphorylation). 

6.5.1. Simulation using new binding parameter values. 

To determine whether the new binding parameter values produce valid simulations for 

the model without dephosphorylation, the model simulation as described in Chapter 

5.8.1.1 was repeated. This simulation was without the dephosphorylation reaction, and 

used the new binding parameter values and varying concentrations of Ang2; 50, 100, 200, 

500, 800 and 1000 ng/ml. The percentage change in total phosphorylated Tie2 was 

calculated and plotted. 

The graph of percentage change of phosphorylated Tie2 over increasing Ang2 (Figure 

6.18A) suggests that Ang2 induces Tie2 phosphorylation in a concentration dependent 

manner. 

The agonist activity of Ang2 was also compared to the agonist activity of Ang1. The 

levels of Ang1-induced and Ang2-induced Tie2 phosphorylation from both Ang1 and 

Ang2-induced simulations (in Figures 5.14 and 6.18A) were compared. Figure 6.18B 

shows the percentage Tie2 phosphorylation induced by increasing concentrations of 

Ang1 and Ang2. The percentages of phosphorylation are shown as a percentage of 

maximal Ang1-induced phosphorylation. The comparison with Ang1 shows that Ang2 

has a partial agonist effect which is around 10% of the maximum Ang1-induced Tie2 

phosphorylation. 
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A 

 
 

B 

 
Figure 6.18: Simulation- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (no dephosphorylation reaction and with new binding parameters). 

A. The model using the new parameter values and without the dephosphorylation reaction was 

simulated for various concentrations of Ang2; 50, 100, 200, 500, 800 and 1000 ng/ml. The effect 

on Tie2 phosphorylation at 15 minutes was quantified and the percentage phosphorylation for 

each concentration was plotted. The simulations show an increase in phosphorylation. 

B. The percentage Tie2 phosphorylation induced by increasing concentrations of Ang1 (from 

previous simulations) and Ang2 were compared. The percentages of phosphorylation are shown 

as a percentage of maximal Ang1-induced phosphorylation. Ang2 has a partial agonist effect 

which is around 10% of maximum Ang1-induced Tie2 phosphorylation. 

 

 



     Chapter 6: Model simulations and validation with dephosphorylation 
 

157 
 

6.5.2. Comparison of simulation and experimental concentration dependence 

curves of Ang2-induced Tie2 phosphorylation (without dephosphorylation). 

The simulation results of increasing Ang2 concentration on Tie2 activation were 

compared to the experimental results from Chapter 5.8.1.2. Figure 6.19 shows that both 

methods have different percentages of Tie2 phosphorylation for all concentrations of 

Ang2, apart from 500 ng/ml Ang2 which for the simulation is within the standard error 

range for the mean value in experiments. This comparison suggests that using the new 

binding parameter values for simulating the model without the dephosphorylation 

reaction is not valid for the Ang2 effects on Tie2 phosphorylation.  However the statistical 

analysis suggests that the comparison is not significant. 

 
Figure 6.19: Comparison- The concentration dependent effect of Ang2 on Tie2 

phosphorylation (no dephosphorylation reaction and new binding parameters). 

The simulation effect of increasing Ang2 on Tie2 phosphorylation was compared to the effect in 

HUVEC experiments. Both methods show an increase in phosphorylation however the 

percentage phosphorylation is only similar for 500 ng/ml Ang2. Phosphorylation is shown as a 

percentage of maximal phosphorylation. Experimental data is presented as mean and SEM of 

relative maximal phosphorylation (n=5). The comparisons of the experiment to simulation and 

between concentrations is not significant (p<0.05), Two-way ANOVA. 
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6.6. The re-analysed effect of Ang2 on Tie1, Tie2 and Tie1:Tie2 

equilibrium. 

The simulation from Chapter 5.5 was repeated to examine how the equilibrium between 

Tie1, Tie2 and Tie1:Tie2 is affected by adding Ang2 using the new parameter values for 

Ang2 binding. The model was simulated for 30 minutes with 200 ng/ml Ang2, and the 

initial concentration of new Tie2.  

The simulation plots in Figure 6.20 show that unlike the effect of Ang1 and the previous 

analysis for Ang2 (Figure 5.7), Ang2 induces a lower amount of Tie1:Tie2 dissociation. 

32% of the initial Tie1:Tie2 concentration has been dissociated. The amount of free Tie1 

increases whilst the amount of free Tie2 decreases. Adding the Tie2 replenishment 

reaction to the model shows that the concentration of nTie2 gradually decreases over time 

however the concentration of free Tie2 is not replenished to the initial concentration. The 

concentrations of Ang2 binding to Tie1:Tie2 gradually increases and reaches a plateau 

around 900 seconds although the concentrations of complex formed are very low.  

This analysis suggests that on the addition of Ang2 the equilibrium between Tie1, Tie2 

and Tie1:Tie2 shifts to favour free Tie1 and Tie2 by dissociating the Tie1:Tie2 

heterodimer.  
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Figure 6.20: Simulation plots of the Ang2-induced effect on the Tie1, Tie2, Tie1:Tie2 

equilibrium (including the dephosphorylation reaction and new binding parameters). 

Simulation of the model was performed for 1800 seconds (30 minutes) with the addition of 200 

ng/ml Ang2 and 0.299 nM new Tie2 (nTie2).  

Plot A, shows the concentrations of Tie1 (blue), Tie2 (red) and Tie1:Tie2 (green) over time. The 

concentrations of Tie1:Tie2 complex and Tie2 decreases while Tie1 increases.  

Plot B, shows that the concentration of nTie2 gradually decreases over time.  

Plot C, shows Ang2 (dimeric in red, trimeric in blue and tetrameric in green) bound to Tie1:Tie2. 

There is an increase in concentration which reaches a plateau around 900 seconds. The change in 

concentration is very small. 

A   
 

B   
 

C   
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6.7. Discussion 

The aim of this chapter was to simulate the model with the dephosphorylation reaction 

included and validate the model by comparing the simulation results to experiments 

without the use of vanadate. 

The validation of the rate of Ang1-induced Tie2 activation suggests that for the low 

concentration of Ang1 the simulation does not match the experiments for 5 or 15 minutes. 

However if the experiments showed a gradual decrease between the 10 and 30 minute 

time-points the model would be valid at 15 minutes. 

For the high concentration of Ang1, both methods confirm a similar rapid increase in 

phosphorylation during the first 5 minutes although the maximal levels of 

phosphorylation are reached at different times. Moreover the simulation shows a decrease 

in phosphorylation after 10 minutes whilst the experiments show a plateau in 

phosphorylation. The plateau shown in experiments could be due to the release of Ang1 

which occurs after binding prior to Tie2 internalisation. This allows for the recycling of 

Ang1 in new binding to free Tie2 which has been proposed to occur (Bogdanovic et al., 

2006).  Hence this could maintain the level of phosphorylation shown in experiments. 

The mechanisms which regulate angiopoietin ligand release are unknown and a separate 

reaction for ligand release prior to Tie2 internalisation is not accounted for in the model. 

Though it has been suggested that the release of angiopoietins could be a result of changes 

in receptor affinity after binding to Tie2 (Bogdanovic et al., 2006). 

The simulation for the effects of Ang1 concentration on Tie2 phosphorylation was also 

examined. From the results only the percentage phosphorylation for 50 ng/ml does not 



     Chapter 6: Model simulations and validation with dephosphorylation 
 

161 
 

correspond to the experimental data which could be due to experimental error. The 

experiments suggest that the increase in Ang1 from 25 ng/ml to 50 ng/ml has little to no 

effect on phosphorylation. However previous experiments (Chapter 5.6.3.2) and many 

studies have shown that Ang1 increases phosphorylation in a concentration dependent 

manner (Bogdanovic et al., 2006; Yuan et al., 2007; Yuan et al., 2009). Thus it is possible 

that the percentage phosphorylation for 50 ng/ml Ang1 is increased and higher than 

shown for 25 ng/ml, which would make the simulation valid for this part of the model.  

The next part of the model for validation was the effect of Ang2 on Tie2 phosphorylation. 

There were difficulties in detecting Tie2 phosphorylation in samples treated with Ang2 

thus the modelling of Ang2 was validated by comparing the effects of Ang2 on Ang1-

induced Tie2 phosphorylation. The comparison of the simulation and experimental data 

showed that the model was not valid and suggested that the model was sensitive to Ang2. 

This could be due to the Ang2 binding parameters for Tie2 which promotes a high affinity 

for binding.  Hence simulations were conducted to determine a set of parameters which 

when simulated produced a concentration dependent curve that corresponded to the 

experimental data.  

The KD proposed was higher than the measured value (Steele, 2013) however as the 

measured KD is too low (causing high binding affinity) this was replace with the KD 

measured by Maisonpierre and colleagues (Maisonpierre et al., 1997). The method used 

by Dr Steele over-expressed Tie2 on DT40 cells and combined with the different charges 

from the cell surface glycoproteins (not similar to HUVECs) could influence the avidity 

of the ligand-receptor binding. Conversely the surface plasmon resonance method used 

by Maisonpierre and colleagues isolates the Tie2 on a chip and is probably more relevant 
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to the cellular experiments used for validation (Maisonpierre et al., 1997). Nevertheless 

the KD measured by surface plasmon resonance is comparable to the KD measured by Dr 

Steele. 

The koff proposed from the simulation is a few fold lower than the original measured 

value and the koff for Ang1. Hence the proposed value is practical and can also be justified 

by Ang2 having a faster release rate than Ang1 after binding to Tie2 (Bogdanovic et al., 

2006). The kon proposed from the simulation is 15-fold lower than the original calculated 

value and can only be justified by validating the model using this value. 

Therefore the new Ang2 binding parameters were used in simulations for the 

concentration dependent effect of Ang2 on Tie2 phosphorylation. As this could not be 

compared to experimental data (for reasons described previously) it was compared to a 

study by Bogdanovic and colleagues who were able to show that Ang2 increases Tie2 

phosphorylation in a concentration dependent manner (Bogdanovic et al., 2006). This 

comparison only suggests a possibility that the model is valid as this study was performed 

by using a different method with a phosphotyrosine antibody not specific to Y992 Tie2 

phosphorylation. 

A further simulation of the new values was performed using the model without the 

dephosphorylation reaction. As the experimental effects of increasing Ang2 

concentration on Tie2 phosphorylation were quantified in the presence of vanadate 

(Chapter 5.8.1.2) this could be compared to the simulated data with new Ang2 binding 

parameters. The comparison shows that the new parameters values are not suitable for 

use in this model as the comparison suggests that the model is no longer valid. Although 
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the simulation with new values does show that Ang2 has a partial agonist effect on Tie2 

phosphorylation when compared to Ang1. 

The analysis on the effect of Ang2 on the Tie1, Tie2, Tie1:Tie2 equilibrium was repeated 

using the new values. The simulation results suggest that Ang2 induces the dissociation 

of Tie1:Tie2, although on the contrary the in vivo study monitoring the association of 

Tie1 and Tie2 has suggested that Ang2 is unable to dissociate the Tie1:Tie2 complex 

(Seegar et al., 2010). However the simulations with the new parameter values have 

resulted in a lower amount of Tie1:Tie2 dissociation when compared to the original 

simulation. This discrepancy with the literature could still be caused by the binding 

parameters for Ang2 binding to Tie1:Tie2 although the Ang2 effect has been validated 

against experiments. Another cause could be the structural residues on Ang2 which have 

recently been discovered to influence Tie1:Tie2 interactions (Yu et al., 2013). The 

simulations also show that a low amount of Ang2 binds to Tie1:Tie2 although another 

study has shown that Ang2 can bind to Tie2 just as well in the presence or absence of 

Tie1 (Hansen et al., 2010). Hence if the amount of Ang2 bound to Tie1:Tie2 is higher 

this should theoretically reduce the amount of Tie1:Tie2 complexes dissociated. 

Furthermore it has been suggested that the binding of Ang2 may electrostatically stabilize 

the Tie1:Tie2 complex (Yu et al., 2013). This indicates that the discrepancy for this 

analysis may be due to the Ang2 molecular structural issues which are beyond the scope 

of the kinetic model.  

Overall this chapter has established a model which is close to physiological conditions 

and is valid for Ang1 interactions and also potentially valid for Ang2 interactions. 
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Chapter 7: Conclusion and future work 

Angiopoietins are ligands of the receptor tyrosine kinase, Tie2, whose activation by Ang1 

stimulation results in vascular quiescence and angiogenesis (Davis et al., 1996; Fukuhara 

et al., 2010). This vascular effect makes the Tie2 signalling pathway a therapeutic target 

for many diseases such as; heart disease, stroke and cancer. However, Tie2 regulation is 

under tight control and has many complex factors which regulate its activation.  

Computational modelling can be used to model this receptor and ligand interactions, and 

the complex regulatory features to help understand the behaviour of this system. 

The main aim of this project was to produce a quantitative computer model of the Ang-

Tie interactions and its various regulatory features at the endothelial cell surface. A 

schematic representation of Ang-Tie interactions was produced in CellDesigner™ to 

identify the reactions required for modelling. Mathematical kinetic equations were 

formulated to describe the system and change of states over time. These equations 

identified a set of parameters required for input before the model could be simulated. 

Most of these parameters were obtained from the literature or quantified and determined 

experimentally.  

This model uses the relative change in Tie2 phosphorylation as an indicator for the levels 

of activated Tie2 and signalling, thus the levels of Tie2 phosphorylation in experiments 

need to be determined for comparing both methods. Quantitative Western blotting was 

determined to be a suitable quantitative method for detecting the amounts of proteins in 

cell samples. However this method is not fully accurate as some protein is inevitably lost 

while stripping the membrane for reprobing. Hence a more accurate method that could 



     Chapter 7: Conclusion and future work 
 

165 
 

be used is the LI-COR Odyssey infrared imaging system which eliminates the need for 

stripping due to its dual staining features. Another limitation to this method is that only 

the relative levels can be quantified and not the actual concentrations of protein. 

There were initial difficulties in detecting Tie2 phosphorylation using low concentrations 

of Ang1 hence a phosphatase inhibitor (vanadate) was used to inhibit dephosphorylation. 

Consequently the dephosphorylation reaction had to be removed from the model to mimic 

experiments for validation of the simulations. However the use of vanadate in 

experiments and excluding dephosphorylation from the model does not produce a model 

similar to physiological conditions. Unfortunately the use of this chemical was 

responsible for some inconsistencies in experiments and invalidations of the model.   

After many months of optimising the culture and maintenance of HUVECs for use in 

experiments the levels of Tie2 phosphorylation were able to be consistently detected and 

quantified. The validations for the model were repeated again with simulations including 

the dephosphorylation reaction. There was a discrepancy between the simulation results 

and experimental results on the effect of Ang2 on Ang1-induced Tie2 phosphorylation. 

This was thought to be due to the high binding affinity of Ang2 for Tie2. The parameters 

were changed until a set of appropriate Ang2 binding parameters were identified to 

produce simulation results corresponding to experimental data. The validations for Ang2 

were repeated and were proven to be valid for the model including the dephosphorylation 

reaction by comparisons with experiments and studies from the literature.  

The model suggests that Ang1 phosphorylation peaks between 10 and 15 minutes after 

stimulation and that Ang1 and Ang2 both induce Tie2 in a concentration dependent 
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manner, and is in agreement with many studies  (Bogdanovic et al., 2006; Yuan et al., 

2007; Yuan et al., 2009). The model has also demonstrated that Ang2 has a partial agonist 

effect on Tie2 phosphorylation however in the presence of Ang1 it reduces the levels of 

phosphorylation, which is also consistent with the literature (Bogdanovic et al., 2006; 

Yuan et al., 2009). The model also suggests that Ang1 induces the dissociation of the 

Tie1:Tie2 complex which is consistent with a recent study (Seegar et al., 2010). 

Conversely the addition of Ang2 also dissociated the Tie1:Tie2 complex in simulations 

which is not in accordance with the literature (Seegar et al., 2010) . 

There are many factors that contribute to the complexity of Ang1 and Ang2 and their 

function on Tie2 activation which the model has tried to incorporate. However the effect 

of binding parameters on Tie2 is only a small part of the greater problem which could 

possibly be highly influenced by the β6-β7 loop in the P domain of the Ang2 molecular 

structure (Yu et al., 2013). This loop may be responsible for the differences in functional 

activity between Ang1 and Ang2, and as this cannot be mathematically modelled, the 

model is restricted to kinetic interactions and can therefore only be defined to a limit. 

In conclusion this project has established a model similar to physiological conditions 

which is valid for Ang1 and potentially for Ang2 interactions. This simplified model of 

Ang1 and Ang2 interactions with Tie2 on the endothelial cell surface provides a 

foundation on which further analysis, hypotheses, and additional receptor modelling can 

be performed and expanded. The initial intention of the project was to identify the main 

regulatory states or parameters of the model and use synthetic biology to manipulate and 

modify these states. However this was not accomplished due to the length of model 
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development and the time constraints; the project is now being continued by Dr Tariq 

Tahir. 

Further work on validation of the model is necessary for the interactions of the 

angiopoietins with soluble Tie2 (sTie2). Experiments are required to examine the effect 

of increasing concentrations of sTie2 on Ang1-induced Tie2 phosphorylation without the 

use of vanadate. In addition the effect on Tie2 phosphorylation of adding increasing 

concentrations of sTie2 in the presence of both Ang1 and Ang2 at fixed concentrations is 

also required.  

Once this has been achieved predictions on the state of Tie2 phosphorylation in 

pathological conditions such as sepsis, cancer and cardiovascular disease, can be 

determined. This can be conducted by changing the initial amounts of Ang1, Ang2 and 

sTie2 (found in healthy patients) in relation to the fold-changes found in pathological 

conditions. For example studies have suggested that the serum level of Ang2 in patients 

with sepsis increases between 4.6 and 6.6 fold (Parikh et al., 2006; Siner et al., 2009). 

Hence for simulations of sepsis the initial concentration of Ang2 should be increased by 

4.6 to 6.6 fold to determine the relative change in Tie2 activation. 

Other predictions can be made to generate hypotheses which can be verified 

experimentally. For example determining how much sTie2 would be required to 

sequester higher concentrations of Ang1 and or Ang2 in pathological conditions. 

This model once fully validated has potential clinical relevance for personalised 

treatment. The model can be scaled for use in clinical settings, where the quantified levels 
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of Ang1, Ang2 and sTie2 from a patient’s blood serum can be input and simulated to 

determine the optimal therapy. In addition the interactions of angiopoietins and Tie could 

potentially be integrated with recent models on VEGF receptor signalling (Tan et al., 

2013a; Tan et al., 2013b) to support and advance research on the predictive modelling of 

angiogenesis (Bentley et al., 2013). Conversely, if the model cannot be fully validated 

this can identify an area of the system which has importance to Tie2 regulation and should 

be explored and investigated experimentally. 

Another important aspect of the computational model is the ability to identify the main 

regulatory parameters in the system. A sensitivity analysis can be performed on the rate 

constants and also the state concentrations at initial conditions. This analysis examines 

the robustness to variation for these parameters and can therefore determine which rate 

constants and states have the biggest effect on Tie2 activation. Once this has been 

determined the main states or parameters can be explored and further investigated. 

Synthetic biology approaches can then be used to modify the identified states (e.g. 

receptors) for therapeutic manipulation of signalling pathways relevant to pathological 

conditions. 

 

  



     Appendix 
 

169 
 

Appendices 

Appendix 1: Concentrations for Ang2 oligomeric forms 

 

 

Figure taken from (Kim et al., 2005) 

 

 

 

 

 

  

 Density % 

Dimer (Ang2)2 463 75 

Trimer (Ang2)3 55 9 

Tetramer (Ang2)4 98 16 

  100% 

Total Ang2 

ng/ml 

Dimer       

75% 

(nM) 

Trimer 

9% 

(nM) 

Tetramer 

16% 

(nM) 

50 0.268 0.021 0.029 
100 0.536 0.043 0.057 
200 1.071 0.086 0.114 
500 2.679 0.214 0.286 
800 4.286 0.343 0.457 
1000 5.357 0.429 0.571 
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Appendix 2: MATLAB scripts without dephosphorylation  

%Script 1- Main script for Model- Ang-Tie interactions 
%FULL MODEL - Ang1, Ang2, sTie2 

  
% set parameters global, so they can be used in the ODE function. 
global k1; 
global k_1; 
global k2;  
global k_2; 
global k3; 
global k_3; 
global k4; 
global k_4; 
global k5; 
global k_5; 
%global V6; %dephos 
%global K6; %dephos 
global k7; 
global k8; 

  
global k9; 
global k10; 
global k11; 
global k12; 

  
global k13; 

  
global k14; 
global k_14; 

  
global k15; 
global k_15; 

  
global k16; 
global k_16; 
global k17; 
global k_17; 

  
global k18; 
global k_18; 
global k19; 
global k_19; 
global k20; 
global k_20; 

  
global k21; 
global k_21; 
global k22; 
global k_22; 
global k23; 
global k_23; 
global k24; 
global k_24; 
global k25; 
global k_25; 
%global V26; %dephos 
%global K26; %dephos 
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global k27; 
global k_27 
global k28; 
global k_28 
global k29; 
global k_29; 

  
global k30; 
global k_30; 
global k31; 
global k_31; 
global k32; 
global k_32; 

  

  

  
% set parameter values 
k1 = 0.0094; %Ang1 binding to Tie2 Monomer 
k_1 = 0.0043; 
k2 = 0.5; %Dimer 
k_2 = 0.1; 
k3 = 0.5; %Trimer 
k_3 = 0.1; 
k4 = 0.5; %Tetramer 
k_4 = 0.1;   
k5 = 1; %Phosphorylation 
k_5 = 0.01; 
%V6 = 13030.3; %dephosphorylation 
%K6 = 104000; %dephosphorylation 
k7 = 0.00684; %internalisation 
k8 = 0.000684; % degradation 

  
k9 = 0.00684; % Ang1 mono internalisation 
k10 = 0.00684; % Ang1 di internalisation 
k11 = 0.00684; % Ang1 tri internalisation 
k12 = 0.00684; % Ang1 tetra internalisation 

  
k13 = 0.00042; %Tie2 replenishment 

  
k14 = 0.00000000000171; %Tie1:Tie2 
k_14 = 0.1; 

  
k15 = 0.0094; %Ang1 binding to sTie2 Monomer 
k_15 = 0.0043; 

  
k16 = 0.0094; %(Ang2)2 binding to Tie2 Monomer 
k_16 = 0.0096; 
k17 = 0.5; %Dimer 
k_17 = 0.1; 

  
k18 = 0.0094; %(Ang2)3 binding to Tie2 Monomer 
k_18 = 0.0096; 
k19 = 0.5; %Dimer 
k_19 = 0.1; 
k20 = 0.5; %Trimer 
k_20 = 0.1; 

  
k21 = 0.0094; %(Ang2)4 binding to Tie2 Monomer 
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k_21 = 0.0096; 
k22 = 0.5; %Dimer 
k_22 = 0.1; 
k23 = 0.5; %Trimer 
k_23 = 0.1; 
k24 = 0.5; %Tetramer 
k_24 = 0.1;   
k25 = 1; %Phosphorylation 
k_25 = 0.01; 
%V26 = 13030.3; %dephosphorylation 
%K26 = 104000; %dephosphorylation 

  
k27 = 0.0094; %(Ang2)2 binding to Tie1:Tie2  
k_27 = 0.0096; 
k28 = 0.0094; %(Ang2)3 binding to Tie1:Tie2  
k_28 = 0.0096; 
k29 = 0.0094; %(Ang2)4 binding to Tie1:Tie2  
k_29 = 0.0096; 

  
k30 = 0.0094; %(Ang2)2 binding to sTie2 
k_30 = 0.0096; 
k31 = 0.0094; %(Ang2)3 binding to sTie2 
k_31 = 0.0096; 
k32 = 0.0094; %(Ang2)4 binding to sTie2 
k_32 = 0.0096; 

  

  
% set initial conditions 
x = zeros(37,1); 
x(1) = 0.179; %Ang1 
x(2) = 0.01495; %Tie2 
x(15) = 0.00745; %Tie1 
x(16) = 0.01495; %Tie1:Tie2 
x(14) = 0.0299; %new Tie2 
%x(17) = 1; %sTie2 
%x(19) = 1.071; %(Ang2)2 
%x(22) = 0.086; %(Ang2)3 
%x(26) = 0.114; %(Ang2)4 

  

  

  
[T,Y] = ode23s(@ModelODEs_Thesis,[0 1800],x); %options; 

  
figure; 
title('Timecourse of Tie1 and Tie2 steady state', 'FontWeight', 

'bold'); 
plot(T,Y(:,2), 'r', T,Y(:,15), 'b', T,Y(:,16), 'g'); 
legend('Tie2', 'Tie1', 'Tie1:Tie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
plot(T,Y(:,14)); 
legend('nTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
title('Timecourse of Ang1-Tie2 Phosphorylation','FontWeight','bold'); 
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plot(T,Y(:,7), 'r', T,Y(:,8), 'b', T,Y(:,9), 'g'); 
legend('Ang1-pTie2', 'i-pTie2', 'd-pTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
title('Timecourse of (Ang2)4 induced 

phosphorylation','FontWeight','bold'); 
plot(T,Y(:,31)); 
legend('(Ang2)4-pTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nMol.)'); 
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%Script 2 for Model- Ang-Tie interactions 
%FULL MODEL - Ang1, Ang2, sTie2 

  
function [ dx ] = ModelODEs_Thesis( t, x ) 
%function to return the derivatives of the state variables for the 

Ang-Tie 
%model 

  
% parameters take values from main script (global) 

  
global k1; 
global k_1; 
global k2;  
global k_2; 
global k3; 
global k_3; 
global k4; 
global k_4; 
global k5; 
global k_5; 
%global V6; %dephos 
%global K6; %dephos 
global k7; 
global k8; 

  
global k9; 
global k10; 
global k11; 
global k12; 

  
global k13; 

  
global k14; 
global k_14; 

  
global k15; 
global k_15; 

  
global k16; 
global k_16; 
global k17; 
global k_17; 

  
global k18; 
global k_18; 
global k19; 
global k_19; 
global k20; 
global k_20; 

  
global k21; 
global k_21; 
global k22; 
global k_22; 
global k23; 
global k_23; 
global k24; 
global k_24; 
global k25; 
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global k_25; 
%global V26; %dephos 
%global K26; %dephos 

  
global k27; 
global k_27 
global k28; 
global k_28 
global k29; 
global k_29; 

  
global k30; 
global k_30; 
global k31; 
global k_31; 
global k32; 
global k_32; 

  
% calculate reaction rates 
r1 = k1*x(1)*x(2) - k_1*x(3); %Ang1 binding to Tie2 MONOMER 
r2 = k2*(x(3)*2800000)*(x(2)*2800000) - k_2*x(4); %DIMER 
r3 = k3*x(4)*(x(2)*2800000) - k_3*x(5); %TRIMER 
r4 = k4*x(5)*(x(2)*2800000) - k_4*x(6);%TETRAMER 
r5 = k5*x(6) - k_5*x(7); %PHOSPHORYLATION 
%r6 = (V6*x(7))/(K6 + x(7)); %%%dephosphorylation%%% 
r7 = k7*x(7); %internalization 
r8 = k8*x(8); %degradation of pTie2 

  
r9 = k9*x(3); %iTie2 mono Ang1 
r10 = k10*x(4); %iTie2 di Ang1 
r11 = k11*x(5); %iTie2 tri Ang1 
r12 = k12*x(6); %iTie2 tetra Ang1 

  
r13 = k13*x(14); %replenishment 
r14 = k14*(x(15)*2800000)*(x(2)*2800000) - k_14*x(16); %Tie1:Tie2 

  
r15 = k15*x(1)*x(17) - k_15*x(18); %Ang1 binding to sTie2 MONOMER 

  
r16 = k16*x(19)*x(2) - k_16*x(20); %(Ang2)2 binding to Tie2 MONOMER 
r17 = k17*(x(20)*2800000)*(x(2)*2800000) - k_17*x(21); %DIMER 

  
r18 = k18*x(22)*x(2) - k_18*x(23); %(Ang2)3 binding to Tie2 MONOMER 
r19 = k19*(x(23)*2800000)*(x(2)*2800000) - k_19*x(24); %DIMER 
r20 = k20*x(24)*(x(2)*2800000) - k_20*x(25); %TRIMER 

  
r21 = k21*x(26)*x(2) - k_21*x(27); %(Ang2)4 binding to Tie2 MONOMER 
r22 = k22*(x(27)*2800000)*(x(2)*2800000) - k_22*x(28); %DIMER 
r23 = k23*x(28)*(x(2)*2800000) - k_23*x(29); %TRIMER 
r24 = k24*x(29)*(x(2)*2800000) - k_24*x(30);%TETRAMER 
r25 = k25*x(30) - k_25*x(31); %PHOSPHORYLATION 
%r26 = (V26*x(31))/(K26 + x(31)); %%%dephosphorylation%%% 

  
r27 = k27*x(19)*(x(16)/2800000) - k_27*x(32); %(Ang2)2 binding to 

Tie1:Tie2 
r28 = k28*x(22)*(x(16)/2800000) - k_28*x(33); %(Ang2)3 binding to 

Tie1:Tie2 
r29 = k29*x(26)*(x(16)/2800000) - k_29*x(34); %(Ang2)4 binding to 

Tie1:Tie2 
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r30 = k30*x(19)*x(17) - k_30*x(35); %(Ang2)2 binding to Tie1:Tie2 
r31 = k31*x(22)*x(17) - k_31*x(36); %(Ang2)3 binding to Tie1:Tie2 
r32 = k32*x(26)*x(17) - k_32*x(37); %(Ang2)4 binding to Tie1:Tie2 

 
% calculate derivates 
dx = zeros(37,1); 
dx(1) = -r1-r15; % Ang1 
dx(2) = -r1-r2-r3-r4+r13-r14-r16-r17-r18-r19-r20-r21-r22-r23-r24; % 

Tie2 

  
dx(3) = r1-r2-r9; % Monomer 
dx(4) = r2-r3-r10; % Dimer 
dx(5) = r3-r4-r11; % Trimer 
%dx(6) = r4-r5+r6-r12; % Tetramer with dephos ++ 
dx(6) = r4-r5-r12; % Tetramer without dephos -- 
%dx(7) = r5-r6-r7; % Phosho-Tie2 with dephos ++ 
dx(7) = r5-r7; % Phosho-Tie2 without dephos -- 
dx(8) = r7-r8; % internalized pTie2 
dx(9) = r8; % degraded pTie2 

  
dx(10) = r9; % iTie2 mono Ang1 
dx(11) = r10; % iTie2 di Ang1 
dx(12) = r11; % iTie2 tri Ang1 
dx(13) = r12; % iTie2 tetra Ang1 

  
dx(14) = -r13; % New Tie2 

  
dx(15) = -r14; % Tie1 
dx(16) = r14-r27-r28-r29; % Tie1:Tie2 

  
dx(17) = -r15-r30-r31-r32; % sTie2 
dx(18) = r15; % Ang1-sTie2 

  
dx(19) = -r16-r27-r30; % (Ang)2 
dx(20) = r16-r17; % (Ang2)2 Monomer 
dx(21) = r17; % Dimer 

  
dx(22) = -r18-r28-r31; % (Ang)3 
dx(23) = r18-r19; % (Ang2)3 Monomer 
dx(24) = r19-r20; % Dimer 
dx(25) = r20; % Trimer 

  
dx(26) = -r21-r29-r32; % (Ang)4 
dx(27) = r21-r22; % (Ang2)4 Monomer 
dx(28) = r22-r23; % Dimer 
dx(29) = r23-r24; % Trimer 
%dx(30) = r24-r25+r26; % Tetramer with dephos ++ 
dx(30) = r24-r25; % Tetramer without dephos -- 
%dx(31) = r25-r26; % Phosho-Tie2 with dephos ++ 
dx(31) = r25; % Phosho-Tie2 without dephos -- 

  
dx(32) = r27; % (Ang2)2-Tie1:Tie2 
dx(33) = r28; % (Ang2)3-Tie1:Tie2 
dx(34) = r29; % (Ang2)4-Tie1:Tie2 

  
dx(35) = r30; % (Ang2)2-sTie2 
dx(36) = r31; % (Ang2)3-sTie2 
dx(37) = r32; % (Ang2)4-sTie2 
end 
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Appendix 3: MATLAB scripts with dephosphorylation 

%Script 1- Main script for Model- Ang-Tie interactions 
%FULL MODEL - Ang1, Ang2, sTie2 

  
% set parameters global, so they can be used in the ODE function. 
global k1; 
global k_1; 
global k2;  
global k_2; 
global k3; 
global k_3; 
global k4; 
global k_4; 
global k5; 
global k_5; 
global V6; %dephos 
global K6; %dephos 
global k7; 
global k8; 

  
global k9; 
global k10; 
global k11; 
global k12; 

  
global k13; 

  
global k14; 
global k_14; 

  
global k15; 
global k_15; 

  
global k16; 
global k_16; 
global k17; 
global k_17; 

  
global k18; 
global k_18; 
global k19; 
global k_19; 
global k20; 
global k_20; 

  
global k21; 
global k_21; 
global k22; 
global k_22; 
global k23; 
global k_23; 
global k24; 
global k_24; 
global k25; 
global k_25; 
global V26; %dephos 
global K26; %dephos 
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global k27; 
global k_27 
global k28; 
global k_28 
global k29; 
global k_29; 

  
global k30; 
global k_30; 
global k31; 
global k_31; 
global k32; 
global k_32; 

  

  

  
% set parameter values 
k1 = 0.0094; %Ang1 binding to Tie2 Monomer 
k_1 = 0.0043; 
k2 = 0.5; %Dimer 
k_2 = 0.1; 
k3 = 0.5; %Trimer 
k_3 = 0.1; 
k4 = 0.5; %Tetramer 
k_4 = 0.1;   
k5 = 1; %Phosphorylation 
k_5 = 0.01; 
V6 = 13030.3; %dephosphorylation 
K6 = 104000; %dephosphorylation 
k7 = 0.00684; %internalisation 
k8 = 0.000684; % degradation 

  
k9 = 0.00684; % Ang1 mono internalisation 
k10 = 0.00684; % Ang1 di internalisation 
k11 = 0.00684; % Ang1 tri internalisation 
k12 = 0.00684; % Ang1 tetra internalisation 

  
k13 = 0.00042; %Tie2 replenishment 

  
k14 = 0.00000000000171; %Tie1:Tie2 
k_14 = 0.1; 

  
k15 = 0.0094; %Ang1 binding to sTie2 Monomer 
k_15 = 0.0043; 

  
k16 = 0.0094; %(Ang2)2 binding to Tie2 Monomer 
k_16 = 0.0096; 
k17 = 0.5; %Dimer 
k_17 = 0.1; 

  
k18 = 0.0094; %(Ang2)3 binding to Tie2 Monomer 
k_18 = 0.0096; 
k19 = 0.5; %Dimer 
k_19 = 0.1; 
k20 = 0.5; %Trimer 
k_20 = 0.1; 

  
k21 = 0.0094; %(Ang2)4 binding to Tie2 Monomer 
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k_21 = 0.0096; 
k22 = 0.5; %Dimer 
k_22 = 0.1; 
k23 = 0.5; %Trimer 
k_23 = 0.1; 
k24 = 0.5; %Tetramer 
k_24 = 0.1;   
k25 = 1; %Phosphorylation 
k_25 = 0.01; 
V26 = 13030.3; %dephosphorylation 
K26 = 104000; %dephosphorylation 

  
k27 = 0.0094; %(Ang2)2 binding to Tie1:Tie2  
k_27 = 0.0096; 
k28 = 0.0094; %(Ang2)3 binding to Tie1:Tie2  
k_28 = 0.0096; 
k29 = 0.0094; %(Ang2)4 binding to Tie1:Tie2  
k_29 = 0.0096; 

  
k30 = 0.0094; %(Ang2)2 binding to sTie2 
k_30 = 0.0096; 
k31 = 0.0094; %(Ang2)3 binding to sTie2 
k_31 = 0.0096; 
k32 = 0.0094; %(Ang2)4 binding to sTie2 
k_32 = 0.0096; 

  

  
% set initial conditions 
x = zeros(37,1); 
x(1) = 0.179; %Ang1 
x(2) = 0.01495; %Tie2 
x(15) = 0.00745; %Tie1 
x(16) = 0.01495; %Tie1:Tie2 
x(14) = 0.0299; %new Tie2 
%x(17) = 1; %sTie2 
%x(19) = 1.071; %(Ang2)2 
%x(22) = 0.086; %(Ang2)3 
%x(26) = 0.114; %(Ang2)4 

  

  

  
[T,Y] = ode23s(@ModelODEs_Thesis,[0 1800],x); %options; 

  
figure; 
title('Timecourse of Tie1 and Tie2 steady state', 'FontWeight', 

'bold'); 
plot(T,Y(:,2), 'r', T,Y(:,15), 'b', T,Y(:,16), 'g'); 
legend('Tie2', 'Tie1', 'Tie1:Tie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
plot(T,Y(:,14)); 
legend('nTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
title('Timecourse of Ang1-Tie2 Phosphorylation','FontWeight','bold'); 
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plot(T,Y(:,7), 'r', T,Y(:,8), 'b', T,Y(:,9), 'g'); 
legend('Ang1-pTie2', 'i-pTie2', 'd-pTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nM)'); 

  
figure; 
title('Timecourse of (Ang2)4 induced 

phosphorylation','FontWeight','bold'); 
plot(T,Y(:,31)); 
legend('(Ang2)4-pTie2'); 
xlabel('Time (sec.)'); 
ylabel('Concentration (nMol.)'); 
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%Script 2 for Model- Ang-Tie interactions 
%FULL MODEL - Ang1, Ang2, sTie2 

  
function [ dx ] = ModelODEs_Thesis( t, x ) 
%function to return the derivatives of the state variables for the 

Ang-Tie 
%model 

  
% parameters take values from main script (global) 

  
global k1; 
global k_1; 
global k2;  
global k_2; 
global k3; 
global k_3; 
global k4; 
global k_4; 
global k5; 
global k_5; 
global V6; %dephos 
global K6; %dephos 
global k7; 
global k8; 

  
global k9; 
global k10; 
global k11; 
global k12; 

  
global k13; 

  
global k14; 
global k_14; 

  
global k15; 
global k_15; 

  
global k16; 
global k_16; 
global k17; 
global k_17; 

  
global k18; 
global k_18; 
global k19; 
global k_19; 
global k20; 
global k_20; 

  
global k21; 
global k_21; 
global k22; 
global k_22; 
global k23; 
global k_23; 
global k24; 
global k_24; 
global k25; 
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global k_25; 
global V26; %dephos 
global K26; %dephos 

  
global k27; 
global k_27 
global k28; 
global k_28 
global k29; 
global k_29; 

  
global k30; 
global k_30; 
global k31; 
global k_31; 
global k32; 
global k_32; 

  
% calculate reaction rates 
r1 = k1*x(1)*x(2) - k_1*x(3); %Ang1 binding to Tie2 MONOMER 
r2 = k2*(x(3)*2800000)*(x(2)*2800000) - k_2*x(4); %DIMER 
r3 = k3*x(4)*(x(2)*2800000) - k_3*x(5); %TRIMER 
r4 = k4*x(5)*(x(2)*2800000) - k_4*x(6);%TETRAMER 
r5 = k5*x(6) - k_5*x(7); %PHOSPHORYLATION 
r6 = (V6*x(7))/(K6 + x(7)); %dephosphorylation 
r7 = k7*x(7); %internalization 
r8 = k8*x(8); %degradation of pTie2 

  
r9 = k9*x(3); %iTie2 mono Ang1 
r10 = k10*x(4); %iTie2 di Ang1 
r11 = k11*x(5); %iTie2 tri Ang1 
r12 = k12*x(6); %iTie2 tetra Ang1 

  
r13 = k13*x(14); %replenishment 
r14 = k14*(x(15)*2800000)*(x(2)*2800000) - k_14*x(16); %Tie1:Tie2 

  
r15 = k15*x(1)*x(17) - k_15*x(18); %Ang1 binding to sTie2 MONOMER 

  
r16 = k16*x(19)*x(2) - k_16*x(20); %(Ang2)2 binding to Tie2 MONOMER 
r17 = k17*(x(20)*2800000)*(x(2)*2800000) - k_17*x(21); %DIMER 

  
r18 = k18*x(22)*x(2) - k_18*x(23); %(Ang2)3 binding to Tie2 MONOMER 
r19 = k19*(x(23)*2800000)*(x(2)*2800000) - k_19*x(24); %DIMER 
r20 = k20*x(24)*(x(2)*2800000) - k_20*x(25); %TRIMER 

  
r21 = k21*x(26)*x(2) - k_21*x(27); %(Ang2)4 binding to Tie2 MONOMER 
r22 = k22*(x(27)*2800000)*(x(2)*2800000) - k_22*x(28); %DIMER 
r23 = k23*x(28)*(x(2)*2800000) - k_23*x(29); %TRIMER 
r24 = k24*x(29)*(x(2)*2800000) - k_24*x(30);%TETRAMER 
r25 = k25*x(30) - k_25*x(31); %PHOSPHORYLATION 
r26 = (V26*x(31))/(K26 + x(31)); %dephosphorylation 

  
r27 = k27*x(19)*(x(16)/2800000) - k_27*x(32); %(Ang2)2 binding to 

Tie1:Tie2 
r28 = k28*x(22)*(x(16)/2800000) - k_28*x(33); %(Ang2)3 binding to 

Tie1:Tie2 
r29 = k29*x(26)*(x(16)/2800000) - k_29*x(34); %(Ang2)4 binding to 

Tie1:Tie2 
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r30 = k30*x(19)*x(17) - k_30*x(35); %(Ang2)2 binding to Tie1:Tie2 
r31 = k31*x(22)*x(17) - k_31*x(36); %(Ang2)3 binding to Tie1:Tie2 
r32 = k32*x(26)*x(17) - k_32*x(37); %(Ang2)4 binding to Tie1:Tie2 

  
% calculate derivates 
dx = zeros(37,1); 
dx(1) = -r1-r15; % Ang1 
dx(2) = -r1-r2-r3-r4+r13-r14-r16-r17-r18-r19-r20-r21-r22-r23-r24; % 

Tie2 

  
dx(3) = r1-r2-r9; % Monomer 
dx(4) = r2-r3-r10; % Dimer 
dx(5) = r3-r4-r11; % Trimer 
dx(6) = r4-r5+r6-r12; % Tetramer with dephos ++ 
%dx(6) = r4-r5-r12; % Tetramer without dephos -- 
dx(7) = r5-r6-r7; % Phosho-Tie2 with dephos ++ 
%dx(7) = r5-r7; % Phosho-Tie2 without dephos -- 
dx(8) = r7-r8; % internalized pTie2 
dx(9) = r8; % degraded pTie2 

  
dx(10) = r9; % iTie2 mono Ang1 
dx(11) = r10; % iTie2 di Ang1 
dx(12) = r11; % iTie2 tri Ang1 
dx(13) = r12; % iTie2 tetra Ang1 

  
dx(14) = -r13; % New Tie2 

  
dx(15) = -r14; % Tie1 
dx(16) = r14-r27-r28-r29; % Tie1:Tie2 

  
dx(17) = -r15-r30-r31-r32; % sTie2 
dx(18) = r15; % Ang1-sTie2 

  
dx(19) = -r16-r27-r30; % (Ang)2 
dx(20) = r16-r17; % (Ang2)2 Monomer 
dx(21) = r17; % Dimer 

  
dx(22) = -r18-r28-r31; % (Ang)3 
dx(23) = r18-r19; % (Ang2)3 Monomer 
dx(24) = r19-r20; % Dimer 
dx(25) = r20; % Trimer 

  
dx(26) = -r21-r29-r32; % (Ang)4 
dx(27) = r21-r22; % (Ang2)4 Monomer 
dx(28) = r22-r23; % Dimer 
dx(29) = r23-r24; % Trimer 
dx(30) = r24-r25+r26; % Tetramer with dephos ++ 
%dx(30) = r24-r25; % Tetramer without dephos -- 
dx(31) = r25-r26; % Phosho-Tie2 with dephos ++ 
%dx(31) = r25; % Phosho-Tie2 without dephos -- 

  
dx(32) = r27; % (Ang2)2-Tie1:Tie2 
dx(33) = r28; % (Ang2)3-Tie1:Tie2 
dx(34) = r29; % (Ang2)4-Tie1:Tie2 

  
dx(35) = r30; % (Ang2)2-sTie2 
dx(36) = r31; % (Ang2)3-sTie2 
dx(37) = r32; % (Ang2)4-sTie2 
end 
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